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Ancient dental pulp: Masterpiece tissue for paleomicrobiology
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tected by different methods based on the diagnosis of nucleic acids and proteins.
Objectives: This review aims to propose the preparation process from ancient teeth
collection to organic molecule extraction of dental pulp and summary, analyze the
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tal pulps during the past 20 years following the first detection of an ancient microbe.

from PubMed and Google scholar with combining keywords: “ancient,” “dental pulp,”
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metagenomics.”

Results: The analysis of ancient dental pulp should have a careful preparation pro-
cess with many different steps to give highly accurate results, each step complies
with the rules in archaeology and paleomicrobiology. After the collection of organic
molecules from dental pulp, they were investigated for pathogen identification based
on the analysis of DNA and protein. Actually, DNA approach takes a principal role
in diagnosis while the protein approach is more and more used. A total of seven tech-
niques was used and ten bacteria (Yersinia pestis, Bartonella quintana, Salmonella
enterica serovar Typhi, Salmonella enterica serovar Paratyphi C, Mycobacterium
leprae, Mycobacterium tuberculosis, Rickettsia prowazeki, Staphylococcus aureus,
Borrelia recurrentis, Bartonella henselae) and one virus (Anelloviridae) were identi-
fied. Y. pestis had the most published in quantity and all methods were investigated for
this pathogen, S. aureus and B. recurrentis were identified by three different methods
and others only by one. The combining methods interestingly increase the positive
rate with ELISA, PCR and iPCR in Yersinia pestis diagnosis. Twenty-seven ancient
genomes of Y. pestis and one ancient genome of B. recurrentis were reconstructed.
Comparing to the ancient bone, ancient teeth showed more advantage in septicemic

diagnosis. Beside pathogen identification, ancient pulp help to distinguish species.
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1 | INTRODUCTION

Based primarily on the amplification and sequencing of an-
cient DNA (aDNA), the development of techniques for the
detection, identification, and characterization of ancient
pathogens has allowed us to better understand the natural his-
tory of some infectious diseases and their evolution as well
as provide increasing knowledge on ancient microbiota and
resolve historical controversies (Drancourt et al., 2007). In
1998, for the first time, Yersinia pestis was detected by molec-
ular biology in human dental pulps collected from skeletons
buried in French graves dating back to the 18th century. This
research opened a new way to establish the etiology of ancient
infectious diseases from human or animal remains (Drancourt,
Aboudharam, Signoli, Dutour, & Raoult, 1998). Furthermore,
two experimental studies confirmed the interest of using den-
tal pulp as a potential reservoir of blood-borne bacteria. These
works were conducted on guinea pigs by causing a bacteremia
with Coxiella burnetii. The first work showed that C. bur-
netii DNA was detected after a long time in the dental pulp,
whereas it was no longer present in blood and spleen. This
late detection was called the "memory effect" of the dental
pulp (Aboudharam, Lascola, Raoult, & Drancourt, 2000).
The second work indicated the persistence of live bacteria in
the dental pulp after intraperitoneal infection (Aboudharam,
Drancourt, & Raoult, 2004). The dental pulp is a conjunc-
tive soft tissue, derived from ectomesenchyme, containing
an abundant vascular system and nerves, in which anasto-
moses between venules and arterioles allow regular blood
flow pressure. Therefore, microorganisms could penetrate
and circulate in blood vessels and colonize the dental pulp
(Dang, Aboudharam, Drancourt, & Raoult, 2008). In contrast
to other tissues collected from ancient corpses and skeletons,
such as hair, bones, mummified tissues that were exposed to
the environment and more easily degraded; the dental pulp is
located into a close cavity, isolated and well-protected from
the outside by enamel and dentin. Enamel and dentin are very
hard mineralized tissues. They resist to external degradation
factors and are the parts that last the longest after degradation
of the body (Higgins & Austin, 2013; Krishan, Kanchan, &
Garg, 2015). The dental pulp has become ultimately a ref-
erence tool for research in paleomicrobiology and the estab-
lishment of new knowledge for the history of some infectious

Conclusions: Dental pulp with specific tissue is a suitable sample for detection of
the blood infection in the past through DNA and protein identification with the cor-
rect preparation process, furthermore, it helps to more understand the pathogens of

historic diseases and epidemics.

ancient dental pulp, infectious diseases, nucleic acids, paleomicrobiology, proteins

diseases. Many international research teams now use ancient
dental pulp with different methods based essentially on DNA
(amplification/sequencing) and protein analysis to detect an-
cient septicemic agents.

2 | METHODS

The papers used in this review were obtained from PubMed and
Google scholar. To establish a standard procedure for using
ancient teeth in paleomicrobiology, we used keywords or in
” “teeth,” “dental pulp,” “anatomy,”
“structure,” “preservation,” “selection,” “photography,” “ra-
diography,” “collection,” “contamination,” “decontamina-
tion,” “DNA,” “protein,” “extraction”. To identify pathogen
and methods, we used terms or in combination including
” “teeth,” “dental pulp,” “bone,” “paleomicrobiol-
ogy,” “bacteria,” “virus,” “pathogen,” “DNA,” “molecular
biology,” “protein,” “proteomics,” “PCR,” “MALDI-TOF,”
“LC/MS,” “ELISA,” “immunology,” “genome,” “microbio

me,”” immunochromatography,” “metagenomics.”
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3 | RESULTS
3.1 | Preparation process
3.1.1 | Collection

After death, the human body decomposes, this process can
be modified depending on the burial conditions, natural post-
mortem degradation, and environmental conditions (Wills,
Ward, & Vanessa, 2014). When human remains are found
in archaeological sites, the anthropologist carefully collects
samples to avoid any contamination, principles such as using
facemask, head-dress gown, lab coat, disposable gloves, and
sterile instruments should be implemented (Rizzi, Lari, Gigli,
De Bellis, & Caramelli, 2012). It is important to keep the teeth
in their alveolus on the jawbone for better protection and to
decrease the risk of contamination (Dang et al., 2008; De Leo,
Turrina, & Marigo, 2000). Samples are usually preserved in
archeology laboratories. The teeth with or without jawbone
can be addressed to other laboratories for various studies.
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3.1.2 | Preservation

It has been established that the environmental conditions,
especially the temperature, greatly influence the degrada-
tion of DNA in ancient teeth (Alvarez Garcia et al., 1996).
Following an experimental study of teeth burial, we noticed
that an increase of 2°C in soil could divide by two the half-
life of mtDNA and nuclear fragments. This evidence dem-
onstrated the significant impact of temperature on the yield
of DNA in dental tissues. Thus, storage of teeth samples at a
low temperature would minimize the rate of DNA degrada-
tion and help make genetic analysis more accurate (Higgins,
Rohrlach, Kaidonis, Townsend, & Austin, 2015). Preferable
conditions of preservation for ancient samples would be a dry
environment and a temperature of —20° (Rizzi et al., 2012).

3.1.3 | Selection

Human teeth are divided into four groups with different sizes
and shapes, yet the histological structure of all teeth is almost
identical (Malaver & Yunis, 2003). The volume of the pulp
is correlated with the amount of DNA recovered, the larger
the pulp volume, the more the pulp cavity contains cells
(De Leo et al., 2000). Teeth selection for pulp investigation
should preferably focus on larger pulp cavities. Indeed, our
unpublished data on the volume of old teeth indicates a sig-
nificant difference between the total volume of the teeth and
the volume of the pulp of the four types of teeth. The latter
is, from the largest to the smallest, molars, canines, premo-
lars, and incisors (Table 1). A guideline for suitable ancient
teeth selection was proposed in order to obtain as much den-
tal pulp as possible, it describes several possibilities (Dang
et al., 2008): (a) intact teeth with a closed apex, (b) teeth with
single root are easier to manipulate and may have a larger
cavity and yield a larger volume of pulp, (c) unerupted teeth
should be investigated instantly after being removed from
the jawbone, (d) multiple teeth were chosen per individual to
maximize chances of detection. For example, the number of
ancient teeth per individual analyzed by PCR and containing
the plague agent Y. pestis was 3/3 teeth, 1/4 teeth, and 1/2
teeth (Drancourt et al., 1998). Also, after two teeth were ex-
tracted from the same individual, PCR analysis revealed that

TABLE 1
mandibles was measured by CT-Scanner (unpublished data)

Pulp volume of each teeth type from nine ancient male

Pulp volume

Teeth type n Mm’® P
Incisors 32 124 £33 <.05
Canines 17 36.1 +10.2

Premolars 35 24.1+7.2

Molars 35 56.7+13.2
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the first contained both B. quintana and Y. pestis, the second
contained only Y. pestis (Tran, Forestier, Drancourt, Raoult,
& Aboudharam, 2011).

The age of teeth before extraction from the jawbone or death
has a significant impact on nuclear DNA yield, as the older
teeth resist better to decomposition. This observation can be ex-
plained by the dental structure. Indeed, mature teeth have closed
apices, more compact enamel, and dentin, thicker and less po-
rous cementum, therefore DNA in these teeth is preserved and
less degraded than in young teeth (Higgins et al., 2015).

3.1.4 | Digital photography

This stage aims at recording the visual information of teeth
such as their form, color, fissures, and position on the jaws
(Dang et al., 2008). Teeth and jaws should be photographed
with different orientations to obtain a complete overview.
Currently, we photograph the four sides of the teeth when
they are dissociated from the jaw. However, the use of a scale
would allow comparing the size on the photos or allow re-
specifying the measure when necessary.

3.1.5 | Radiography

Dental X-ray is used to visualize the internal structure of the
teeth, such as the pulp chamber, the presence of calcification,
sometimes detect discrete fissures on teeth and jaws. Advanced
imaging technologies including Magnetic Resonance Imaging
(MRI), Computed Tomography (CT) scan, spiral CT, cone-
beam CT, micro-CT and Synchrotron Radiation-based micro-
Computed Tomography (SRuCT) have been widely employed
to yield the detailed image of the complex dental structure.
Furthermore, these techniques allowed for an easier and more
accurate analysis (Kato, Ziegler, Utsumi, Ohno, & Takeichi,
2016). The accumulation of X-ray irradiation influences the
degradation of aDNA, indeed, the quality of aDNA from bone
samples is unaffected with doses below 200 Gy, negligible
between 200 Gy and 2.000 Gy, but the quality of the DNA is
deteriorating with doses above 2.000 Gy (Immel et al., 2016).

3.1.6 | Decontamination

The contamination with exogenous sources from the ar-
chaeological context or laboratory manipulation is a major
issue when working with ancient skeletons, reducing con-
tamination risks is an important challenge for the aDNA
study to ensure authentic results. Environmental DNA
could penetrate into the samples, depending on their hu-
midity (Sampietro et al., 2006), for ancient teeth, contami-
nants can be found at the level of the apex. After washing
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extensively with sterile water and removing any retained
soft tissue or bone adherence, teeth could be decontami-
nated with different techniques such as the removal of the
outer layer by a high-speed surgical handpiece (Rubio,
Martinez, Martinez, & Martin de las Heras, 2009), ex-
posure to ultraviolet C (UVC: 200-280 nm), irradiation
(Yin et al., 2013), soaking in hydrogen peroxide or wash-
ing in ethanol (Ginther, Issel-Tarver, & King, 1992). The
most frequently used technique was washing in sodium
hypochlorite (bleach; Kemp & Smith, 2005). These tech-
niques were designed to eliminate exogenous DNA but
their impact on endogenous DNA has not been established.
The use of bleach was mentioned but limited. To extract
teeth from the jaws under clean conditions, they should be
brushed under tap water to remove dirt or debris and finally
washed with DNA-free water (Higgins & Austin, 2013).

The contamination of ancient samples resulting from con-
tact with the environment is more difficult to detect than that
resulting from laboratory works (Serre, Hofreiter, & Péibo,
2004), in fact, the dental pulp was rarely contaminated by
the environment due to its structure and protocol in teeth se-
lection. With molecular analysis, it is necessary to use con-
trols at the time of extraction and amplification of the DNA.
These are either internal controls added at the time of ex-
traction, to validate the extraction of the DNA at the time
of amplification, or controls added at the time of amplifica-
tion, to validate the amplification but not the extraction of the
DNA (Handt, Hoss, Krings, & Piidbo, 1994). The best way
to eliminate doubts about laboratory contamination is the
replication of results by another laboratory. It is actually the
highest standard in active laboratories, especially in aDNA
studies, to show true evidence (Willerslev & Cooper, 2005).
For pathogen detection in ancient dental pulp, “suicide PCR”
was considered as a principle to avoid any risk of contami-
nation, it included: (a) primers which were used only once,
(b) no positive control, (c) negative controls were added,
(d) positive results were followed by sequencing. Although
“suicide PCR” could show a low sensitivity, it had a high
specificity and amplification process, ensuring almost posi-
tive predictive values (Raoult et al., 2000). It is important to
follow correctly paleomicrobiology protocols for dental pulp
to minimize risks of human DNA contamination during lab-
oratory manipulation (Drancourt et al., 2017).

3.1.7 | Pulp recovery

There are several methods to collect ancient dental pulp. For
instance, retrograde or ‘reverse root canal’ uses the root apex as
penetration site (Cobb, 2002), while “orthograde entrance” fol-
lowed the opposite direction by creating an orifice on the crown
(Alako¢ & Aka, 2009). Both methods almost preserve the
morphological structure of the tooth. A third method has been

applied in many research works: using an electric motor with ro-
tating diamond disc to open the teeth longitudinally, afterward,
the pulp and dentine powder is scraped into a sterile tube using
a sterile instrument. The two parts of the tooth could be glued
together after extirpation of the pulp in order to preserve den-
tal morphology (Drancourt et al., 1998; La et al., 2004; Malou
etal., 2012; Nguyen-Hieu et al., 2010; Raoult et al., 2000, 2006;
Tran, Forestier, et al., 2011; Tran, Signoli, et al., 2011).

The retrograde method that had the advantage of being min-
imally invasive to the tooth has been compared to grinding and
spraying of the root or tooth. Although this technique created
a hole for endodontic access, the amount of material retrieved
was less important than with the grinding method, but the
amount of amplifiable DNA per milligram of powder was sig-
nificantly higher (Hughes-Stamm, Warnke, & van Daal, 2016).

3.1.8 | Organic molecule extraction

For the identification of pathogens, the DNA-based detection
approach is the most commonly used, while the emerging pro-
tein fragment-based approach is increasingly used today and is
very effective (Figure 1). It is efficient not only on ancient teeth
but also on other ancient samples. Indeed, the phenol-chlo-
roform protocol has been widely used and has demonstrated
optimal results in the recovery of nucleic acid with the highest
quantity and quality (Barnett & Larson, 2012). For protein ex-
traction, the modified protocol was applied for matrix-assisted
laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS), Enzyme-Linked ImmunoSorbent Assay
(ELISA), immuno-Polymerase Chain Reaction PCR (iPCR),
and Liquid Chromatography-Mass Spectrometry (LC-MS;
Malou et al., 2012; Tran, Aboudharam, et al., 2011). Briefly,
dental pulp powder was suspended into 200 pl of 0.5M EDTA
(pH 8.0) solution with agitation at room temperature for 24 hr.
After sonications and centrifugation at 17.900g for 40 min, the
supernatant was stored at —20°C, the pellet was washed with
distilled water and re-suspended in 50 mM ammonium bicar-
bonate solution (pH 7.4) and incubated for 1 day, then cen-
trifugation occurred at 17.900g for 40 min and the supernatant
was collected. After dialyzing these fractions from EDTA
and ammonium bicarbonate, proteins were concentrated and
qualified by Bradford protocol (Bradford, 1976), and finally
analyzed using the target techniques.

3.2 | Methods for pathogens detection

3.2.1 | Molecular biology

Bacterial identification

Molecular detection is the most popular method to have a ret-
rospective diagnosis by amplification of specific fragments
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FIGURE 1

Methods for pathogens detection in ancient dental pulp

of microbial genes in ancient human dental pulp. The most
commonly used protocol is DNA extraction from dental pulp
followed by PCR, sequencing and identification. The first dem-
onstration of the presence of ancient bacterial DNA was the de-
tection of Y. pestis using two molecular targets (Drancourt et al.,
1998), most of the aDNA dated back to 4000 BC and found
in human pulp belonged to Bartonella quintana (Drancourt,
Tran-Hung, Courtin, Lumley, & Raoult, 2005). From that time
until now, many international research teams have used this
method to discover multiple pathogens that were B. quintana
(Drancourt et al., 2005; Nguyen-Hieu et al., 2010; Raoult et al.,
2006; Tran, Forestier, et al., 2011; Tran, Signoli, et al., 2011),
Salmonella enterica serovar Typhi (Papagrigorakis, Yapijakis,
Synodinos, & Baziotopoulou-Valavani, 2006), Mycobacterium
leprae (Matheson et al., 2009), Mycobacterium tuberculo-
sis (Matheson et al., 2009), Y. pestis (Bianucci et al., 2009;
Drancourt et al., 1998, 2004, 2007; Haensch et al., 2010; Malou
et al., 2012; Pusch, Rahalison, Blin, Nicholson, & Czarnetzki,
2004; Raoult et al., 2000; Schuenemann et al., 2011; Seifert

et al., 2013, 2016; Tran, Forestier, et al., 2011; Tran, Signoli,
etal., 2011; Wiechmann & Grupe, 2005), Rickettsia prowazeki
(Nguyen-Hieu et al., 2010; Raoult et al., 2006), Staphylococcus
aureus (Drancourt et al., 2018) and Borrelia recurrentis (Guellil
et al., 2018). Regarding animal teeth, Bartonella henselae was
found in the dental pulp of cats dating from the 13th to the 16th
centuries (La et al., 2004).

Viral identification

In contrast to bacteria for which several techniques are avail-
able, identification of viruses in ancient pulp was limited.
Until now, only DNA of the family Anelloviridae was suc-
cessfully confirmed from a soldier of Napoleon’s Army who
died in Kaliningrad about 200 years ago (Bédarida, Dutour,
Buzhilova, de Micco, & Biagini, 2011).

Bacterial genomes
Reconstruction of ancient bacterial genomes aims to eluci-
date the mechanisms of disease transmission in history and
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investigate the relationship to current emerging infections.
Certainly, Y. pestis is the cause of plague disease, respon-
sible for at least three high-mortality pandemics in human
history and many plague foci today, and about 40 historical
burial places have been authenticated in Eurasia (Drancourt
& Raoult, 2016). In 2011, the first draft genome was recov-
ered from Black Death skeletons (Bos et al., 2011), after that,
many ancient genomes from different periods were completed
by next-generation sequencing: nine genomes from the Black
Death (Bos et al., 2011, 2016; Spyrou et al., 2016), three ge-
nomes from the Justinian Plague (Feldman et al., 2016; Wagner
et al., 2014) and 15 genomes from about 1,500 to 3,000 years
before the first plague recording (Andrades Valtuedia et al.,
2017; Rasmussen et al., 2015; Spyrou et al., 2018).

Borrelia recurrentis is the causative pathogen of louse-
borne relapsing fever (LBRF), this disease killed millions
of people in European history and is now endemic in east-
ern Africa, its ancient genome was recovered in an individ-
ual from Oslo who died in the 15th century (Guellil et al.,
2018).

3.2.2 | Metagenomics

Metagenomics is based on the association of bioinformatics
and genomic technologies aimed at analyzing genes from
communities of organisms. This method has more advan-
tages than the molecular approach for aDNA studies because
metagenomics was not influenced by length and sequence var-
iants, even DNA fragments that were short or degraded could
be successfully sequenced by High-Throughput Sequencing
(HTS) platforms (Warinner et al., 2017). Metagenomics had
access to this sample through analysis of 16S RNA ampli-
con sequencing data from dental pulp belonging to differ-
ent chronological periods. The results indicated that ancient
dental pulp could preserve the natural microbiome in the oral
cavity and also in the dental pulp. In addition, this ancient
specimen allowed DNA detection of oral pathogens that
likely caused localized bacteremia (Rascovan et al., 2016).
In 2018, a new metagenomic approach called MEGAN
alignment tool (MALT) successfully analyzed data of DNA
from ancient pulp and confirmed the presence of Salmonella
enterica subsp. enterica serovar Paratyphi C, this patho-
gen was proposed as the causative agent of the epidemic at
Teposcolula Yucundaa-Mexico during the 1545-1550 period
(Vagene et al., 2018). Metagenomics reaffirms and increases
the diagnosis accuracy in many cases: S. aureus was found
in a famous painter, Michelangelo Merisi ‘the Caravage’
(1571-1610) who died with signs of sepsis (Drancourt et al.,
2018). B. recurrentis was confirmed in a 15th century skel-
eton (Guellil et al., 2018). Y. pestis was isolated from two
3800-year-old individuals: this is the oldest reported case of
this bacterium in human pulp (Spyrou et al., 2018).

There are many factors linked to post-mortem modifica-
tions that affected PCR amplification of ancient specimens.
The presence of PCR inhibitors, including all substances
that negatively impact on PCR results (such as decreased
sensitivity or false-negative) could be derived from the
sample itself, during sample processing or DNA extraction
(Schrader, Schielke, Ellerbroek, & Johne, 2012). The qual-
ity of aDNA was reduced, closely related to four damage
types, each type has a different effect on DNA strands.
The first and second types were oxidative damage and
degradation, respectively, both caused strand break; the
third was inter-strand or inter-molecular DNA crosslinks
and the fourth was hydrolysis damage related to miscode.
Moreover, modern DNA contamination is a great obstacle
since PCR amplifies DNA fragments to obtain large quan-
tities of copies (Rizzi et al., 2012).

Proteins that are non-nucleotide biomolecules have
proven to be very stable over time and can constitute a source
of information in addition to nucleic acids in paleomicrobiol-
ogy (Wadsworth & Buckley, 2014), the most ancient protein
was isolated from a 68 million-year-old dinosaur (Schweitzer
et al., 2007). For diagnosing the presence of pathogens in
ancient tissues, pathologists used the immunological method
that identified specific antigens of bacteria and definite meth-
ods that revealed the presence of bacterial proteins (Willcox,
2002).

3.2.3 | Immunology

Immunochromatographic assay

In 2003, a research group developed and successfully
tested a new immunochromatographic assay (ICA), aimed
at rapidly and exactly identifying Y. pestis in samples from
people suspected of having plague. The technique used
monoclonal antibodies to detect the F1 antigen of Y. pes-
tis, as well as rapid diagnostic test (RDT) which was able
to give the result after 10—15 min, positivity was defined
when the threshold of the antigen concentration was higher
than 0.5ng/ml and indicated by two pink lines (Chanteau
et al., 2003). This method was applied to ancient human
remains, including bone, and dental pulp to reveal that Y.
pestis was the cause of the death of plague victims from
different sites in Europe (Bianucci et al., 2008, 2009;
Haensch et al., 2010).

Immuno - PCR (iPCR) and ELISA

Immunological methods with ELISA and immunohisto-
chemistry were applied to identify F1 antigen of Y. pes-
tis in ancient bone specimens (Cerutti, Marin, & Rabino
Massa, 2007). Immuno-PCR that was described in 1992
combined an immunological technique (ELISA) and a mo-
lecular technique (real-time PCR), in which the marker was
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a specific DNA, it allowed increasing the sensitivity of de-
tection of any specific antigen in samples (Sano, Smith, &
Cantor, 1992). For the first time, both iPCR and ELISA
were adapted for the detection of Y. pestis antigens in den-
tal pulp, furthermore, combining three techniques (iPCR,
ELISA, and PCR) gave the highest positive percentage in
the diagnosis of 34 ancient teeth from five archeological
sites (Malou et al., 2012).

Proteomics
Previously, bacterial identification based on host protein sig-
natures was challenging for ancient specimens. For example,
the presence of the agent of tuberculosis, Mycobacterium tu-
berculosis, in archaeological human remains was suggested
by osteological examination and easily confirmed by biomo-
lecular techniques. MALDI-TOF MS, a new approach by pro-
teomics, identified M. tuberculosis from human ancient bone
samples through spectra of proteins (Boros-Major et al., 2011;
Hajdu et al., 2012) and mycolic acids (Mark, Patonai, Vaczy,
Lorand, & Marcsik, 2010). Then, an article revealed that the
presence of mycolic acids of M. tuberculosis in the previ-
ous research was not enough evidence to have confirmation
(Minnikin, Lee, Pitts, Baird, & Besra, 2010). Furthermore, a
study in 2016 showed the difficulties of protein identification
from M. tuberculosis because of the lack of specific proteins,
the peptide mass fingerprint used in these researches was not
so different from human collagen (Hendy et al., 2016).
Recently, Liquid Chromatography-Mass Spectrometry
(LC/MS) was applied to determine four specific peptides of
Y. pestis proteins from dental pulps in 3/16 individuals col-
lected in archaeological plague-positive places while in the
negative control, no Y. pestis specific peptide was found. This
result from LC/MS opens a new method in paleoproteomics
that studies proteins to diagnose ancient blood-borne patho-
gens in the dental pulp. Furthermore, 30 proteins of human
origin were found in this research (Barbieri et al., 2017). The
environment and time had a negative impact on proteins,
meanwhile, a research in 2014 on current dental pulp discov-
ered 342 proteins (Eckhardt, Jagr, Pataridis, & Miksik, 2014).
LC/MS confirmed once more the presence of S. aureus in the
dental pulp of the painter Michelangelo Merisi (Drancourt
et al., 2018).

4 | DISCUSSIONS

To more understand the important role of the dental pulp
in paleomicrobiology, we summarized its structural anat-
omy. The dental pulp is a specialized loose connective
tissue present in the center of the tooth, derived from the
neural crest, and situated within mineralized dentin that
is covered by enamel on the crown and cement on the
root. Histologically, typical pulp architecture, from the
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periphery to the center, consists of an odontoblastic zone,
cell-free zone or Weil zone, cell-rich zone and the core of
the pulp. The pulp contains numerous cell types such as od-
ontoblasts, fibroblasts, immune cells, nerve cells, endothe-
lial cells, and stem cells (Attoumani, Drancourt, & Ghigo,
2018; Huang, 2011). Blood vessels and nerve fibers enter
the pulp via the root apex, creating a rich network with a
high density. The blood circulation of the dental pulp is
a terminal circulation with arteriovenous shunts that com-
pensate for blood pressure (Figure 2). The smallest ves-
sels form the terminal capillaries and are located within
the odontoblastic layer. They influence the formation of
dentin (Yoshida, Ohshima, & Kobayashi, 1988). The aver-
age capillary density in pulp is higher than in most other
tissues with 1.402/mm?> (Vongsavan & Matthews, 1992)
and the blood flow here is about 45 ml mm™" 100 g™ of tis-
sue, nearly equal to that of the brain, lower than that of the
heart and kidneys (Kim, 1985). The nerve fibers branch on
the vessel walls and perivascular space. The neurovascu-
lar system maintains the normal function and self-repair of
teeth and has an important role in the regenerating process
of the pulp tissue. Bacterial infection is considered the most
common challenge to the pulp tissue (Kim et al., 2010).
There are many ways for microbes to reach the pulp, listed
as follows: exposed dentinal tubules, direct pulp exposure,
periodontal pocket, faulty restoration, spread of an infected
adjacent tooth, and blood-borne microbes (Narayanan &
Vaishnavi, 2010). Bacteria and their components are de-
tected by pattern recognition receptors (PRRs) in which
Toll-like receptors (TLRs) play a central role for activat-
ing the innate immunity; these receptors are expressed on
odontoblasts, fibroblasts, and stem cells. Binding these
TLRs to bacterial antigens initiates an inflammatory reac-
tion that activates cells and releases mediators (Fawzy El-
Sayed, Klingebiel, & Dorfer, 2016; Nakanishi et al., 2011;
Yumoto et al., 2018). Adaptive immunity complements
innate immunity. It creates immunological memory after
initial response to specific antigens, includes lymphocytes,
mast cells, cytokines, and chemokines. Both innate and
adaptive immune mechanisms represent an important de-
fense system that eliminates the effects of threatening fac-
tors (Attoumani et al., 2018; Hahn & Liewehr, 2007). After
death, the pulp is degraded over time, the components and
the products of this process are kept in the pulp cavity or
on the surface of the dentin. Recuperating the pulp-dentin
complex or total tooth grind for investigating pathogens of
ancient septicemia is essential for pulp analysis.

We suggested a general and detailed protocol with suc-
cessive steps in using teeth for paleomicrobiology, from the
collection at the beginning to organic molecule extraction at
the final. Each step was established to ensure the authentic
outcomes based on the analysis of DNA and protein. A total
of seven methods was applied for pathogens’ identification,
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among them three for DNA (molecular biology, metagenom-
ics,next-generation sequencing) and four for protein (ICA,
iPCR, ELISA and proteomics). Among the bacteria found in
ancient dental pulp, Y. pestis has the largest number of publi-
cations, all bacterial identification methods were investigated
for this pathogen, S. aureus and B. recurrentis were identi-
fied by three methods and others only by one (Figure 1). The
availability of skeletal samples of plague has facilitated inves-
tigation, as evidenced by many methods created to increase
diagnostic sensitivity, using proteins and DNA for material
research. A general view of three methods was realized on
ancient dental pulp, the percentage of detectable capacity is
arranged here in increasing order: ELISA 8.8%, PCR 29.4%,
iPCR 41.2%, and obviously, combining multiple methods in-
creases the probability of bacterial detection in ancient pulp

TABLE 2 Summary of comparative results

Yersinia pestis diagnosis

Percentage of positive teeth: Ancient

iPCR: 41.2% dental pulp <
PCR: 29.4%
ELISA: 8.8% >
Combination of 3 techniques:

53% (Malou et al., 2012) >

Quantity of DNA extraction (Schuenemann et al., 2011)

FIGURE 2
of a premolar and a mandibular molar

Schematic cross-section

representing the different tissues. (1)
Enamel, (2) Dentine, (3) Dental pulp, (4)
Cementum, (5) Keratinized gum, (6) Blood
vessel and nerves, terminale vascularization,
(7) Periodontal ligament, (8) Alveolar

bone, (9) Nerve and blood supply, (10)
Periodontal pocket with dental calculus

by 53% (Malou et al., 2012; Tables 2 and 3). The analysis
of samples by autosomal short tandem repeats (STRs) shows
that aDNA is better conserved in ancient dental pulp than
in ancient bones (Ricaut, Keyser-Tracqui, Crubézy, & Ludes,
2005). Although the quantity of DNA extracted was much
lower in dental pulps than in ancient bones, the positivity rate
confirmed using Y. pestis pla gene in qPCR from dental pulps
was higher than for bone remains, with 5.7% in bones and
37% in teeth (Schuenemann et al., 2011). RDT was used to
identify Y. pestis by targeting its specific protein, this tech-
nique gave a positivity rate of 35.7% (10/28 samples) while
PCR was negative in 13 ancient bones samples (Haensch
et al., 2010). RDT was applied to both ancient dental pulp
and bones, which yielded different results. More specifi-
cally, bone and pulp samples were harvested from the same

Ancient RDT (+), PCR(-)
bone (Haensch et al., 2010)

Amplification of DNA (Schuenemann et al., 2011)

RDT positive percentage (Bianucci et al., 2009)

RDT positive percentage (Bianucci et al., 2008)

<
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TABLE 3

Open Access,

Studies for pathogens detection in ancient dental pulp

Microorganism  Locations

Pathogens detection in ancient dental pulp of human

Yersinia pestis

Marseille - France

Lambesc - France

Vienna - Austria
Martigues - France
Marseille - France

Montpellier - France

Venice — Italy

Aschheim - Germany

Bondy - France

Sens - France

Dreux - France

Montpellier - France

Manching - Pichl - Germany

Brandenburg - Germany

London - England

Bergen op Zoom - The Netherlands

Hereford - England

Saint-Laurent-de-la-Cabrerisse

- France

Lambesc - France
Draguignan - France
Berre I’Etang - France
Marseille - France
Hereford - England

Poitiers - France

La Chaize-le-Vicomte — France

Bourges - France
Lariey - France
Sens - France
Bondy - France
Venice - Italy

Le Délos - France

Brandenburg - Germany
London-England
Marseille - France
Barcelona - Spain
Bolgar City - Russia
Ellwangen - Germany
Bavaria - Germany

Aschleim - Germany

Datation

1972
1590

7-9th
1720-1721
1722

14th

14th—16th

6th

11th—15th

541-767
1346-1800

1250-1500

1640
14th

14th
14th
14th

16th—18th

1335+ 54
17th
17-18th

17th
5th—6th
11th—15th
14th—16th

18th

1618-1648
1348-1350
1722
1300-1420
1362-1400
1485-1627
426 -571
541-543

Methods

Standard PCR

Suicide nested PCR

Suicide PCR

Real time PCR and
suicide PCR

Suicide PCR

Real time PCR and
suicide nested PCR

Suicide PCR

Multiplex PCR

Multiplex PCR
Multiplex PCR

Nested PCR

RDT

Real-time PCR
ELISA
iPCR

LC-MS

PCR sequencing
NGS
NGS
NGS
NGS
NGS
NGS
NGS

Target

Sequencing rpoB
(133-bp) gene and pla
(300-bp)

Sequencing of glpD
(191-bp) gene

Sequencing pla (148-bp)
gene

Sequencing pla (98-bp)
gene and glpD (191-
bp) gene

Sequencing pla (148-bp)
gene

pla gene (98-bp) and
glpD gene (191-bp)

Sequencing Multiple
Spacer Typing

Sequencing Pla gene

Sequencing Pla

Sequencing Pla gene

Sequencing pla (148-bp)
gene and cafl (161-bp)

gene

Y. pestis F1 antigen

Identifying four peptides
at least Y. pestis

SNP analysis

1 genome

5 genomes

1 genome

1 genome

1 genome

1 genome

2 genomes

Teeth
percentage

50% (4/8)
50% (2/4)

5.6% 2/36
2.8% (1/36)
3.6% (2/56)
86.9% (20/23)

1.7% (3/173)

33.3% (2/6)

28.6% (4/14)

x/19

4/20

individuals
3/3 individuals
36.9% (17/46)

16.3% (7/43)
16.7% (2/12)
16.7% (1/6)

4.4% (4/91)
4.4% (4/91)
4.4% (4/91)
4.4% (4/91)

57.1% (4/7)
X/7

X/7

29.4% (10/34)
8.8% (3/34)
41.2% (14/34)

16.7% (3/18)

~WILEY-2"

Reference

Drancourt et al. (1998)

Drancourt et al. (2007)

Raoult et al. (2000)

Tran, Signoli, et al.
(2011)

Wiechmann and Grupe
(2005)

Tran, Forestier, et al.
(2011)

Drancourt et al. (2004)

Seifert et al. (2013)

Schuenemann et al.
(2011)

Haensch et al. (2010)

Bianucci et al. (2008)

Haensch et al. (2010)
Bianucci et al. (2009)

Malou et al. (2012)

Barbieri et al. (2017)

Seifert et al. (2016)
Bos et al. (2011)
Bos et al. (2016)
Spyrou et al. (2016)

Feldman et al. (2016)
Wagner et al. (2014)

(Continues)
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TABLE 3

Microorganism

Bartonella

quintana

Mpycobacterium

leprae

Mpycobacterium

tuberculosis

Salmonella

typhi

Salmonella
paratyphi C
Borrelia

recurrentis

Anelloviridae

(Continued)

Locations

Samara - Russia

Bateni - Russia
Sope - Estonia
Bulavovo - Russia
Chociwel - Poland
Kytmanovo - Russia
Kapan - Turkey
Rasshevatskiy - Russia
Beli Manastir, Popova zemlja
- Croatia
Gyvakarai - Lithuania
Kunila - Estonia
Augsburg - Germany

Augsburg - Germany

Peyraoutes - France

Bondy - France

Venice - Italia

Douai - France

Vilnius - Lithuania

Jerusalem - Israel

Athen - Greece

Teposcolula-Yucundaa - Mexico

Oslo - Norway

Kaliningrad - Russia

MAIET AL.

Medicine
Datation Methods
3800 BP NGS
2909-2677 NGS
BC
2575-2349 NGS
BC
2280-2047 NGS
BC
2135-1923 NGS
BC
1746-1626 NGS
BC
1048-855 NGS
BC
4828-4622 NGS
BP
4833-4592 NGS
BP
4571-4422 NGS
BP
4524-4290 NGS
BP
4346-4098 NGS
BP
3957-3832 NGS
BP
4000 BC Nested PCR
11-15th Real time PCR
15th—16th
18th
1812 Suicide nested PCR
2025 + 28 Nested PCR
BP
430-426 BC  Suicide nested PCR
1545-1550 Metagenomic analysis
CE
15th Standard PCR
Metagenomic analysis
NGS
1812 Standard PCR

Target

2 genomes

2 genomes

1 genome

1 genomes

1 genome

1 genome

1 genome

1 genome

1 genome

1 genome

1 genome

1 genome

1 genome

Sequencing of hbpE
(283-bp) gene and
groEL (269-bp) gene

ITS (102-bp) gene

Sequencing hbpE (282-
bp) gene and htrA
(113-bp) gene

RLEP gene, 18kDa
Antigen, ribosomal
protein S12

1S6110

GosmC and clyA (322-
bp) gene and NarC
(360-bp) gene

Unknown gene (111-bp)

1 genome

Sequencing of non-
coding region of viral

genome

Teeth
percentage

16.7% (1/6)

21.4% (3/14)

2.9% (5/173)

2.5% (1/40)

9.7% (1/72)

1/11 (9%)

3/11 (2.7%)

3/3 (100%)

nd

2/18 (11.1%)

1/21 (4.8%)

Reference

Spyrou et al. (2018)

Rasmussen et al.
(2015)

Andrades Valtuefia
etal. (2017)

Drancourt et al. (2005)

Tran, Forestier, et al.
(2011)

Tran, Signoli, et al.
(2011)

Nguyen-Hieu et al.
(2010)

Raoult et al. (2006)

Matheson et al. (2009)

Papagrigorakis et al.
(2006)

Vigene et al. (2018)

Guellil et al. (2018)

Bédarida et al. (2011)

(Continues)
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Teeth
Microorganism  Locations Datation Methods Target percentage Reference
Rickettsia Vilnius - Lithuania 1812 Suicide nested PCR Sequencing dnaA (141- 4172 (5.6%) Raoult et al. (2006)
prowazekii bp) gene and dnaE
(77-bp) gene
Douai — France 1710-1712 Suicide real- Sequencing ipp (152- 6/55 (10.9%) Nguyen-Hieu et al.
time nested bp), gap(130-bp) genes (2010)
PCR + suicide PCR and rpmEtRNAfMet
intergenic spacer
(115-bp)
Staphylococcus Porto Ercole — Italy 1610 Non specific nd Drancourt et al. (2018)
aureus metagenomic + real
time
PCR + metaproteomic
Pathogen detection in ancient dental pulp of cat
Bartonella Paris - France 13th Nested PCR Sequencing groEL (269- 1/4 cats La et al. (2004)
henselae Montbéliard - France 14th bp) gene and Pap31 1 cat
Compieégne - France 16th (164-bp) 1/7 cats

individuals, RDT detected Y. pestis with the rate of 50% in
bones and 100% in pulp from four skeletons (Bianucci et al.,
2009), another study showed the opposite result with 66.7%
of positivity in bones and 19% of positivity in pulp from the
same 21 skeletons (Bianucci et al., 2008).

In total, 10 bacteria and one virus were identified by seven
techniques in the human dental pulp during the last 20 years
(Figure 1). However, there are still many other pathogens that
have not been found in many investigations, responsible of
epidemics in human history, such as Bacillus anthracis (an-
thrax; Nguyen-Hieu et al., 2010; Papagrigorakis et al., 2006;
Raoult et al., 2000, 2006; Tran, Forestier, et al., 2011; Tran,
Signoli, et al., 2011), poxvirus (smallpox; Nguyen-Hieu
et al., 2010; Tran, Forestier, et al., 2011; Tran, Signoli, et al.,
2011), cowpox virus (cowpox), and Bartonella henselae (cat-
scratch disease; Papagrigorakis et al., 2006). Therefore, it is
useful to multiply multidisciplinary collaborations, not only
to discover the microorganisms mentioned above but other
microorganisms including viruses. In a previous study made
from intact modern teeth, 100% healthy pulp (10/10), showed
the presence of bacterial DNA. The predominant genera were
Actinetobacter, Ralstonia, and Staphylococcus (Widmer
et al., 2018). Until now, two virus that cause worldwide epi-
demics were found from modern pulpar tissues by molecular
biology: human immunodeficiency virus (HIV; Glick, Trope,
Bagasra, & Pliskin, 1991; Glick, Trope, & Pliskin, 1989) and
hepatitis C virus (HCV), with a higher rate of identification
of HCV in the dental pulp by molecular biology than in whole
blood by immunoenzymatic reaction (Siravenha et al., 2016).

A lot of techniques have been applied to ancient materials
but not ancient pulp. Immunohistochemistry uses monoclo-
nal or polyclonal antibodies to determine antigens in tis-
sue sections, a kind of antigen-antibody reaction. By using

this technique, Treponema pallidum, the causative agent of
syphilis, was found on the skin of a female Italian mummy
(1503-1568) in Naples, showing signs of tertiary syphilis
(Fornaciari, Castagna, Tognetti, Tornaboni, & Bruno, 1989);
Rickettsia rickettsii, which causes Rocky Mountain spotted
fever (RMSF), was also identified in some ancient tissues
from a patient who died in 1901 (Dumler, 1991). The im-
munologic techniques mentioned above belong to the field
of paleoserology, including ICA, iPCR, and ELISA, which
basically uses antibodies to detect Y. pestis antigens in the
ancient pulp. Another technique consisting in the purification
of immunoglobulin should be performed differently: immu-
noglobulins could be isolated from ancient pulp, after puri-
fication, then confronted to antigens of suspected pathogens.
This method was practiced to confirm the presence of T. pal-
lidum in a 200-year-old bone fragment (Kolman, Centurion-
Lara, Lukehart, Owsley, & Tuross, 1999).

Culture is the most common method in microbiology to
isolate and identify microorganisms. However, that is a very
difficult task to apply on ancient sources because of bacte-
rial survival and suitable media of growth (Vishnivetskaya
et al., 2006). Among bacteria found in ancient dental pulp,
Mycobacterium tuberculosis can enter a dormant state during
its life cycle and resists well to the environment and infected
host. PCR testing for M. tuberculosis on samples of 300-year-
old mummies yielded positive results but the culture method
results were negative (Lemma et al., 2008).

In addition to confirming the aetiologies of blood-borne
infections, dental pulp also contributed to determine species,
this is an important task that could involve genetic analysis or
metagenomics. Recently, MALDI-TOF MS allowed to distin-
guish species through creating protein files from various cell
lines (Zhang, Scalf, Berggren, Westphall, & Smith, 2006). In
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2011, this technique analyzed peptides from ancient dental
pulp of different mammalian species, including humans, the
specific spectrum of each species helped classify them into
more accurate categories (Tran, Aboudharam, et al., 2011).

5 | CONCLUSIONS

Since the dental pulp was recognized as a suitable sample for
diagnosis of bacteremia in the past, many international re-
search teams have used different techniques to detect patho-
gens with high sensitivity through nucleic acids and proteins.
That contributed to clarify the cause of epidemics in history.
Moreover, dental pulp helps to correctly classify ancient
mammal species. All things considered, ancient pulp takes
an important position in many different fields and will allow
new discoveries in the future.

ORCID
Gérard Aboudharam "= https://orcid.
org/0000-0003-4472-9154

REFERENCES

Aboudharam, G., Drancourt, M., & Raoult, D. (2004). Culture of C.
burnetii from the dental pulp of experimentally infected guinea pigs.
Microbial Pathogenesis, 36(6), 349-350. https://doi.org/10.1016/j.
micpath.2004.02.002

Aboudharam, G., Lascola, B., Raoult, D., & Drancourt, M. (2000).
Detection of Coxiella burnetii DNA in dental pulp during experi-
mental bacteremia. Microbial Pathogenesis, 28(4), 249-254. https://
doi.org/10.1006/mpat.1999.0343

Alakog, Y. D., & Aka, P. S. (2009). Orthograde entrance technique
to recover DNA from ancient teeth preserving the physical struc-
ture. Forensic Science International, 188(1-3), 96-98. https://doi.
org/10.1016/j.forsciint.2009.03.020

Alvarez Garcia, A., Muiioz, 1., Pestoni, C., Lareu, M. V., Rodriguez-
Calvo, M. S., & Carracedo, A. (1996). Effect of environmental fac-
tors on PCR-DNA analysis from dental pulp. International Journal
of Legal Medicine, 109(3), 125-129. https://doi.org/10.1007/BF013
69671

Andrades Valtuefia, A., Mittnik, A., Key, F. M., Haak, W., Allmie, R.,
Belinskij, A., ... Krause, J. (2017). The stone age plague and its per-
sistence in Eurasia. Current Biology, 27(23), 3683-3691.e8. https://
doi.org/10.1016/j.cub.2017.10.025

Attoumani, H., Drancourt, M., & Ghigo, E. (2018). Immune properties
of human dental pulp stem cells and interactions with the immune
system, 2(3), 5.

Barbieri, R., Mekni, R., Levasseur, A., Chabri¢re, E., Signoli, M.,
Tzortzis, S., ... Drancourt, M. (2017). Paleoproteomics of the
dental pulp: The plague paradigm. PLoS ONE, 12(7), https://doi.
org/10.1371/journal.pone.0180552

Barnett, R., & Larson, G. (2012). A phenol-chloroform protocol for ex-
tracting DNA from ancient samples. Methods in Molecular Biology,
840, 13-19. https://doi.org/10.1007/978-1-61779-516-9_2

Bédarida, S., Dutour, O., Buzhilova, A. P., de Micco, P., & Biagini, P.
(2011). Identification of viral DNA (Anelloviridae) in a 200-year-old

dental pulp sample (Napoleon’s Great Army, Kaliningrad, 1812).
Infection, Genetics and Evolution, 11(2), 358-362. https://doi.
org/10.1016/j.meegid.2010.11.007

Bianucci, R., Rahalison, L., Massa, E. R., Peluso, A., Ferroglio, E., &
Signoli, M. (2008). Technical note: A rapid diagnostic test detects
plague in ancient human remains: An example of the interaction be-
tween archeological and biological approaches (southeastern France,
16th-18th centuries). American Journal of Physical Anthropology,
136(3), 361-367. https://doi.org/10.1002/ajpa.20818

Bianucci, R., Rahalison, L., Peluso, A., Rabino Massa, E., Ferroglio,
E., Signoli, M., ... Gallien, V. (2009). Plague immunodetection in
remains of religious exhumed from burial sites in central France.
Journal of Archaeological Science, 36(3), 616-621. https://doi.
org/10.1016/j.jas.2008.10.007

Boros-Major, A., Bona, A., Lovasz, G., Molnar, E., Marcsik, A., Palfi,
G., & Mark, L. (2011). New perspectives in biomolecular paleopa-
thology of ancient tuberculosis: A proteomic approach. Journal of
Archaeological Science, 38(1), 197-201. https://doi.org/10.1016/j.
jas.2010.09.008

Bos, K. 1., Herbig, A., Sahl, J., Waglechner, N., Fourment, M., Forrest,
S. A., ... Poinar, H. N. (2016). Eighteenth century Yersinia pestis ge-
nomes reveal the long-term persistence of an historical plague focus.
eLife, 5, ¢12994. https://doi.org/10.7554/eLife.12994

Bos, K. L., Schuenemann, V. J., Golding, G. B., Burbano, H. A.,
Waglechner, N., Coombes, B. K., ... Krause, J. (2011). A draft ge-
nome of Yersinia pestis from victims of the Black Death. Nature,
478(7370), 506-510. https://doi.org/10.1038/nature 10549

Bradford, M. M. (1976). A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle of
protein-dye binding. Analytical Biochemistry, 72, 248-254. https://
doi.org/10.1016/0003-2697(76)90527-3

Cerutti, N., Marin, A., & Rabino, M. E. (2007). Plague in ancient re-
mains: An immunological approach. In M. Signoli, D. Cheve, P.
Adalian, G. Boesch, & O. Dutour (Eds.), Plague: Epidemics and
societies (pp. 238-241). Firenze, Italy: Firenze University Press.

Chanteau, S., Rahalison, L., Ralafiarisoa, L., Foulon, J., Ratsitorahina,

Nato, F. (2003). Development
and testing of a rapid diagnostic test for bubonic and pneumonic
plague. Lancet, 361(9353), 211-216. https://doi.org/10.1016/S0140
-6736(03)12270-2

Cobb, J. C. (2002). Ancient DNA recovered by a non-destructive method.
Ancient Biomolecules, 4(4), 169-172. https://doi.org/10.1080/13586
12021000028461

Dang, L. V., Aboudharam, G., Drancourt, M., & Raoult, D. (2008).
Dental pulp as a tool for retrospective diagnosis of infection dis-

M., Ratsifasoamanana, L., ...

eases. In Springer Nature (Ed.), Paleomicrobiology: Past human in-
fections (pp. 175-196). Heidelberg, Berlin: Springer-Verlag.

De Leo, D., Turrina, S., & Marigo, M. (2000). Effects of individual
dental factors on genomic DNA analysis. The American Journal of
Forensic Medicine and Pathology, 21(4), 411-415.

Drancourt, M., Aboudharam, G., Croce, O., Armougom, F., Robert,
C., & Raoult, D. (2017). Dental pulp as a source of low-contam-
inated DNA. Microbial Pathogenesis, 105, 63-67. https://doi.
org/10.1016/j.micpath.2017.02.007

Drancourt, M., Aboudharam, G., Signoli, M., Dutour, O., & Raoult, D.
(1998). Detection of 400-year-old Yersinia pestis DNA in human
dental pulp : An approach to the diagnosis of ancient septicemia.
Proceedings of the National Academy of Sciences of the United
States of America, 95(21), 12637-12640.


https://orcid.org/0000-0003-4472-9154
https://orcid.org/0000-0003-4472-9154
https://orcid.org/0000-0003-4472-9154
https://doi.org/10.1016/j.micpath.2004.02.002
https://doi.org/10.1016/j.micpath.2004.02.002
https://doi.org/10.1006/mpat.1999.0343
https://doi.org/10.1006/mpat.1999.0343
https://doi.org/10.1016/j.forsciint.2009.03.020
https://doi.org/10.1016/j.forsciint.2009.03.020
https://doi.org/10.1007/BF01369671
https://doi.org/10.1007/BF01369671
https://doi.org/10.1016/j.cub.2017.10.025
https://doi.org/10.1016/j.cub.2017.10.025
https://doi.org/10.1371/journal.pone.0180552
https://doi.org/10.1371/journal.pone.0180552
https://doi.org/10.1007/978-1-61779-516-9_2
https://doi.org/10.1016/j.meegid.2010.11.007
https://doi.org/10.1016/j.meegid.2010.11.007
https://doi.org/10.1002/ajpa.20818
https://doi.org/10.1016/j.jas.2008.10.007
https://doi.org/10.1016/j.jas.2008.10.007
https://doi.org/10.1016/j.jas.2010.09.008
https://doi.org/10.1016/j.jas.2010.09.008
https://doi.org/10.7554/eLife.12994
https://doi.org/10.1038/nature10549
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/S0140-6736(03)12270-2
https://doi.org/10.1016/S0140-6736(03)12270-2
https://doi.org/10.1080/1358612021000028461
https://doi.org/10.1080/1358612021000028461
https://doi.org/10.1016/j.micpath.2017.02.007
https://doi.org/10.1016/j.micpath.2017.02.007

MAIET AL.

Molecular Genetics & Genomic Medicine_wl LEY 130f 15

Drancourt, M., Barbieri, R., Cilli, E., Gruppioni, G., Bazaj, A., Cornaglia,
G., & Raoult, D. (2018). Did Caravaggio die of Staphylococcus au-
reus sepsis? The Lancet Infectious Diseases, 18(11), 1178. https://
doi.org/10.1016/S1473-3099(18)30571-1

Drancourt, M., & Raoult, D. (2016). Molecular history of plague.
Clinical Microbiology and Infection, 22(11), 911-915. https://doi.
org/10.1016/j.cmi.2016.08.031

Drancourt, M., Roux, V., Dang, L. V., Tran-Hung, L., Castex, D.,
Chenal-Francisque, V., ... Raoult, D. (2004). Genotyping, orienta-
lis-like Yersinia pestis, and plague pandemics. Emerging Infectious
Diseases,  10(9), 1585-1592.  https://doi.org/10.3201/eid10
09.030933

Drancourt, M., Signoli, M., Dang, L. V., Bizot, B., Roux, V., Tzortzis,
S., & Raoult, D. (2007). Yersinia pestis Orientalis in remains of
ancient plague patients. Emerging Infectious Diseases, 13(2), 332—
333. https://doi.org/10.3201/eid1302.060197

Drancourt, M., Tran-Hung, L., Courtin, J., de Lumley, H., & Raoult,
D. (2005). Bartonella quintana in a 4000-year-old human tooth.
The Journal of Infectious Diseases, 191(4), 607-611. https://doi.
org/10.1086/427041

Dumler, J. S. (1991). Fatal Rocky Mountain spotted fever in
Maryland—1901. JAMA, 265(6), 718. https://doi.org/10.1001/
jama.1991.03460060048012

Eckhardt, A., Jagr, M., Pataridis, S., & Miksik, 1. (2014). Proteomic
analysis of human tooth pulp: Proteomics of human tooth. Journal
of Endodontics, 40(12), 1961-1966. https://doi.org/10.1016/].
joen.2014.07.001

Fawzy El-Sayed, K. M., Klingebiel, P., & Dorfer, C. E. (2016). Toll-
like receptor expression profile of human dental pulp stem/pro-
genitor cells. Journal of Endodontics, 42(3), 413—417. https://doi.
org/10.1016/j.joen.2015.11.014

Feldman, M., Harbeck, M., Keller, M., Spyrou, M. A., Rott, A.,
Trautmann, B., ... Krause, J. (2016). A high-coverage Yersinia pestis
genome from a sixth-century justinianic plague victim. Molecular
Biology and Evolution, 33(11), 2911-2923. https://doi.org/10.1093/
molbev/msw170

Fornaciari, G., Castagna, M., Tognetti, A., Tornaboni, D., & Bruno,
J. (1989). Syphilis in a renaissance Italian mummy. The Lancet,
334(8663), 614-https://doi.org/10.1016/S0140-6736(89)90729-0

Ginther, C., Issel-Tarver, L., & King, M. C. (1992). Identifying individ-
uals by sequencing mitochondrial DNA from teeth. Nature Genetics,
2(2), 135-138. https://doi.org/10.1038/ng1092-135

Glick, M., Trope, M., Bagasra, O., & Pliskin, M. E. (1991). Human
immunodeficiency virus infection of fibroblasts of dental pulp
in seropositive patients. Oral Surgery, Oral Medicine, and
Oral Pathology, 71(6), 733-736. https://doi.org/10.1016/0030-
4220(91)90284-1

Glick, M., Trope, M., & Pliskin, M. E. (1989). Detection of HIV in the
dental pulp of a patient with AIDS. The Journal of the American
Dental Association, 119(5), 649-650. https://doi.org/10.1016/
S0002-8177(89)95019-8

Guellil, M., Kersten, O., Namouchi, A., Bauer, E. L., Derrick, M.,
Jensen, A. @., ... Bramanti, B. (2018). Genomic blueprint of a re-
lapsing fever pathogen in 15th century Scandinavia. Proceedings of
the National Academy of Sciences of the United States of America,
115(41), 10422-10427. https://doi.org/10.1073/pnas.1807266115

Haensch, S., Bianucci, R., Signoli, M., Rajerison, M., Schultz, M.,
Kacki, S., ... Bramanti, B. (2010). Distinct clones of Yersinia pes-
tis caused the black death. PLoS Path, 6(10), e1001134. https://doi.
org/10.1371/journal.ppat.1001134

Hahn, C.-L., & Liewehr, F. R. (2007). Update on the adaptive immune
responses of the dental pulp. Journal of Endodontics, 33(7), 773—
781. https://doi.org/10.1016/j.joen.2007.01.002

Hajdu, T., Féthi, E., Kovari, 1., Merczi, M., Molnér, A., Maasz,
G., ... Mark, L. (2012). Bone tuberculosis in Roman Period
Pannonia (western Hungary). Memorias do Instituto Oswaldo
Cruz, 107(8), 1048-1053. https://doi.org/10.1590/S0074-02762
012000800014

Handt, O., Hoss, M., Krings, M., & Piibo, S. (1994). Ancient DNA:
Methodological challenges. Experientia, 50(6), 524-529.

Hendy, J., Collins, M., Teoh, K. Y., Ashford, D. A., Thomas-Oates, J.,
Donoghue, H. D, ... Buckley, M. (2016). The challenge of iden-
tifying tuberculosis proteins in archaeological tissues. Journal of
Archaeological Science, 66, 146—153. https://doi.org/10.1016/j.
jas.2016.01.003

Higgins, D., & Austin, J. J. (2013). Teeth as a source of DNA for foren-
sic identification of human remains: A review. Science & Justice:
Journal of the Forensic Science Society, 53(4), 433—441. https://doi.
org/10.1016/j.scijus.2013.06.001

Higgins, D., Rohrlach, A. B., Kaidonis, J., Townsend, G., & Austin, J. J.
(2015). Differential nuclear and mitochondrial DNA preservation in
post-mortem teeth with implications for forensic and ancient DNA
studies. PLoS ONE, 10(5), e0126935. https://doi.org/10.1371/journ
al.pone.0126935

Huang, G.-T.-J. (2011). Dental pulp and dentin tissue engineering and

regeneration — Advancement and challenge. Frontiers in Bioscience,
3, 788-800. https://doi.org/10.2741/e286

Hughes-Stamm, S., Warnke, F., & van Daal, A. (2016). An alternate
method for extracting DNA from environmentally challenged teeth
for improved DNA analysis. Legal Medicine, 18, 31-36. https://doi.
org/10.1016/j.legalmed.2015.11.008

Immel, A., Le Cabec, A., Bonazzi, M., Herbig, A., Temming, H.,
Schuenemann, V. J., ... Krause, J. (2016). Effect of X-ray irradia-
tion on ancient DNA in sub-fossil bones — Guidelines for safe X-ray
imaging. Scientific Reports, 6, 32969. https://doi.org/10.1038/srep3
2969

Kato, A., Ziegler, A., Utsumi, M., Ohno, K., & Takeichi, T. (2016).
Three-dimensional imaging of internal tooth structures: Applications
in dental education. Journal of Oral Biosciences, 58(3), 100-111.
https://doi.org/10.1016/j.job.2016.05.004

Kemp, B. M., & Smith, D. G. (2005). Use of bleach to eliminate con-
taminating DNA from the surface of bones and teeth. Forensic
Science International, 154(1), 53-61. https://doi.org/10.1016/j.forsc
iint.2004.11.017

Kim, J. Y., Xin, X., Moioli, E. K., Chung, J., Lee, C. H., Chen, M. O.,
... Mao, J. J. (2010). Regeneration of dental-pulp-like tissue by che-
motaxis-induced cell homing. Tissue Engineering. Part A, 16(10),
3023-3031. https://doi.org/10.1089/ten.tea.2010.0181

Kim, S. (1985). Microcirculation of the dental pulp in health and disease.
Journal of Endodontics, 11(11), 465—471. https://doi.org/10.1016/
S0099-2399(85)80219-3

Kolman, C. J., Centurion-Lara, A., Lukehart, S. A., Owsley, D.
W., & Tuross, N. (1999). Identification of Treponema pallidum
subspecies pallidum in a 200-year-old skeletal specimen. The
Journal of Infectious Diseases, 180(6), 2060-2063. https://doi.
org/10.1086/315151

Krishan, K., Kanchan, T., & Garg, A. K. (2015). Dental evidence in
forensic identification — An overview, methodology and pres-
ent status. The Open Dentistry Journal, 9, 250-256. https://doi.
org/10.2174/1874210601509010250


https://doi.org/10.1016/S1473-3099(18)30571-1
https://doi.org/10.1016/S1473-3099(18)30571-1
https://doi.org/10.1016/j.cmi.2016.08.031
https://doi.org/10.1016/j.cmi.2016.08.031
https://doi.org/10.3201/eid1009.030933
https://doi.org/10.3201/eid1009.030933
https://doi.org/10.3201/eid1302.060197
https://doi.org/10.1086/427041
https://doi.org/10.1086/427041
https://doi.org/10.1001/jama.1991.03460060048012
https://doi.org/10.1001/jama.1991.03460060048012
https://doi.org/10.1016/j.joen.2014.07.001
https://doi.org/10.1016/j.joen.2014.07.001
https://doi.org/10.1016/j.joen.2015.11.014
https://doi.org/10.1016/j.joen.2015.11.014
https://doi.org/10.1093/molbev/msw170
https://doi.org/10.1093/molbev/msw170
https://doi.org/10.1016/S0140-6736(89)90729-0
https://doi.org/10.1038/ng1092-135
https://doi.org/10.1016/0030-4220(91)90284-J
https://doi.org/10.1016/0030-4220(91)90284-J
https://doi.org/10.1016/S0002-8177(89)95019-8
https://doi.org/10.1016/S0002-8177(89)95019-8
https://doi.org/10.1073/pnas.1807266115
https://doi.org/10.1371/journal.ppat.1001134
https://doi.org/10.1371/journal.ppat.1001134
https://doi.org/10.1016/j.joen.2007.01.002
https://doi.org/10.1590/S0074-02762012000800014
https://doi.org/10.1590/S0074-02762012000800014
https://doi.org/10.1016/j.jas.2016.01.003
https://doi.org/10.1016/j.jas.2016.01.003
https://doi.org/10.1016/j.scijus.2013.06.001
https://doi.org/10.1016/j.scijus.2013.06.001
https://doi.org/10.1371/journal.pone.0126935
https://doi.org/10.1371/journal.pone.0126935
https://doi.org/10.2741/e286
https://doi.org/10.1016/j.legalmed.2015.11.008
https://doi.org/10.1016/j.legalmed.2015.11.008
https://doi.org/10.1038/srep32969
https://doi.org/10.1038/srep32969
https://doi.org/10.1016/j.job.2016.05.004
https://doi.org/10.1016/j.forsciint.2004.11.017
https://doi.org/10.1016/j.forsciint.2004.11.017
https://doi.org/10.1089/ten.tea.2010.0181
https://doi.org/10.1016/S0099-2399(85)80219-3
https://doi.org/10.1016/S0099-2399(85)80219-3
https://doi.org/10.1086/315151
https://doi.org/10.1086/315151
https://doi.org/10.2174/1874210601509010250
https://doi.org/10.2174/1874210601509010250

14 of 15 WI LEy_Molecular Genetics & Genomic Medicine

MAIET AL.

La, V.D., Clavel, B., Lepetz, S., Aboudharam, G., Raoult, D., & Drancourt,
M. (2004). Molecular detection of Bartonella henselae DNA in the
dental pulp of 800-year-old French cats. Clinical Infectious Diseases,
39(9), 1391-1394. https://doi.org/10.1086/424884

Lemma, E., Zimhony, O., Greenblatt, C. L., Koltunov, V., Zylber,
M. 1., Vernon, K., & Spigelman, M. (2008). Attempts to revive
Mycobacterium tuberculosis from 300-year-old human mum-
mies. FEMS Microbiology Letters, 283(1), 54-61. https://doi.
org/10.1111/j.1574-6968.2008.01150.x

Malaver, P. C., & Yunis, J. J. (2003). Different dental tissues as source of
DNA for human identification in forensic cases. Croatian Medical
Journal, 44(3), 306-309.

Malou, N., Tran, T.-N.-N., Nappez, C., Signoli, M., Forestier, C. L.,
Castex, D., ... Raoult, D. (2012). Immuno-PCR — A new tool for
paleomicrobiology: The plague paradigm. PLoS ONE, 7(2), e31744.
https://doi.org/10.1371/journal.pone.0031744

Mark, L., Patonai, Z., Vaczy, A., Lorand, T., & Marcsik, A. (2010).
High-throughput mass spectrometric analysis of 1400-year-old

mycolic acids as biomarkers for ancient tuberculosis infection.
Journal of Archaeological Science, 37(2), 302-305. https://doi.
org/10.1016/j.jas.2009.09.041

Matheson, C. D., Vernon, K. K., Lahti, A., Fratpietro, R., Spigelman,
M., Gibson, S., ... Donoghue, H. D. (2009). Molecular explo-
ration of the first-century Tomb of the Shroud in Akeldama,
Jerusalem. PLoS ONE, 4(12), e8319. https://doi.org/10.1371/
journal.pone.0008319

Minnikin, D. E., Lee, O.-Y.-C., Pitts, M., Baird, M. S., & Besra, G. S.
(2010). Essentials in the use of mycolic acid biomarkers for tubercu-
losis detection : Response to “High-throughput mass spectrometric
analysis of 1400-year-old mycolic acids as biomarkers for ancient
tuberculosis infection” by Mark et al,Essentials in the use of my-
colic acid biomarkers for tuberculosis detection: Response to “High-
throughput mass spectrometric analysis of 1400-year-old mycolic
acids as biomarkers for ancient tuberculosis infection” by Mark.
Journal of Archaeological Science, 10(37), 2407-2412. https://doi.
org/10.1016/j.jas.2010.05.001

Nakanishi, T., Takegawa, D., Hirao, K., Takahashi, K., Yumoto, H., &
Matsuo, T. (2011). Roles of dental pulp fibroblasts in the recog-
nition of bacterium-related factors and subsequent development of
pulpitis. Japanese Dental Science Review, 47(2), 161-166. https://
doi.org/10.1016/j.jdsr.2011.02.001

Narayanan, L. L., & Vaishnavi, C. (2010). Endodontic microbiology.
Journal of Conservative Dentistry, 13(4), 233-239. https://doi.
org/10.4103/0972-0707.73386

Nguyen-Hieu, T., Aboudharam, G., Signoli, M., Rigeade, C., Drancourt,
M., & Raoult, D. (2010). Evidence of a louse-borne outbreak in-
volving typhus in douai, 1710-1712 during the war of Spanish
succession. PLoS ONE, 5(10), https://doi.org/10.1371/journ
al.pone.0015405

Papagrigorakis, M. J., Yapijakis, C., Synodinos, P. N., & Baziotopoulou-
Valavani, E. (2006). DNA examination of ancient dental pulp in-
criminates typhoid fever as a probable cause of the Plague of
Athens. International Journal of Infectious Diseases, 10(3), 206—
214. https://doi.org/10.1016/j.ijid.2005.09.001

Pusch, C. M., Rahalison, L., Blin, N., Nicholson, G. J., & Czarnetzki,
A. (2004). Yersinial F1 antigen and the cause of Black Death. The
Lancet Infectious Diseases, 4(8), 484—485. https://doi.org/10.1016/
S1473-3099(04)01099-0

Raoult, D., Aboudharam, G., Crubézy, E., Larrouy, G., Ludes, B., &
Drancourt, M. (2000). Molecular identification by “suicide PCR” of

Yersinia pestis as the agent of Medieval Black Death. Proceedings
of the National Academy of Sciences of the United States of America,
97(23), 12800-12803. https://doi.org/10.1073/pnas.220225197

Raoult, D., Dutour, O., Houhamdi, L., Jankauskas, R., Fournier, P.-E.,
Ardagna, Y., ... Aboudharam, G. (2006). Evidence for louse-trans-
mitted diseases in soldiers of Napoleon’s Grand Army in Vilnius.
The Journal of Infectious Diseases, 193(1), 112-120. https://doi.
org/10.1086/498534

Rascovan, N., Huynh, H., Chouin, G., Adekola, K., Georges-
Zimmermann, P., Signoli, M., ... Desnues, C. (2016). Tracing back
ancient oral microbiomes and oral pathogens using dental pulps
from ancient teeth. NPJ Biofilms and Microbiomes, 2, https://doi.
org/10.1038/s41522-016-0008-8

Rasmussen, S., Allentoft, M. E., Nielsen, K., Orlando, L., Sikora, M.,
Sjogren, K.-G., ... Willerslev, E. (2015). Early divergent strains of
Yersinia pestis in Eurasia 5,000 years ago. Cell, 163(3), 571-582.
https://doi.org/10.1016/j.cell.2015.10.009

Ricaut, F.-X., Keyser-Tracqui, C., Crubézy, E., & Ludes, B. (2005). STR-
genotyping from human medieval tooth and bone samples. Forensic
Science International, 151(1), 31-35. https://doi.org/10.1016/j.forsc
iint.2004.07.001

Rizzi, E.,Lari, M., Gigli, E., De Bellis, G., & Caramelli, D. (2012). Ancient
DNA studies: New perspectives on old samples. Genetics, Selection,
Evolution, 44, 21. https://doi.org/10.1186/1297-9686-44-21

Rubio, L., Martinez, L. J., Martinez, E., & Martin de las Heras, S.
(2009). Study of short- and long-term storage of teeth and its in-
fluence on DNA. Journal of Forensic Sciences, 54(6), 1411-1413.
https://doi.org/10.1111/j.1556-4029.2009.01159.x

Sampietro, M. L., Gilbert, M. T. P., Lao, O., Caramelli, D., Lari, M.,
Bertranpetit, J., & Lalueza-Fox, C. (2006). Tracking down human
contamination in ancient human teeth. Molecular Biology and
Evolution, 23(9), 1801-1807. https://doi.org/10.1093/molbev/
msl047

Sano, T., Smith, C. L., & Cantor, C. R. (1992). Immuno-PCR: Very
sensitive antigen detection by means of specific antibody-DNA con-
jugates. Science, 258(5079), 120-122.

Schrader, C., Schielke, A., Ellerbroek, L., & Johne, R. (2012).
PCR inhibitors — Occurrence, properties and removal. Journal
of Applied Microbiology, 113(5), 1014-1026. https://doi.
org/10.1111/j.1365-2672.2012.05384.x

Schuenemann, V. J., Bos, K., DeWitte, S., Schmedes, S., Jamieson, J.,
Mittnik, A., ... Poinar, H. N. (2011). Targeted enrichment of an-
cient pathogens yielding the pPCP1 plasmid of Yersinia pestis from
victims of the Black Death. Proceedings of the National Academy
of Sciences of the United States of America, 108(38), E746-E752.
https://doi.org/10.1073/pnas.1105107108

Schweitzer, M. H., Suo, Z., Avci, R., Asara, J. M., Allen, M. A.,
Arce, F. T., & Horner, J. R. (2007). Analyses of soft tissue from
Tyrannosaurus rex suggest the presence of protein. Science,
316(5822), 277-280. https://doi.org/10.1126/science.1138709

Seifert, L., Harbeck, M., Thomas, A., Hoke, N., Zodller, L.,
Wiechmann, I., ... Riehm, J. M. (2013). Strategy for sensitive
and specific detection of Yersinia pestis in skeletons of the black
death pandemic. PLoS ONE, 8(9), https://doi.org/10.1371/journ
al.pone.0075742

Seifert, L., Wiechmann, I., Harbeck, M., Thomas, A., Grupe, G.,
Projahn, M., ... Riehm, J. M. (2016). Genotyping Yersinia pestis
in historical plague: Evidence for long-term persistence of Y. pes-
tis in Europe from the 14th to the 17th century. PLoS ONE, 11(1),
e0145194. https://doi.org/10.1371/journal.pone.0145194


https://doi.org/10.1086/424884
https://doi.org/10.1111/j.1574-6968.2008.01150.x
https://doi.org/10.1111/j.1574-6968.2008.01150.x
https://doi.org/10.1371/journal.pone.0031744
https://doi.org/10.1016/j.jas.2009.09.041
https://doi.org/10.1016/j.jas.2009.09.041
https://doi.org/10.1371/journal.pone.0008319
https://doi.org/10.1371/journal.pone.0008319
https://doi.org/10.1016/j.jas.2010.05.001
https://doi.org/10.1016/j.jas.2010.05.001
https://doi.org/10.1016/j.jdsr.2011.02.001
https://doi.org/10.1016/j.jdsr.2011.02.001
https://doi.org/10.4103/0972-0707.73386
https://doi.org/10.4103/0972-0707.73386
https://doi.org/10.1371/journal.pone.0015405
https://doi.org/10.1371/journal.pone.0015405
https://doi.org/10.1016/j.ijid.2005.09.001
https://doi.org/10.1016/S1473-3099(04)01099-0
https://doi.org/10.1016/S1473-3099(04)01099-0
https://doi.org/10.1073/pnas.220225197
https://doi.org/10.1086/498534
https://doi.org/10.1086/498534
https://doi.org/10.1038/s41522-016-0008-8
https://doi.org/10.1038/s41522-016-0008-8
https://doi.org/10.1016/j.cell.2015.10.009
https://doi.org/10.1016/j.forsciint.2004.07.001
https://doi.org/10.1016/j.forsciint.2004.07.001
https://doi.org/10.1186/1297-9686-44-21
https://doi.org/10.1111/j.1556-4029.2009.01159.x
https://doi.org/10.1093/molbev/msl047
https://doi.org/10.1093/molbev/msl047
https://doi.org/10.1111/j.1365-2672.2012.05384.x
https://doi.org/10.1111/j.1365-2672.2012.05384.x
https://doi.org/10.1073/pnas.1105107108
https://doi.org/10.1126/science.1138709
https://doi.org/10.1371/journal.pone.0075742
https://doi.org/10.1371/journal.pone.0075742
https://doi.org/10.1371/journal.pone.0145194

MAIET AL.

Molecular Genetics & Genomic Medicine_wl LEY 150f 15

Serre, D., Hofreiter, M., & Pidbo, S. (2004). Mutations induced by
ancient DNA extracts? Molecular Biology and Evolution, 21(8),
1463-1467. https://doi.org/10.1093/molbev/msh139

Siravenha, L. G., Siravenha, L. Q., Madeira, L. D. P., Oliveira-Filho, A.
B., Machado, L. F. A., Martins Feitosa, R. N., ... Ishak, R. (2016).
Detection of HCV persistent infections in the dental pulp: A novel
approach for the detection of past and ancient infections. PLoS ONE,
11(10), https://doi.org/10.1371/journal.pone.0165272

Spyrou, M. A., Tukhbatova, R. I., Feldman, M., Drath, J., Kacki, S.,
Beltran de Heredia, J., ... Krause, J. (2016). Historical Y. pestis ge-
nomes reveal the European black death as the source of ancient and
modern plague pandemics. Cell Host & Microbe, 19(6), 874-881.
https://doi.org/10.1016/j.chom.2016.05.012

Spyrou, M. A., Tukhbatova, R. 1., Wang, C.-C., Valtuena, A. A.,
Lankapalli, A. K., Kondrashin, V. V., ... Krause, J. (2018). Analysis
of 3800-year-old Yersinia pestis genomes suggests Bronze Age ori-
gin for bubonic plague. Nature Communications, 9(1), 2234. https://
doi.org/10.1038/541467-018-04550-9

Tran, T.-N.-N., Aboudharam, G., Gardeisen, A., Davoust, B., Bocquet-
Appel, J.-P., Flaudrops, C., ... Drancourt, M. (2011). Classification
of ancient mammal individuals using dental pulp MALDI-TOF MS
peptide profiling. PLoS ONE, 6(2), e17319. https://doi.org/10.1371/
journal.pone.0017319

Tran, T.-N.-N., Forestier, C. L., Drancourt, M., Raoult, D., &
Aboudharam, G. (2011). Brief communication: Co-detection of
Bartonella quintana and Yersinia pestis in an 11th-15th burial site
in Bondy, France. American Journal of Physical Anthropology,
145(3), 489-494. https://doi.org/10.1002/ajpa.21510

Tran, T.-N.-N., Signoli, M., Fozzati, L., Aboudharam, G., Raoult, D., &
Drancourt, M. (2011). High throughput, multiplexed pathogen de-
tection authenticates plague waves in medieval Venice, Italy. PLoS
ONE, 6(3), e16735. https://doi.org/10.1371/journal.pone.0016735

Vigene, A. J., Herbig, A., Campana, M. G., Robles Garcia, N. M.,
Warinner, C., Sabin, S., ... Krause, J. (2018). Salmonella enterica
genomes from victims of a major sixteenth-century epidemic in
Mexico. Nature Ecology & Evolution, 2(3), 520-528. https://doi.
org/10.1038/541559-017-0446-6

Vishnivetskaya, T. A., Petrova, M. A., Urbance, J., Ponder, M., Moyer,
C. L., Gilichinsky, D. A., & Tiedje, J. M. (2006). Bacterial commu-
nity in ancient Siberian permafrost as characterized by culture and
culture-independent methods. Astrobiology, 6(3), 400—414. https://
doi.org/10.1089/ast.2006.6.400

Vongsavan, N., & Matthews, B. (1992). The vascularity of dental pulp
in cats. Journal of Dental Research, 71(12), 1913-1915. https://doi.
org/10.1177/00220345920710121101

Wadsworth, C., & Buckley, M. (2014). Proteome degradation in fossils:
Investigating the longevity of protein survival in ancient bone. Rapid
Communications in Mass Spectrometry, 28(6), 605-615. https://doi.
org/10.1002/rcm.6821

Wagner, D. M., Klunk, J., Harbeck, M., Devault, A., Waglechner,
N., Sahl, J. W., ... Poinar, H. (2014). Yersinia pestis and the
plague of Justinian 541-543 AD: A genomic analysis. The Lancet

Infectious Diseases, 14(4), 319-326. https://doi.org/10.1016/S1473
-3099(13)70323-2

Warinner, C., Herbig, A., Mann, A., Fellows Yates, J. A., Weil}, C.
L., Burbano, H. A., ... Krause, J. (2017). A robust framework for
microbial archaeology. Annual Review of Genomics and Human
Genetics, 18, 321-356. https://doi.org/10.1146/annurev-genom
-091416-035526

Widmer, C., Skutas, J., Easson, C., Lopez, J. V., Torneck, C., Flax, M.,
& Sayin, T. C. (2018). Culture-independent characterization of the
microbiome of healthy pulp. Journal of Endodontics, 44(7), 1132—
1139.e2. https://doi.org/10.1016/j.joen.2018.03.009

Wiechmann, 1., & Grupe, G. (2005). Detection of Yersinia pestis DNA
in two early medieval skeletal finds from Aschheim (Upper Bavaria,

6th century A.D.). American Journal of Physical Anthropology,
126(1), 48-55. https://doi.org/10.1002/ajpa.10276

Willcox, A. W. (2002). Mummies and molecules: Molecular biology
meets paleopathology. Clinical Microbiology Newsletter, 24(8),
57-60. https://doi.org/10.1016/S0196-4399(02)80012-5

Willerslev, E., & Cooper, A. (2005). Ancient DNA. Proceedings of the
Royal Society B: Biological Sciences, 272(1558), 3—16. https://doi.
org/10.1098/rspb.2004.2813

Wills, B., Ward, C., & Vanessa, S. G. (2014). Conservation of human
remains from archaeological contexts. In A. Fletcher, D. Antoine &
J. D. Hill (Eds.), Regarding the dead: Human remains in the British
Museum (pp. 49-73).

Yin, R., Dai, T., Avci, P, Jorge, A. E. S., de Melo, W. C., Vecchio, D.,
... Hamblin, M. R. (2013). Light based anti-infectives: Ultraviolet
C irradiation, photodynamic therapy, blue light, and beyond.
Current Opinion in Pharmacology, 13(5). https://doi.org/10.1016/j.
coph.2013.08.009

Yoshida, S., Ohshima, H., & Kobayashi, S. (1988). Development of the
vascular supply in the dental pulp of rat molars — Scanning elec-
tron microscope study of microcorrosion casts. Okajimas Folia
Anatomica Japonica, 65(5), 267-281. https://doi.org/10.2535/0faj1
936.65.5_267

Yumoto, H., Hirao, K., Hosokawa, Y., Kuramoto, H., Takegawa, D.,
Nakanishi, T., & Matsuo, T. (2018). The roles of odontoblasts in
dental pulp innate immunity. Japanese Dental Science Review,
54(3), 105-117. https://doi.org/10.1016/j.jdsr.2018.03.001

Zhang, X., Scalf, M., Berggren, T. W., Westphall, M. S., & Smith, L.
M. (2006). Identification of mammalian cell lines using MALDI-
TOF and LC-ESI-MS/MS mass spectrometry. Journal of the
American Society for Mass Spectrometry, 17(4), 490-499. https://
doi.org/10.1016/j.jasms.2005.12.007

How to cite this article: Mai BHA, Drancourt M,
Aboudharam G. Ancient dental pulp: Masterpiece tissue

for paleomicrobiology. Mol Genet Genomic Med.
2020;8:€1202. https://doi.org/10.1002/mgg3.1202



https://doi.org/10.1093/molbev/msh139
https://doi.org/10.1371/journal.pone.0165272
https://doi.org/10.1016/j.chom.2016.05.012
https://doi.org/10.1038/s41467-018-04550-9
https://doi.org/10.1038/s41467-018-04550-9
https://doi.org/10.1371/journal.pone.0017319
https://doi.org/10.1371/journal.pone.0017319
https://doi.org/10.1002/ajpa.21510
https://doi.org/10.1371/journal.pone.0016735
https://doi.org/10.1038/s41559-017-0446-6
https://doi.org/10.1038/s41559-017-0446-6
https://doi.org/10.1089/ast.2006.6.400
https://doi.org/10.1089/ast.2006.6.400
https://doi.org/10.1177/00220345920710121101
https://doi.org/10.1177/00220345920710121101
https://doi.org/10.1002/rcm.6821
https://doi.org/10.1002/rcm.6821
https://doi.org/10.1016/S1473-3099(13)70323-2
https://doi.org/10.1016/S1473-3099(13)70323-2
https://doi.org/10.1146/annurev-genom-091416-035526
https://doi.org/10.1146/annurev-genom-091416-035526
https://doi.org/10.1016/j.joen.2018.03.009
https://doi.org/10.1002/ajpa.10276
https://doi.org/10.1016/S0196-4399(02)80012-5
https://doi.org/10.1098/rspb.2004.2813
https://doi.org/10.1098/rspb.2004.2813
https://doi.org/10.1016/j.coph.2013.08.009
https://doi.org/10.1016/j.coph.2013.08.009
https://doi.org/10.2535/ofaj1936.65.5_267
https://doi.org/10.2535/ofaj1936.65.5_267
https://doi.org/10.1016/j.jdsr.2018.03.001
https://doi.org/10.1016/j.jasms.2005.12.007
https://doi.org/10.1016/j.jasms.2005.12.007
https://doi.org/10.1002/mgg3.1202

