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Abstract

Recently, due to COVID-19 pandemic, epidemic preparedness programs have received particular
attention. Unfortunately, the importance of preparedness and rapid response to epidemic events
reached politicians and the public only when it was too late to prevent or limit this infectious
disease. This pandemic has rapidly exposed the enormous vulnerabilities of modern human
societies; globalization, fast transport, climate change, high population density, and ecological
transitions are all aspects of modern societies that can favour and influence the emergence of new
and old human pathogens. Although it is currently impossible to predict the emergence of a new
pathogen before it actually emerges, analysing past microorganisms and epidemics can allow us to
learn from past successes and mistakes, so that present and future surveillance and monitoring

programs can be improved.

With these premises, this thesis project incorporates biological and historical investigations to
examine which information related to microorganisms and epidemics from the past can be derived

from remains of organic material and historical records.

In the first part of the project, human teeth, recovered from an archaeological site dated to the
period of the Milan plague of 1629-1631, were processed to investigate the presence of traces of
Yersinia pestis, the causative agent of plague. Both DNA and proteins associated with the pathogen
of interest have been searched. Preliminary results for these analyses were inconclusive, but the

metagenomic analysis is still in progress and the results will be available in the next few months.

During the second part of the project, historical and epidemiological investigations were carried out
on textual sources associated with past plague epidemics. The first study (Manuscript n. 1) involved
the development of a new informatic tool aimed at extracting useful information from a huge
amount of textual data. This tool was applied to derive information regarding the 1720-1722 plague
of Marseille and the 1629-1631 plague in northern Italy. The analysis of text related to these two
epidemic episodes revealed that plague-related words were associated with the words

“merchandise”, “movable”, “tatters”, “bed” and “clothes”, while no association was found with rats.

These results support the hypothesis of a role of human ectoparasites during the second plague



pandemic. Moreover, the results suggested a potential future application of this tool for the

prediction of pathogen, responsible for a described disease, in ancient texts.

The second study (Manuscript n.2) concerned the analysis of the progress of the plague epidemic
that hit the city of Milan during the years 1629-1631. The registers of the deaths of the city of Milan
for the year 1630 were digitized and subsequently used for the spatio-temporal analysis of the
epidemic and historical events related to it; in particular, the effect that a religious mass gather had

on the spread of the epidemic in the city was analysed.

The last part of the thesis project was focused on the research and study of the bibliography
concerning the paleomicrobiological studies performed on ancient human microbiota (Manuscript

n.3).
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1. Introduction




1.1 The study of ancient microorganisms and epidemics

“Over the past fifty years, more than three hundred infectious diseases have either newly
emerged or reemerged, appearing in territories where they’ve never been seen before. Ninety
percent of epidemiologists expect that one of them will cause a deadly pandemic sometime in the
next two generations. It could be Ebola, avian flu, a drug-resistant superbug, or something
completely new. While we can’t know which pathogen will cause the next pandemic, by unravelling
the story of how pathogens have caused pandemics in the past, we can make predictions about the

future.”
From the synopsis of the book Pandemic: Tracking Contagions, from Cholera to Ebola and Beyond
by Sonia Shah (Shah, 2016).

The SARS-CoV-2 pandemic was a big shocking event for humanity. When this new disease began to
spread in December 2019 in the city of Whuan, China (Riou & Althaus, 2020), all the governments
in the world were caught unprepared (Frutos et al., 2021), even the ones that were considered most
prepared, like North America and Europe (Oppenheim et al., 2019). Within months, this new disease
spread to all regions of the world, causing, according to some, an unprecedented pandemic event

(Nkengasong, 2021).

Is this true? Have humanity never had to face similar events in the past? And even better, could

have we done something to make us better prepared?

Echoing the words of Sonia Shah, a science journalist who in 2016 published her book about
pandemics (Shah, 2016), the vast majority of epidemiologists expected a deadly pandemic in the
near future. She even reported precise hot spots for the potential emergence of new deadly
diseases, among which China’s wet markets were found. The most interesting thing is that, she was
not the only one, nor the first to evidence the great risk that wet markets pose as potential disease
sources (Karesh et al., 2005; Wan, 2012; Woo et al., 2006). The evidence for this epidemiological
interest into some specific hot spots, such as the wet markets, can be found in the biology, ecology,
and history of human epidemics. The ecosystems and the living beings that compose it are all linked

in a network of relationships that can influence the survival dynamics of each individual. This



concept is at the base of the
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(https://www.cdc.gov/onehealth/; Figure 1). One thing that is not clearly stated into this definition
is that past epidemics and pathogens can be retrospectively studied. History can help us in this.
Studying what happened in the past, how our ancestors reacted and behaved during, before and
after an epidemic, can help us understand the best way to fight the emergence of new epidemic
events. Therefore, it can help us avoid making the same mistakes and avoid being caught

unprepared for the next epidemic/pandemic.

Studying ancient microorganisms and, more specifically, pathogens can be a valuable tool in
answering many historical and biological questions. Analysing and studying problems in the past can
allow us to see patterns in present day problems. For instance, studying the environmental and
social conditions, present before the emergence of an epidemic in the past, might be useful to

individuate critical points on which we can act upon.

Some ecological and health-related questions which can be analysed through an historical
perspective, are here summarized: what could have caused the high mortality of past diseases; how
pathogens spread across continents; how vectors and host reservoirs contributed to their virulence
and transmission of infectious diseases; from where pathogens come from and how do they adapt
to humans and other species; what was the diversity of pathogens in the past. The answers to these
guestions can give us information about the present state of pathogens and, maybe, also about the

future. Understanding how pathogens evolved and infect humans, so that we can intervene



preventively to counter the adaptation or the diffusion of future pathogens (mutations, speciation
events, adaptation to vectors, and acquisition of antibiotic resistance and virulence genes).

Moreover, this can also help to understand the effect on human/host evolution.

1.2 How to study ancient microorganism and epidemics

There are two main approaches that can be applied to investigate ancient pathogens:

e The historical approach, based on the study of written record or other documented
communication (Cunha & Cunha, 2008);
e Paleomicrobiology, based on the study of molecules in ancient remains (Raoult & Drancourt,

2008).

In general, historical data are useful to know where and what to investigate, while
paleomicrobiology can provide scientific proof of the presence of a causative agent during a past
period (Raoult & Drancourt, 2008). However, sometimes it is not possible to use
paleomicrobiological techniques due to the absence of well preserved and suitable samples. In
these cases, historical analysis remains the most helpful tool for the study of ancient epidemics

(Cunha & Cunha, 2008).

1.2.1 Historical approach

“...butIshall talk about its course, and explain the symptoms, by which it could be recognised
in the future, having knowledge of it beforehand. For | myself was ill and saw others suffer

fromit.”
Thucydides on The Plague of Athens (430—426 B.C.)

Thucydides gave a perfect example on the importance of historical records. Writing about the

characteristics of an epidemic event and the associated disease can be useful for the people that



will come and that might have to deal with the same or a similar event. Therefore, many physicians

took the time to record what they saw during epidemics or other relevant events.

Historical records, not only give us information about past diseases, but also indicates the existence
of a disease/epidemic event in the past. Without historical records, we would have probably forgot
all the tremendous events that afflicted our species. As stated by Cusani (Ripamonti, 1841, p. 10),
even the terrible and now famous epidemic of 1630 in Milan would probably have gone forgotten
if it had not been for the work of Alessandro Manzoni “I promessi sposi”, a masterpiece of Italian

literature set in northern Italy during the early XVII century (Manzoni, 1827).

Plague is probably the most known disease from the past. Its fame is due to both the great mortality
and devastation brought by the disease (Ditchburn & Hodgkins, 2019)and also to the great number
of books written during and after on this subject (Cohn, 2010). In fact, considering only the XVI
century, more than 300 books were published in Italy alone (out of a total of 1500 published books)
(Cohn, 2010, p. 22). In addition, during the second pandemic of plague, several cities started to keep
detailed daily or weekly records of deaths. An example is the very detailed registers of the dead
(Mortuorum libri) for the city of Milan, that in an almost continuous series for the period 1451-1801
(with some gaps) recorded all the deaths that occurred in the city, with particular regard to possible
suspicions of plague (Atti di Governo, bb. 118-119). Similar records are available for other cities, like
Venice (Lazzari et al., 2020) or, outside Italy, in London where weekly bulletins of the dead in the
city were published (London bills of mortality) (Bellhouse, 1998; Boyce, 2020; Heitman, 2020).
Therefore, it appears evident that the multitude of historical information preserved in books, city
registers, but also tax records (Alfani & Bonetti, 2019), church registries (Alfani & Bonetti, 2019;
Weisdorf, 2016) or coroners’ reports (Butler, 2014) can provide invaluable information about the

epidemiology and characteristics of some diseases of the past (Cunha & Cunha, 2008).

The historical approach can help us to identify the aetiology (i.e. the cause) of an epidemic episode
base on the author description of the symptoms and the context of the disease (Cunha & Cunha,
2008). It can also be used to obtain important information about the characteristics of a pathogen
in ancient times and the dynamics of epidemics caused by them. For example, the transmission and
vectors involved in a past epidemic can be studied by analysing the seasonality of epidemics (Alfani

& Cohn Jr, 2007), the temporal and spatial spread of the disease (Alfani & Bonetti, 2019; Christakos



et al., 2007; Dean et al., 2018), or even by the precautions taken by contemporary people (Barbieri
et al., 2022). Moreover, mortality rates, signs and symptoms differences between past and modern
epidemics can provide information about the virulence of a pathogen (Carmichael, 2008; Cohn,

2010).

In the absence of scientific proof and despite some major problems that afflict the field (Box 1), the
historical method remains the backbone of the analytical approach to the study of ancient

epidemics.

Box 1. Problems of the historical approach:
» Epidemics not recorded or information lost (Martin & Martin-Granel, 2006);
> Difficulties of description and interpretation (Major, 1978);
» Translator interpretation of the languages in which they were first described (Cunha & Cunha, 2008);

» The observers or recorders of the descriptions of ancient epidemics varied in their observational and
descriptive capabilities as well as in their knowledge of medical terms used at the time (Page, 1953;

Parry, 1969).
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1.2.2 Paleomicrobiology
Ancient molecules, such as ancient DNA (aDNA), from both pathogenic and commensal
microorganisms, can provide information about the health status of ancient individuals as well as

past dietary habits and the ecology of diseases (Orlando et al., 2021).

Until three decades ago, the only way to study ancient pathogens, and the epidemics caused by
them, was through the methods described before, i.e., the study of historical records, or, for some
specific cases, the use of palaeopathology (Box 2). Both of these methods offer fundamental

information about the past and the pathogens that may have caused an epidemic event.

Nevertheless, the only way to confirm a suspected

diagnosis on ancient times is through | Box 2. Paleopathology.

paleomicrobiology (Drancourt & Raoult, 2005). A third approach used to study past diseases is

Paleomicrobiology is the study of microorganisms | Paleopathology.

associated with ancient material (Drancourt & Paleopathology is the study and application of
Raoult, 2005). The pioneering work of Drancourt | methods and techniques for investigating

et al. 1998, paved the way for this field, by diseases, nutritional  deprivation, and

identifying for the first time traces of Yersinia mechanical stress from skeletal and soft tissue

pestis DNA in the teeth extracted from skeletons in human remains (Smith, 2013). Despite this
field is very useful to derive information about
of French graves of persons thought to have died
some infectious diseases, such as tuberculosis
of plague between the 16™ and 18™ century
(Nerlich & Lésch, 2009) and syphilis (C. Meyer

D I, 1 . Thi k
(Drancourt et al., 1998) is work proved, not et al., 2002), it cannot be used if the pathogen

without an initial opposition by a portion of the left no traces on the remains (e.q. Y. pestis, P.

scientific community (Drancourt & Raoult, 2014), | fyiciparum, S. enterica, ...).

that the molecules associated with the
microorganisms persist in archaeological records. Anyway, this field is also afflicted by some major
problems that greatly reduce the efficacy of paleomicrobiological analysis. Some of these major

problems are:
e Rarity of well-preserved and suitable samples for analysis;

e Exogenous modern contaminations;
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e Ancient molecules are often highly degraded and usually found in low concentrations

(Dabney, Meyer, et al., 2013);

e Differential colonisation from infection (the mere recovery of an organism from an ancient
preserved specimen does not necessarily imply a role for this organism as the cause of the

death (Cunha & Cunha, 2008);

e Difficulties related to the absence of reference genomes or information for an organism for

sequence/genome comparison.

Today, there are entire scientific research groups dedicated to this field and the study subject is not
limited to the pathogen Y. pestis. Many other pathogenic microorganisms have been isolated from

ancient samples, among which we can find:

e bacteria, such as Mycobacterium tuberculosis (Bos et al., 2014), Mycobacterium leprae
(Schuenemann et al., 2018), Treponema pallidum (Schuenemann et al., 2018), Yersinia pestis
(Bos et al., 2011), Helicobacter pylori (Maixner et al., 2016), Salmonella enterica (Vagene et
al., 2018), Vibrio cholerae (Devault et al., 2014);

e viruses, such as HBV (Mihlemann et al., 2018), HIV (Worobey et al., 2016), influenza virus
(Taubenberger et al., 2005), VARV (Duggan et al., 2016);

e eukaryotes, such as Plasmodium falciparum (Marciniak et al., 2016), Plasmodium vivax
(Gelabert et al., 2016), Phytophthora infestans (Yoshida et al., 2013), Taenia solium (Sge et
al., 2018).

The primary sources for paleomicrobiological studies on humans are different types of remains, e.g.
bones, teeth, mummified tissues, hair, paleofeces (coprolites), dental calculus (tartar), and the
analysed molecules are not limited to nucleic acids, but also include ancient proteins (Barbieri et al.,
2017; Warinner, Rodrigues, et al., 2014) and lipids (Lee et al., 2012). Among the different samples
that can be used, dental pulp is considered the sample of choice for blood-borne diseases (Mai et
al., 2020). Dental pulp is a connective tissue, situated inside the teeth, that contains an abundant
vascular system and nerves. Blood-circulating microorganisms could reach and colonize the vessels

in the dental pulp (La et al., 2008). Moreover, after the death of the individual, this tissue remains
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enclosed in the dental cavity, which is well protected from external contamination and degradation

by enamel and dentin (Mai et al., 2020).

Without doubts, DNA is the most studied ancient molecule and it is also the one that can provide
the majority of information. There are multiple methods and techniques that are used for the
detection and isolation of pathogen DNA from ancient human specimens (Figure 2; (Spyrou, Bos, et

,2019).
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Figure 2. Workflow for the paleomicrobiological analysis of ancient DNA (Spyrou, Bos, et al., 2019).
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In any case, every analysis begins with the extraction of the DNA from the specimens (Dabney,
Knapp, et al., 2013). The extracted DNA can then be directly screened for the presence of genic
markers of specific organisms of interests through PCR analysis (Drancourt et al., 1998;
Schuenemann et al., 2011) or it can be used for the preparation of Next Generation Sequencing
(NGS) libraries and subsequent bioinformatic analysis (Meyer & Kircher, 2010; Spyrou, Keller, et al.,
2019). In general, the “simple” detection of pathogens through amplification-based techniques it is
fast and cost-effective but should be coupled with NGS analysis for further confirmation (Spyrou,
Bos, et al., 2019). In cases in which a causative agent is suspected, the analysis can be improved by
selectively sequencing DNA fragments of interest (e.g. through in solution capture) or by mapping
the reads generated by NGS against reference genome/s (Bos et al., 2014). In the last 10 years, more
than 80 genomes of Y. pestis spanning the last 6,000 years have been reconstructed (Barbieri et al.,
2020). The analysis of these ancient genomes allowed the identification of a temporal sequence of
genetic changes that lead to increased virulence and the emergence of the bubonic plague (Spyrou,

Keller, et al., 2019).

NGS libraries can also be analysed through metagenomic profiling methods (Vagene et al., 2018).
This method is useful when there is no historical information about the possible causative agent
responsible for the death of individuals from an archaeological site, or even for microbiome analysis
(Groussin et al., 2017; Warinner et al., 2017, p. 201; Weyrich et al., 2017). The reconstruction of the
microbial communities associated with ancient humans, or other hominids, is used to analyse and
describe, not only the relation with pathogenic microorganisms, but also the changes in human
lifestyle (e.g. in diet, medical innovations, hygiene, and antibiotics) that are characterized by

changes in the microbiome composition (Nodari et al., 2021).

Sometimes, fragmentation and decomposition are so extensive that the analysis of aDNA is not
possible, while proteins are naturally more resistant and can be detected even after millions of years
(Barbieri et al., 2017; Demarchi et al., 2016). Paleoproteomics, the field that studies ancient
proteins, has revealed important information about the dietary habits of past human populations
(Warinner, Hendy, et al., 2014), pathogens (Barbieri et al., 2017; Warinner, Rodrigues, et al., 2014),
host immune systems (Warinner, Rodrigues, et al., 2014), and the microbial population from the

digestive tract microbiome of ancient individuals (Jersie-Christensen et al., 2018).
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1.3 History of Plague

The term “plague” comes from the Latin “pestis” which literally means "destruction, ruin, epidemic"
(https://www.treccani.it/enciclopedia/peste_%28Universo-del-Corpo%29/). In the past, the term
was associated with epidemics that spread quickly causing high number of deaths and/or cause
terror (Alfani & Murphy, 2017). This pose a serious problem for historical studies on past epidemics
since historical sources, especially those preceding early modern times, often refer to generic
“plague epidemics” even when the diseases in play were different (Alfani & Murphy, 2017).
Biologically, the term plague is the infectious disease caused by the bacterium Y. pestis, but it is not
rare to find past plague epidemics that had no actual relation with Y. pestis, e.g. the plague of Athens

(Papagrigorakis et al., 2006).

Plague has very close roots with the history of man. Molecular studies identified the presence of Y.
pestis in ancient remains dated back till 3000 BCE (Rascovan et al., 2019). Moreover, written records
mentioning plague epidemics from ancient Egypt (1350 BCE) have been also recovered
(Panagiotakopulu, 2004). There is also a mention of a plague epidemic in the biblical book 1 Samuel
(approximately 1000 BCE), in which the Philistines territories were hit by a deadly disease that was

associated with rodents and caused tumours in its victims (Freemon, 2005; Griffin, 2000).

Three pandemics from the last 2000 years have been attributed (and paleomicrobiologically

confirmed) to Y. pestis.
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1.3.1 First pandemic

THE ORIGINS AND SPREAD
OF THE PLAGUE

The first plague pandemic started in the city of e
Pelusium (Egypt) in 541 CE (Little & Walsh, 2007). From
there, the disease quickly reached Constantinople and
all the areas of the Mediterranean region. Eventually,
the pandemic reached all the “known world” (Europe,
North Africa, Arabia, central and southern Asia) (Figure
3)(Perry & Fetherston, 1997).

The first pandemic is also known as Justinian Plague,

from the name of the Emperor of the Eastern Roman

KEY

Empire at the time: Justinian |, which ruled on the O Probao Ak e om A FRl A
the Maditetransan workd

™\ | @ First four Raman cities known
10 have besn hit by plague

Empire from 527 to 565 (Barbieri et al., 2020). This first <= Stasotlao sdtogens o laue

Known 1o have boeen hit

Modetn frontists

epidemic episode (541 — 544 CE) was followed by 14 to

21 additional plague waves until half VIII century

(Mordechai et al., 2019). This cyclical reoccurrence of Figure 3. Possible n_gm and diffusion of the
plague epidemics is a typical characteristic of plague first plague pandemic (Keys, 1999).
pandemics that was also reported for the second and the third pandemic. The exact source of the
first pandemic is still not known. According to contemporaneous chronicles, the plague originated
in Eastern Africa, in the modern Ethiopia (Bramanti et al., 2016; Dols, 1974), but also an Asiatic origin
has been proposed by historians, in particular the regions of India (Glatter & Finkelman, 2021) or
the Great Steppe region (Rosen, 2007).

After 200 years of devastation and an estimated population loss of 50 to 60% (Perry & Fetherston,

1997), plague disappeared (Keller et al., 2019).

1.3.2 Second pandemic

Around the year 1000 A.D. there were probably no more than 30-35 million people in all of Europe
(including Russia and the Balkans). From the 10th century until the beginning of the 14th century
the European population grew slowly but steadily. In the years 1330-1340 the total population of

Europe must have been at least 80 million (Cipolla, 1976; Perry & Fetherston, 1997). Although wars,
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famines and epidemics were not unknown before the 14th century, low population densities limited
the devastating effects of epidemics. However, with the growth of the population and the increase
of density in the cities, the nature of the problem changed. In fact, at the beginning of the 14th
century, several areas of Europe were overpopulated (e.g. San Gimignano in 1332 reached a
population greater than that of the same city in 1951) (Cipolla, 1976). This important increase in
population was not followed by improvement in medicine and hygiene practices. This imbalance
between population growth on the one hand, and a lack of medical and health development on the
other, reached a critical point in the early 14th century with garbage, human and animal waste piled
up on the streets; overabundant rats, fleas and lice; unsafe water wells; non-existent health
facilities; soap was rarely used, and personal hygiene was a little-known practice. All these

conditions set a fertile soil for the spread of epidemics.

The origin of the second pandemic is attributed to central Asia at the end of the 1330s, probably in
present-day Kazakhstan, Russia, or China (Namouchi et al., 2018; Spyrou, Keller, et al., 2019).
According to historical records, plague may have travelled by the Mongolian Army to the West.
During the besiege of the Genoese settlement of Kaffa (1346), on the Crimean Peninsula, the
Mongols allegedly catapulted the bodies of their comrades who died of the disease beyond the walls
of city, in the first recorded episode of bacteriological warfare (Inglesby et al., 2000). The disease
was further transported via Genoese ships fleeing from Kaffa reaching Italy (Bramanti et al., 2016).
From there plague spread all over, covering all Europe in few years, in the epidemic event which

later became known as the Black Death.

In just seven years (Benedictow & Benedictow, 2004), the Black Death killed an estimated 17 million
to 28 million Europeans (1/3 of the European population at the time) (Perry & Fetherston, 1997).
Moreover, the Black Death marks the beginning of the second pandemic, with a succession of
cyclical plague epidemics throughout Europe during the following 400 years. Epidemic cycles
afflicted all the main (and also most of the minor) European cities of the time, with recurring plague

epidemics (Figure 4) (Perry & Fetherston, 1997).
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Figure 4. Map of the second plague pandemic, including major movement and trade routes (Barbieri et al., 2020).

It is difficult to define the end date for the second pandemic (Barbieri et al., 2020). The last official
epidemic occurred in Moscow in 1771 (Cohn, 2008), although other outbreaks were also recorded

in nineteenth century in the Mediterranean region (Cohn, 2008; Valensi, 1969).

As for the first pandemic, the reasons for the decline of the second pandemic have not yet been
identified. The various hypotheses involve changes in climate, abundant rodent populations (from
the invasion of the grey mouse and the disappearance of the black mouse), public health problems
(alleged improvements in construction, to better ways to bury corpses) and changes in the
etiological agent of the disease Y. pestis (Cipolla, 1976; Perry & Fetherston, 1997), but all have

turned out to be inconclusive.

1.3.3 Third pandemic and modern cases

The third pandemic is likely to have originated from the Chinese province of Yunnan where plague
cases were recorded since mid XVIII century (Bramanti et al., 2016; Xu et al., 2011). In the 1850s and
1860s it became endemic in southwestern China (Perry & Fetherston, 1997). From there, plague
spread to the East reaching Hong Kong and Canton in 1894 and Bombay in 1898 (Perry & Fetherston,
1997; Yersin, 1894). Between 1899 and 1900 steamships and trains rapidly disseminated the disease
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to all the continents (excluding Antarctica) (Perry & Fetherston, 1997). It was during the 1894
epidemic in Hong Kong that a Swiss-French doctor isolated for the first time the causative agent of
the plague: what is now called Yersinia pestis (Yersin, 1894). At the same time, he individuated into
rats a clear carrier of the disease, especially because of the fact that human epidemic usually broke
out following a large die-off of rodents (Yersin, 1894)(https://www.epicentro.iss.it/peste). Three
years later, during the Indian epidemic of 1897, Paul-Louis Simond discovered the role of the flea in
the transmission of the plague, in particular the rat flea of the species Xenopsylla cheopis (Simond,

1898).

Between 1894 and 1903, the plague reached 77 ports on five continents (Riedel, 2005)(Figure 5). In
the following years, a series of small epidemics occurred around the world. India and China were
the regions most affected by the third plague pandemic. In 1903, in India alone, the plague killed
one million people a year, and in total an estimated 12.5 million Indians died of the plague between

1898 and 1918 (Perry & Fetherston, 1997).

The death rate and the spread of sporadic plague outbreaks have dropped significantly over the past
hundred years compared to previous pandemics, largely due to the advent of effective public health
measures. In particular since about 1950, antibiotics, on the one hand, and the application of
powerful insecticides such as DDT, on the other, have made the plague a curable and controllable
disease (Pollitzer, 1954). According to the WHO, the pandemic was considered active until 1959,
when cases around the world dropped to fewer than 200 per year. Despite this, plague has not
completely disappeared and endemic areas are still present today in Asia, Africa and America, where

wild rodent populations act as reservoir for the disease (Figure 5)(Barbieri et al., 2020).
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Figure 5. Map of the third plague pandemic and modern-day natural plague foci in wild rodents
(https://www.britannica.com/science/plague/History).

As for the previous pandemics, plague during modern times has the ability to re-emerge and cause
another outbreak in areas that have long remained unaffected (ECDC, 2021). While no case has been
reported in Oceania or Europe since the 1945, nearly 50,000 human cases of plague were reported
to the WHO from Africa, Asia and America between 1990 and 2020
(https://www.pasteur.fr/en/medical-center/disease-sheets/plague). In 1994, an epidemic of
pneumonic plague erupted in India, a country where the disease was thought to be eradicated 30
years earlier (Campbell & Hughes, 1995). The plague has also reappeared in the regions of
Mozambique, Peru, Jordan, Algeria, Congo, Libya, Kyrgyzstan and Russia after 30 or even 80 years
without epidemics. More recently, a pneumonic plague outbreak hit Madagascar in 2017 causing
2417 cases and 209 deaths, in a region where no cases had been reported since 1950

(Rakotosamimanana et al., 2021).

1.3.4 The Great Plague of Milan (1629-1631) and the condition the favoured the epidemic.
In 1629 northern Italy was afflicted by a tremendous epidemic of plague that killed hundreds of

thousands of people. The precise number of dead people is not clear. Only in the city of Milan this
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number range from 80 thousands to 160 thousands (Ripamonti, 1841, p. 262; Tadino, 1648). What
is certain is the fact that this epidemic left northern Italy, and Milan, severely damaged in both
human loses and economical ones. Recent studies have in fact proposed that the epidemics of
plague in the XVII century in Italy were the main reason for the economic decline of Italy in that

period respect to northern Europe (Alfani, 2020).

Northern Italy in the XVII century was a very divided land (Figure 6), with multiple territories under
direct or indirect control of other greater European nations. During the first half of that century

northern Italy was the battlefield for wars between Spain, the Empire and France. In particular, two
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Figure 6. Map of northern Italy in 1559
the Duchy of Milan to the (https://www.doppiozero.com/dossier/disunita-italiana/atlante-storico-dellitalia).

under the Alps. It connected

Empire and was also important in trade. The Valtellina war started in 1620 due to tensions between
Catholics and Protestants in the region. The three leagues, supported by France, Savoy and Venice,
had every interest in maintaining dominance over these territories, but under the pretext of
religious tensions, Spain and the Empire used the opportunity to occupy the territory. Peace was
achieved in 1626 with the maintenance of the Valtellina under the control of the three leagues
(Priorato, 1672, p. 165). Actually, Spain remained in the occupied territories, prolonging the conflict

for several years. The tensions between the major European forces over northern Italy continued

21



one year later. The succession war of Mantua and Monferrato started in 1627, with the death of
Vincenzo Il Gonzaga, duke of Mantua and Monferrato. Who had the right to succeed Vincenzo Il
were Carlo duke of Nevers and Don Ferrante Duke of Guastalla (Priorato, 1672, p. 268). The strategic
position of these territories would have allowed a position of political control over all of northern
Italy to those who had managed to win control. For this reason, from a simple legal dispute, the
succession of the Duchy of Mantua turned into a war, dragging Europe's major powers to battle in
northern Italy. Louis Xlll King of France sided in favour of the Count of Nevers together with Venice.
Spain, the Empire and the Savoys lined up in favour of the Duke of Guastalla. This situation led to
the arrival of thousands of soldiers both from the North, the Alemans, and from the West, the

French.

Starting from 1627, northern Italy was also afflicted by a tremendous famine, brought by unusual
climatic conditions, which led to poor harvests, and by the high request of food to maintain all the
army in the territory. The famine led to an increase in the price of raw materials and bread to figures
too high for the populace. In addition to this, the stories of the time tell us of bread "stretched" with
waste material, not edible and even harmful to health. These conditions led to mass revolts, the

most famous of which took place in Milan during the day of St. Martin in 1628.

The wars, the famine and all that these two wounds bring with them, created the ideal conditions

for the rapid and inexorable spread of the disease.

Apparently, there were no plague outbreaks since the outbreaks of Turin in 1600 and Trieste in 1601
in northern Italy (Corradi, 1870). As reported by many authors of the time, plague was brought into
northern Italy by Aleman soldiers (Tadino, 1648). Both French and Aleman soldiers marched towards
Mantua in the above mentioned “War of Mantua and Monferrato”. Aleman soldiers came from the
North. They started from the city of Lindau. They passed through Grigioni Castles in Switzerland,
and entered in Valtellina (Tadino, 1648). It was a known thing at the time that the German soldiers
were afflicted by a contagious disease. Moreover, they were also aware of the chaos and destruction
that that would have brought to every village and city they’d have passed. Direct stories speak of
how the passage and raids of German soldiers were followed by the spread of the infection. For this

reason, the city of Milan tried in every way to prevent the spread of infection in the city and the
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inner lands. Confident and capable people were assigned to go and examine the villages around the

city from which the soldiers passed (Tadino, 1648).

Despite the efforts of the Milanese council and physicians, in October, plague officially entered the
city of Milan. The first case of plague was Pietro Antonio Lovato, a soldier stationed in Lecco who
entered the eastern gate village (Borgo di Porta Orientale) of Milan on 22 October 1629 along with
various vestiges of Aleman soldiers. He was taken straight to the major hospital, with signs of
tumour on his arm, bubo under his armpit, and high fever. It died after four days (Tadino, 1648).
Anyway, despite few localized cases of people that mostly had contact with the first case, the
epidemic seemed to disappear during the winter and then re-emerged in March 1630 (Ripamonti,
1841; Tadino, 1648). Some contemporary chroniclers highlighted how the cases peeked
immediately after a specific religious event: The San Carlo procession held the 11™ June 1630
(Ripamonti, 1841; Tadino, 1648). According to the contemporary chroniclers, the death cases rose
after the procession from about 100 to about 1700 per day (della Somaglia, 1653, p. 484; Ripamonti,
1841, p. 53). The epidemic continued until the end of the year, with some cases registered also

during 1631.

1.4 The etiological agent of plague: Yersinia pestis

Yersinia pestis is an aerobic, gram-negative, coccobacillus, nonmotile, and nonsporulated that grows
within a temperature range of 4 to 40°C (with an optimum between 28 and 30°C) at pH condition
ranging from 7.2 to 7.6 (Barbieri et al., 2020; Perry & Fetherston, 1997). Due to its inability to
produce some basic metabolic requirements (e.g. L-isoleucine, L-valine, L-methionine, L-
phenylalanine, glycine, biotin, thiamine, pantothenate, and glutamic acid), Y. pestis has to rely on
host organisms, making it an obligate parasite (Brubaker, 1972, 1991). It has been reported that
more than 200 species of mammals can become infected with Y. pestis (Oyston & Williamson, 2011).
Among these, the most important hosts for this microorganism are rodents (Oyston & Williamson,

2011).

The survival of Y. pestis is maintained by the cyclical transmission between rodents and fleas, which

acquire the pathogen during the blood meal on an infected mammal and then transmit it to another
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mammal during the following blood meals. Occasionally, humans can become infected, but they
play no role in the long-term survival of the pathogen (Perry & Fetherston, 1997). Plague is normally
well tolerated in rodent population (Gage et al., 1994) but sometimes it can cause the death of the
rodent host. Due to this, fleas left without hosts can more easily pass to humans. For this reason, a
typical indication for the beginning of a plague epidemic, during the third pandemic, was the death
of large number of rats (Dennis, 1994; Oyston & Williamson, 2011). The schematic summary of the

complex life cycle of Y. pestis is represented in Figure 7.
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Figure 7. Schematic life cycle of Yersinia pestis (Ben Ari et al., 2011).

Paleogenomic analysis on ancient Yersinia strains performed in the last decade, uncovered many
information about the evolutionary history of this pathogen (Demeure et al., 2019). At the genomic
level, Y. pestis is highly similar to the enteric pathogen Y. pseudotuberculosis, a most closely related
species. The speciation of Y. pestis from Y. pseudotuberculosis can be dated back to 5700 - 6000
years ago with the acquisition of two plasmids and the inactivation of a gene associated with

virulence (Rasmussen et al., 2015). In fact, the genetic material of Y. pestis is split between 1 single
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chromosome and three plasmids (Perry & Fetherston, 1997): pYV/pCD1, which is also present in
other Yersinia species (e.g. Y. pseudotuberculosis), pFra/pMT1 e pPla/pPCP1, which are unique
among Yersinia genus (Perry & Fetherston, 1997). These two plasmids contain the genes that are
commonly used as Y. pestis markers in both modern plague detection and paleomicrobiology
analysis on ancient samples: pla and cafl (Haensch et al.,, 2010; Riehm et al., 2011). Another
important step in the evolution of Y. pestis was the adaptation to the rat flea. A series of genes
mutations between 3800 and 5000 years ago have led to the appearance of the biofilm-forming
ability that allow Y. pestis to colonized the anterior part of fleas’ digestive tract, dramatically

increasing its transmissibility (Hinnebusch et al., 2016; Sun et al., 2014).

1.5 Plague vectors and transmissions

Despite the majority of reported cases of plague are transmitted through rat fleas (which cause

bubonic plague), Y. pestis can be transmitted by multiple ways resulting in the development of

different clinical forms in

Ingestion: septicemic plague Inhalation: pneumonic plague

humans, as shown in Figure 8.
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suggested a possible involvement of human ectoparasites, like body lice or species-specific human
fleas, as vectors of Y. pestis (Blanc & Baltazard, 1942; Delanoég, 1932; Houhamdi et al., 2006; Lethem,
1923). The ability of human fleas and lice to carry and transmit Y. pestis from one mammal to
another has been observed in laboratory experiments (Ayyadurai et al., 2010; Houhamdi et al.,
2006; Zhao & Yin, 2016) and in the field studies have shown the presence of infected human
ectoparasites in areas with plague cases (Blanc & Baltazard, 1942; Drali et al., 2015; Piarroux et al.,
2013; Ratovonjato et al., 2014). Moreover, this hypothesis is supported by epidemiological (Dean et
al., 2018, 2019), historical (Davis, 1986) and archaeological studies (Hufthammer & Wallge, 2013)

that depict a crucial role of human ectoparasites in the second plague pandemic.

1.6 Clinical forms of plague in humans

The plague occurs mainly in three different forms, which at times can also be present together
(https://www.epicentro.iss.it/peste/; https://www.cdc.gov/plague/symptoms/index.html)
(Inglesby et al., 2000; Prentice & Rahalison, 2007; Salam et al., 2020; Yang, 2018):

* Bubonic plague: it is the most common form of plague and occurs following the bite of
infected ectoparasites or by direct contact between infected material and skin lesions of a
person. Typical manifestation of this form is the development of buboes, inflamed swellings
of the lymph glands, followed by fever, headache, chills, and weakness. The incubation
period for this form of plague is between 2-8 days. If the patient is not appropriately treated,

the infection can spread to other parts of the body, leading to other forms of plague;

*  Pneumonic plague: occurs when the bacterium infects the lungs. This form of the disease
can be transmitted from person to person through the air or aerosols of infected people
(primary pneumonic plague) and therefore constitutes one of the most dangerous forms due
to the epidemic potential that characterizes it. The pulmonary form can also result from the
degeneration of the other forms if they are not treated promptly (secondary pneumonic

plague). The incubation for primary pneumonic plague is between 1 to 3 days;
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* Septicemic plague: derives from the multiplication of Y. pestis in the blood, and can be a
consequence of complications of the two previous forms. It can be contracted from bites of
infected fleas or from handling an infected animal, and is not transmitted from person to
person. It causes fever, chills, abdominal pain, shock and prostration, bleeding of the skin
and other organs, but does not manifest with buboes. The incubation period for this form is

poorly defined but likely occurs within days of exposure.

If plague signs are not recognized and treated in time, it can easily be fatal for the infected individual.
Mortality rates of untreated cases varies among the different clinical forms of plague: bubonic
plague has a mortality between 40 and 60 %, while both pneumonic and septicemic plague have a
mortality of 100% (Perry & Fetherston, 1997). Nowadays, the majority of human cases can be
treated successfully with effective antibiotics that are commonly used against Enterobacteriaceae,
such as streptomycin, gentamicin, levofloxacin, ciprofloxacin, doxycycline, moxifloxacin, and

chloramphenicol (Yang, 2018)( https://www.cdc.gov/plague/healthcare/clinicians.html).
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1.7 Aim of the project

With the premises discussed up to now, this thesis project incorporates biological and historical
studies to examine how remains of organic material and historical records can provide information
about the dynamics of past epidemics. Due to the highly interdisciplinarity nature of the study, the
project was generated by the collaboration of researchers specialized on different aspects of health-

related fields:

e Prof. Claudio Bandi, Prof. Sara Epis, and Dr. Francesco Comandatore from the laboratory of
Molecular and Evolutionary Parasitology (University of Milan), experts in parasitology,
microbiology, and bioinformatics;

e Prof. Cristina Cattaneo from the LABANOF group (University of Milan), expert in
anthropology;

e Prof. Massimo Galli (University of Milan), expert in medicine and historical epidemiology;

e Prof. Didier Raoult, Prof. Michel Drancourt, and Dr. Rémi Barbieri from the IHU
Méditerranée infection (from the AIX University of Marseille), experts in infectious diseases

and paleomicrobiology.

The first part of the project was focused on the application of paleomicrobiological analysis on teeth
recovered in an archaeological site situated in Milan and dated back to the period of the Great
Plague of Milan 1629-1631 (Caruso et al., 2013). The teeth were provided by the LABANOF group.
All the paleomicrobiological analyses were performed at the IHU Méditerranée infection in
Marseille, where | spent 15 months working under the supervision of Prof. Michel Drancourt and
Prof. Didier Raoult. Prof. Drancourt and Prof. Raoult are considered pioneers in this field since they
were the first to recover and identify traces of Yersinia pestis from a past epidemic (Drancourt et
al., 1998). During this period, the samples were analysed for the presence of ancient DNA or protein

molecules associated with a Y. pestis infection.

In the second part of the project, the attention was focused on historical and epidemiological

analysis.

The first paper | presented, titled “Differential word expression analyses highlight plague dynamics

during the second pandemic.”, is a study on the application of a mostly unbiased automatic tool to
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analyse the words present in plague related texts respect to a group of control text (not related to
plague). This tool was tested to determine its capability to extract useful information from a huge

guantity of textual data related to past epidemics.

The second paper titled “The plague of 1630 in Milan: had the procession with the body of San Carlo
a role in the spread of the epidemic?” is a study focused on the spatio-temporal distribution of
plague-related deaths and the role of a religious mass gathering on the dynamics of the epidemic
that hit Milan in the year 1630. The starting materials for this study are the registers of the deaths
of the city Milan. The digitalization and the analysis of the data contained in the registers were done

in collaboration with Prof. Massimo Galli and the palaeographer Dr. Luca Fois.

In the third part of this project, | contributed to the collection and simplification of data of historical
origin. In particular, the studies performed on the ancient human microbiota, an extremely
important field that is still in its infancy as regards the quantity of material analysed, were reviewed.
The third paper, entitled “Paleomicrobiology of the human digestive tract: A review”, is a review in
which the bases for the analyses on the human microbiota of the past have been summarized,
retracing the main discoveries of the field with a focus on the analysed samples and the techniques

used.
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1.8 Paleomicrobiological analysis for the detection of traces of Yersinia
pestis in the dental pulp of individuals recovered from a 1630 mass grave

in Milan

As stated above, a portion of the project described in this thesis was focused on the analysis and
the search of Yersinia pestis traces in ancient teeth retrieved in an archaeological site situated in the
city of Milan and dated back to the period of the plague epidemic in northern ltaly (1629-1631).
Recently, ancient genomes of Y. pestis, from two sites located in the Alps and dated back to the
period around the epidemic, were reconstructed (Guellil et al., 2020; Seguin-Orlando et al., 2021).
Nevertheless, no published analysis has detected DNA traces of the pathogen responsible for the

epidemic in the city of Milan.

A total of 59 teeth, provided by the LABANOF group, were collected from the mass grave in Viale
Sabotino (Milan, Italy) (Caruso et al., 2013). Associated ceramics date the mass grave to the period
around the 1630 plague. This site was discovered in 2006 during roadworks just outside the “Spanish

“walls that delimitated the city of Milan in the XVII century.

All the paleomicrobiological analyses on the teeth were performed at the IHU Méditerranée
infection in Marseille. Each sample were treated following the best practices used to prevent
contamination, among which: the use of dedicated laboratory, reagents, and equipment; no use of
positive controls; inclusion of several negative controls handled strictly in parallel with investigated

samples (Poinar & Cooper, 2000; Drancourt et al., 2005).

Dental pulp from each tooth was extracted following the protocol of Drancourt et al. (1998) (Figure
9). Then, the extracted dental pulp was analysed for the presence of ancient DNA or protein

molecules associated with a Y. pestis infection.

30



Figure 9. Dental pulp extraction. The tooth is cut on the longitudinal axis using a rotating diamond blade (a and b); dental
pulp (c) is then scratched from the dental cavity using a dental excavator or a scalpel (d) till all the pulp is removed (e).

Protein extraction for paleoproteomic analysis was obtained through the use of a series of washes
and centrifugations with extraction buffers containing guanidine hydrochloride, monosodium
phosphate (NaH2PO4), disodium phosphate (Na2HPOA4), and ethylenediaminetetraacetic acid
(EDTA), as described in Shaw et al. (2019). Purified proteins were then digested with trypsin and
then analysed through Liquid Chromatography Electrospray lonization Tandem Mass Spectrometric

(LC/ESI-MS/MS) as described in Barbieri et al. (2017).

Unfortunately, the only good quality peptides detected through the paleoproteomic analysis were

of human origin, mainly collagen alpha and albumin.

DNA extraction was performed following the protocol of Spyrou et al. (2019). Briefly, dental pulp
was incubated in a lysis buffer consisting of EDTA and proteinase K for 18h at 37 °C on a rotating
wheel, after which a binding buffer consisting of guanidine hydrochloride, isopropanol, Tween-20,
and sodium acetate (Dabney et al., 2013) was added to each sample. DNA was then purified using
the MinElute purification kit (Qiagen). DNA was finally eluted using ultrapure water. Then, a qPCR
screening for the detection of Y. pestis target genes, pla and caf1, was performed using the primers

and thermal profile described by Schuenemann et al. (2011).
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No samples gave positive result for any of the two genes. To exclude the possibility that the negative
results were due to errors in the procedure, the same protocol for DNA extraction and gqPCR
detection of the two aforementioned genes were also tested on other ancient samples, using the
same reagents, and performed by the same operator. Since the detection of both two genes were
possible in some of the other samples tested, we can reasonably exclude that the negativity was
due to errors in the procedure. Another possible explanation for the negative results is that the

samples were too much degraded for the detection of these specific two genes.

As the next step for the investigation, a shotgun metagenomic analysis was planned to detect every
possible trace of Y. pestis or any other pathogen responsible for the deaths of these individuals.
Unfortunately, the pandemic emergency has heavily influenced the progress of this part of the
project for which the results will be produced in the next few months. The plan is to perform a
metagenomic analysis through lllumina platform on NGS libraries prepared following Meyer &

Kircher (2010), and Kircher et al., (2012).
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Abstract

Research on the second plague pandemic that swept over Europe from the 14th to 19th centuries
mainly relies on the exegesis of contemporary texts and is prone to interpretive bias. By leveraging
certain bioinformatic tools routinely used in biology, we developed a quantitative lexicography of
32 texts describing two major plague outbreaks, using contemporary plague-unrelated texts as
negative controls. Nested, network and category analyses of a 207-word pan-lexicome, comprising
overrepresented terms in plague-related texts, indicated that “buboes” and “carbuncles” are words
that were significantly associated with the plague and signalled an ectoparasite-borne plague.
Moreover, plague-related words were associated with the terms “merchandise”, “movable”,
“tatters”, “bed” and “clothes”. Analysing ancient texts using the method reported in this paper can
certify plague-related historical records and indicate the particularities of each plague outbreak,

which can inform on the potential sources for the causative Yersinia pestis.
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Introduction

Plague, a deadly zoonosis caused by the bacterium Yersinia pestis [1,2], has been incontrovertibly
identified via paleomicrobiological research on numerous historically described burial sites in
Europe, ending decades-long controversies regarding the aetiology of the so-called “Black Death”
(1346-1353) and the related episodes that formed the second plague pandemic, which lasted from
forming the 1346 until the 19th century [3-9]. The ancient texts related to these plague episodes
reported massive mortality rates [10—13], with an estimated 30 million deaths attributed solely to
the “Black Death” [6,13]. Similar figures have not been observed during the plague outbreaks, from
1894 to the current third plague pandemic [14,15], leaving the forces that shaped the plague

dynamics during the second plague pandemic somewhat speculative [15-18].

Readings of second plague pandemic descriptions have been made amidst the anachronistic
background of cumulative observations from the third pandemic, which may not be applicable to
the second pandemic [19,20]. Accordingly, an extensive analysis of the differences between the
second and third plague pandemic historical descriptions demonstrated that the two pandemics
exhibited such different epidemiological and clinical descriptions that they may even have to be
considered two different diseases [21]. For example, the sources of plague during the second
pandemic could be related to clothes and goods, with no reference to epizootic episodes among
rats [21]. Additionally, the incidence of infection was higher for individuals living in the same

household, suggesting that the plague was able to spread from humans to humans [22-24].

Therefore, the sources of and routes for the spread of Y. pestis in medieval European populations
remain speculative, deriving as they do from the mathematical modelling of ancient plague episodes

[15], which obviously cannot be verified.

In the next perspective of contributing to that matters, we here designed a novel quantitative
method for the automatic analysis of ancient plague texts, derived from a method routinely used in
biology to measure the relative expression of genes in a set of biological samples, including negative
control samples [25]. This model uses ancient plague-related text sets and negative control texts to
measure the differential expression of plague-related words, creating a core-lexicome (core

signature) for the ancient plague and an accessory-lexicome that is specific to each ancient plague
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outbreak, thereby opening an avenue for studying the pan-lexicome of the plague. The method
described here was developed based on positive control texts describing the paleomicrobiologically
confirmed Great Plague that affected the city of Marseille and Provence at large in 1720-1722
[4,8,26,27] as well as the plague episode that ravaged Northern Italy in 1629-1631 [3,27-29].

Results

Building the Marseille word database

A word repertoire was drawn from 16 historical French texts describing the microbiologically
documented 1720-1722 plague of Marseille, France [4,8,26] and from 11 contemporary French texts
that are unrelated to the plague (Data files S1 and S2), following a verification that the maximum
Jaccard index between any two texts was 0.08 using the “Jaccard” package in Rstudio (Fig. S1A). This
ensured that the 27 texts were original enough (i.e., without significant plagiarism) to be used as
independent samples. This repertoire comprised a total of 2,049,566 words directly imported
(without any modification) from Google Books into Rstudio; 473,681 words (23.1%) were poorly
digitized due to damage resulting from preservation conditions and therefore could not be included
in further analysis. Finally, 1,575,885 words (76.9%), representative of 10,315 unique words, were
cleaned by removing noncharacter letters and spaces, replacing ancient characters with
homologous characters in the current alphabet (i.e., the “long S” was replaced with “s”), filtering
(with a French glossary of 336,631 words, conjugated verbs and proper nouns) and deleting words
with fewer than five occurrences in all 27 texts (the complete script is available as Supplementary
Text 1). Altogether, the final 1,575,885-word database comprised 904,005 words from the 16

plague-related texts and 671,880 words from the 11 negative control texts.

Analysing the Marseille word database

The word database we created was used to compare the relative expression of words in the 16
plague-related texts and the 11 negative control texts (Fig. 2A). This comparison was performed by

leveraging informatics methods and employing cut-off values commonly used in the field of
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transcriptomics (for the analysis of RNA sequences, i.e., the significant letter series using the
universal biological code, in biological samples) (Fig. 1). Accordingly, using the DESeq2 package
originally developed to identify dysregulated genes in transcriptome analyses, we generated a list
of 70 words (log2fold change >0 and P adjusted<=0.05) (0.0007%), which were more
overrepresented in plague-related texts than in control texts, as presented in WordCloud (Fig. 2;
Table S1; Data file S3). two words were represented twice, i.e., “contagious” and “infected”. Our
results confirmed the significance of two plague signs, namely, “bubo” (P adjust= 5e-07) and
“carbuncle” (P adjust= 0.003). Notably, these two signs were continuously described, first by
Procopius in antiquity [30], then by Guy de Chauliac in medieval times [31] and by Yersin and Simond
at the beginning of the third and current plague pandemic [32,33]. The significant detection of these
two words, constituting internal positive controls, validated our method and allowed us to consider
other enriched words significantly associated with the plague. Notably, the words “rats” and “fleas”
appeared only 11 and 5 times in plague-related texts versus 5 and 3 times in negative control texts,
respectively; the differences were not significant. Further careful examination revealed that the
word “rat” was misleading in 5 cases, resulting from the abbreviation of the word “magistrate”.
Ultimately, there were 6 true occurrences in one text reporting dead rats in the streets and rats
fleeing from houses where plague was declared, but the author describes plague in general, and in
any case, he does not mention rats during the plague of Marseille [34]. Likewise, the word “flea”
was mainly used to describe spots on the dura, observed during autopsy, that looked “like flea bites”
and only once to describe spots on the belly of a plague patient as “like flea bites”. Only in one case

did “flea” unambiguously refer to the ectoparasite but this was in an out-of-plague context.

Categorizing the Marseille word database

By an analogy with bioinformatics, where clusters of orthologous genes (COGs) are defined as
functional categories [35], the 70 plague words were classified into 19 categories of words, with
each category comprising words related to the same function in the plague-related texts (Data file
S4). The category of “Other” was the most abundant, comprising 15/70 (21%) unclassified words,
followed by the categories of “Consequence” (10/70 words, 14%), “Public Response” (8/70 words,

11%) and “Nature of Plague” (7/70 words, 10%). Some words, i.e., “police”, “physician”, “hospital”
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and “infirmary”, were classified into two different categories: “Prevention” and “Public Response”.
Indeed, it appeared that these professions or places already existed before the plague surged due
to the catastrophic situation, as demonstrated by the construction of additional infirmaries and
hospitals and the increase in the numbers of doctors and police personnel. To address the
assignment of some words to several categories, we specifically consolidated the category
“Sources” by analysing every sentence in which each word of this category was used to determine
the number of its occurrence as a bona fide plague source. This analysis indicated that the word
“movable” was used in 194/207 (94%) occurrences as a plague source; “tatters” was used in
196/225 (87%) occurrences as a plague source; “clothes” was used in 128/153 (83%) occurrences as
a plague source; and “merchandise” was used in 561/810 (69%) occurrences as a plague source

(Table 1).

Marseille word database: Nested and network analyses

A nested analysis was used to contextualize the 70 words overrepresented in the plague-related
texts by extracting 25 of these overrepresented words downward and 25 upward and then testing
the significance of each. A WordCloud for each overrepresented word was generated using a P adj
< 0.001 (Data file S5; Fig. S3). As an illustration of this nested analysis representation, the word
“merchandise” (Fig. 3) in the category of “Source” was significantly associated with “Levant”,
“smugglers”, “June”, “fur”, “ship”, “clear”, “unseating”, “exposed”, “purged”, “tatters”, “transport”,
“porter” and “Jarre” (the name of a quarantine island in the Marseille gulf) (P adj < 0.001) (Fig. 3).
Likewise, in the “Symptoms” category, the word “carbuncles" (the gangrenous lesions consecutive
to the blisters that correspond to a microbe’s gateway through the skin) [33] had 625 occurrences
and was significantly associated with “groin”, “parotid”, “arms", “leg” and “thigh”; all words
indicative of the topography of the lesions (P adj < 0.001). The word “bubo” (the lymph node
proximal to the inoculation site (blister or carbuncle)) [33,36] had 948 occurrences and was

" ”

significantly associated with “groin”, “armpit”, “arm”, “throat”, “parotid”, “ear

27

, “maxillary”,
“jugular” and “thigh” (P adj<0.001) (Fig. 3). All words designating localizations were, unsurprisingly,
similar to those associated with “carbuncles”, with 95% similarity. Concerning plague sources, the

words “tatters”, “movable” (P adj<0.001), “cloth” and “air” (P adj<0.005) were found to be linked
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with “infected” and multiple other plague-related words (Fig. 4). The word “tatters” was associated
with infection (e.g., “kill”, “corrupt”, “communicated”, “filth”, “contaminates”, “miasms”, “infect”,
“infection” P adj<0.001), disinfection-related words (e.g., “purge”, “burn”, “aromatic”,
“confiscation”, “punished” P adj<0.001), and other interesting words related to the dissemination
of the plague and its origin (e.g., “smugglers”, “Turkish”, “Tripoli” P adj<0.001). The word “movable”
was linked to words from the same lexical field as “tatters” (e.g., “tatters”, “cloth”, “clothes” P
adj<<0.001). It was also associated with infection (e.g., “dangerous”, “infection” P adj<0.001) and
disinfection-related words (e.g., “burn”, “purge”, “destroyed”, “disinfection”, “perfume”, “purify”,
“confiscation” P adj<0.001). All these associations suggest that contemporaries associated the terms
tatters, clothes, and movable with plague sources that communicated the plague across the city.
Likewise, the word “merchandise” was linked to multiple disinfection-related words (e.g., “purge”,
“quarantine” P adj<0.001). The word “air” was dichotomously associated with contagion (e.g.,
“bad”, “corrupt” P adj<0.001, “infected” and “poisonous” P adj<0.005) and with purification (e.g.,

n

“purify”, “pure” P adj<0.001). In Fig. 4, it can be clearly seen that the word “infected” is linked with

the words “tatter”, “cloth”, “movable”, “air” and “merchandise” (P adj<0.01). Some other networks

for potential sources of plague and their relation with other words are reported in Figs. S5 and S6.

Documenting the 1629-31 plague in Northern Italy

We then processed 16 historical texts describing the 1629-1631 paleomicrobiologically confirmed
plague outbreak in Northern Italy (Data file S6) [3,28]. Twenty Italian texts from the same historical
period were used as negative control texts (Data file S7) (Jaccard index between two texts < 0.03)
(Fig. S1B). The repertoire of words included 1,574,910, with a final word database of 1,063,483 total
words, comprising 451,856 words from the plague-related texts and 611,627 words from the
negative control texts. Using the DESeq2 package, we obtained a list of 147 overrepresented words
(0.03%) (Adjusted P value <= 0.05 and log2fold change>0) (Fig. 5) (Table S2; Fig. S2B; Data file S8).
Seven words were represented twice, i.e., “contagion”, “could”, “did”, “infected”, “our” and “stuff”,
while “were” was represented three times. These 147 words were then classified into the same
categories used for the Marseille text analysis (Data file S4), and the words in the “Source” category

were consolidated as explained above (Table 1). In particular, the Italian words “roba” and “robba”,

52



which have been translated into the English word “stuff” and are used in a general way to indicate
multiple terms such as movable, merchandise, food and especially clothes (Supplementary Text 2)
appeared more than 400 times in plague-related texts, and in 90% of the cases, the term was used
by the author to indicate a plague source. Interestingly, the Italian words for “rat” and “mouse”
were present only four times in the plague-related texts; twice in a figurative sense, once as a
general premonition of plague (“If the underground animals, which are worms, snakes, toads, and
mice, flee their dens to come upon the earth, unable to live amidst the extreme putrefaction of their
mother, then, being on the ground, they die; they are the cause of infection”) [37] and once in a
statement that rats, together with dogs, cats, hens and doves, should be killed as a precaution to

protect houses from the disease [37].

A nested analysis of Italian overrepresented words indicated that words such as “clothes”, “beds”,

“ 7

air” and “rooms” were directly linked to infection, disinfection and danger-related words,

indicating a clear association of them with potential plague sources (Data file S9; Fig. S4). In
particular, the word “bed” was linked to infection (“infected”, “contagion”, “pestiferous” P adj
<0.01), disinfection (“purge”, “perfume”, “air”, “boil” P adj<0.01), and “caution” (P adj <0.01).
Similarly, the word “cloth” was found to be associated with plague-related words, such as “infected”
(P adj<0.01), “caution” (P adj<0.001), and “poison” (P adj <0.01). The word “poison” was also

associated with “clothes” (P adj<0.01). Moreover, the word “air” was linked to “infected” (P

adj<0.001), “bed” (P adj<0.001), and “pestiferous” (P adj<0.01).

Plague pan-, core- and accessory- lexicomes

To define the plague pan-, core- and accessory- lexicomes (respectively, the complete collection of
words associated with the plague, the plague words shared between the French and ltalian
lexicomes, and the plague words specific to either episode), all the French and Italian words were
translated into English using the translation function in Microsoft Word. Misleading translations of
four words (three from the French texts and 1 from the Italian texts) resulted from either a truncated
word (e.g., "conta" for “contamination” or “contagion”) or from an isolated letter (e.g., "0"),

whereby a DESeq2 analysis incorporated a total of 68 unique words for Marseille and more than
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twice that number (139 unique words) for Northern Italy. This difference in the richness of the
repertoires of the two datasets and the stronger association between words obtained from the
nested analysis of the French texts (Datasets S5 and S9) could not be related to the profession of
the authors (i.e., physician and non-physician) (Dataset S1 and S6) (Fig. S7) but may possibly result
from political and linguistic fragmentation of 17th century Italy, as opposed to the 18th century
centralized France. Additionally, the Italian texts describe an epidemic covering multiple cities in
multiple small countries in Northern Italy, while the French texts cover a much more geographically
limited region. The plague pan-lexicome was composed of 10,743 words and included a core-
lexicome of 2,645 words: 4,063 words were specific to the Marseille’s plague and 4,035 to the Italian
plague. Regarding overrepresented unique words, there were 207 in the pan-lexicome (Fig. 6); the
core-lexicome had 17 unique words. A total of 51 words specific to Marseille and 122 specific to
Northern Italy constituted the two accessory-lexicomes. The words that were significantly enriched
in the Marseille plague texts had a more significant probability of being enriched in the texts related
to the 1629-1631 plague in Northern Italy than in the control texts (Fisher’s exact test, performed
with two conditions, P val<0.001***; P val<0.00001****). The French and Italian datasets were then
graphically merged to create networks of common and unique words. The words of interest present
in both datasets were compared and placed together to form a network that evidenced nested
words that were unique or common to both datasets (P adj < 0.01). The network representing the
significant symptoms of plague (bubo and carbuncle) showed an overlap between the Marseille and
Northern Italy datasets corresponding to the most common locations for buboes and carbuncles
(“groin”, “armpit”, “throat”, “parotid”, “leg”, and “arm”) (Fig. 7). Interestingly, three words, “air”,
“bed” and “cloth”, from the category of “Sources”, overlapped in the network for “infected” (Fig.
4). No other potential plague sources were observed to be common between the Marseille and

Northern Italy datasets.

Discussion

The updated lexicographic analyses of ancient texts describing deadly outbreaks efficiently and
effectively identified them as plague-describing texts and provided valuable information regarding

the plague dynamics during the second pandemic.
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We developed and used a method derived from automatic bioinformatics to obtain quantitative
information from ancient texts. Our data, coupled with existing paleomicrobiological analyses
[3,4,8,26,28], confirm that these ancient texts describe a plague caused by Y. pestis, as revealed by
the significant presence of the words “buboes” and “carbuncles”, which were the two main
symptoms of the plague during the second pandemic. Furthermore, our analysis confirmed some
extant research results, such as the role of clothes and textiles in the spread of plague [21,38]. One
contribution of our analysis is that it expands the scope of possibilities concerning the sources and
routes of contamination during two plague outbreaks. Contemporaries did not identify animals as
sources of plague. The historical texts did not significantly mention animals as a source of plague,
which disrupts the traditional depiction of plague as a primary zoonosis during the second pandemic
[16]. In particular, our analysis failed to obtain “rats” (or “mice”) and “fleas” from ancient texts, an
observation already articulated by Cohn [39]. These terms did not reach significance and were not
enriched in plague-related texts, revising our understanding of the role played by rats and fleas in
the transmission of the plague during the second pandemic. Controversially, the absence of rats
from medieval texts could be attributed to two factors: a disinterest of the authors in pests and their
linguistic inability to identify rats or mice in Latin [40]. Such linguistic issues seem to have been
resolved in the modern era with the use of French and Italian; both “rats” and “mice” were used as
distinct words in more recent texts [41-43], and one entire treatise in French was dedicated to the
role played by rats throughout human history [44]. Although a study has shown that rats were
probably involved in a human plague epidemic in Gdansk (Poland) during the 15-16th centuries [45],
the impact of rats on the spread of massive plague outbreaks was probably trivial. There is an
absence of rats in ancient plague texts and a scarcity of archaeozoological evidence, as reflected in
extant mathematical models [15,16,24,39,46]. Concerning alternate sources of zoonotic plague, the
word “dog” was enriched in Marseille plague texts but never reached significance in the nested
analysis. A careful reading of its 282 occurrences indicated that in 87 instances, dogs spread plague
in Marseille by carrying infected tatters, clothes, dressings and bandages of plague victims, yet dogs
were relatively resistant to plague, as demonstrated by contemporary experimental observations
[47,48] and modern studies [49,50]. Other products derived from animal sources, such as meat or
feathers, were also mentioned as possible plague sources, but a careful reading of texts disqualified

the word “meat”, which was used as a remedy forming part of the broth to be given to plague
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victims. Likewise, feathers were actually used to form pillows or mattresses, and as our results have
shown, bedding elements were viewed with suspicion and considered potential sources of the

disease.

In the texts here investigated, word usage was in the frame of the miasma and contagionist theories

n u

in fashion in the 17th-18th centuries Europe. Words such as "air", “levean”, “pestilentia

I”, “venom”,
“pestilent”, “pestilence”, “poison” belonged to the miasma theory repertoire after its
conceptualization in Hippocratic texts; inferring that plague was caused by corrupted vapors filling
the air, called “miasmas” [51]; whereas words such as “contagious”, “contagion”, “tatters”,
“movable”, “stuff” belonged to the contagionist theory repertoire developed in the 16th century
after scientist such as Girolamo Fracastoro; inferring that diseases were transmitted by direct
contacts, clothing or air [52]. Data gathered in the present analysis confirms that any text here
investigated could mix elements from both theories, (i.e., that plague arises from miasma and was
spread by contagion [53]). Contemporaries traced plague outbreaks in Marseille and Northern Italy
to imported “stuff”, a general word encompassing the significantly enriched words “movable”,
“tatters”, “clothes”, and “merchandise”. During the 17-18th centuries in Europe, the plague and any
other infectious disease was thought to be transmitted by textiles, according to contagionist theory
[54-56]. Specific references were made to fur imported via the maritime route into Marseille, with
a possibly unanticipated role played by smuggling and clothes brought by the French and German
imperial soldiers into Northern Italy during the war of Mantua [28,57-59]. All such clothing was in
direct contact with plague-stricken people, and contemporaries insisted on the dangers that these
clothes represented for spreading plague. In addition to discussing the Marseille and Northern Italy
outbreaks, numerous historical texts reported interhuman transmissions of plague through the
transportation of movables, merchandise or clothes belonging to plague-stricken persons
[57,60,61]. Accordingly, the people of those times identified infective potentiality in textiles and
other merchandise that came from infected places or with which plague victims had been in contact,
as reported by witnesses of the 1575-76 plague in Northern Italy [21]. Indeed, the trafficking of the
clothes of deceased plague victims was a major problem in epidemic periods, given that in

preindustrial Europe, wages were so low that buying clothes was a luxury that ordinary people could

only afford a few times in their lives [62]. There are multiple direct accounts of episodes in which
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buying, selling and stealing clothes was reported as having triggered plague in homes, small villages
or even cities [57,62,63]. In Milan and Marseille, the purging and sequestering of all the clothes and

movable goods of plague victims were two primary prophylactic measures.

Regarding the symptoms, in texts from both Marseille and Northern Italy, the words “carbuncle”
and “bubo” were significantly enriched. Interestingly, the word “carbuncle”, referring to the skin
ulcer that follows the introduction of Y. pestis through the skin [33], seems to be very representative
of the second plague pandemic, whereas it is rarely used during the third pandemic and no longer
reported in modern cases of plague. Notably, “buboes” and “carbuncles” were localized all over the
body, including the face and the neck (specifically the ear, jugular, parotid gland, and maxillary
regions); localizations that do not support a role for fleas because rodent fleas are known to mainly
bite the lower part of the body (legs and thighs) [46]. Rather, the use of these terms is compatible
with a role for ectoparasites human ectoparasites, including body lice and human fleas, as vectors
of Y. pestis, which could explain the rapid spread of the epidemics [64—67], which is supported by

epidemiological [15,68], historical [69] and archaeological evidence [16].

The text mining method that structures our analysis was based on the model of the bioinformatics
method of quantitative analysis of differential gene expression to limit bias and give a differential
expression of words with the unprecedented introduction of negative controls texts. Nevertheless,
this method may not be exempt from biases, rendering data interpretation biases that it is necessary
to be conscious of and that constitute major sources for future improvements. The quality of ancient
text digitization can be extremely variable, with word loss ranging from 4.5% to 46.3% after word
filtration (Supplementary Tables S1 and S2), potentially eliding valuable details. The choice of
controls was also decisive because it makes it possible to orient the results on several levels. In this
work, we stopped at the first level; that is, we used control texts (including medical texts) to
neutralize the common words that were not specific to plague at that time. A second level of analysis
could have been done, for example, by using control texts referring to other epidemic diseases to

1 ", 4 o"

determine whether words such as 'bed’, ‘clothes', “tatters”, “merchandise” or 'air' were plague
specific or were associated with any infectious diseases according to miasmatic theory. However,
we did not find any digitalized documents contemporary to the two plague outbreaks analysed here.

Finally, translating the words from their mother language into English detracts from their linguistic
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richness, often simplifying a relevant concept; for example, our analysis yielded 9.983 different

words in French versus 6.707 in English and 9.909 in Italian versus 6.834 in English.

In summary, the method proposed here offers a new way to automatically analyse historical
epidemics and historical events in general. In this era of digitalization, where historical data are
becoming increasingly accessible each day, we propose a quantitative method that is able to rapidly
analyse textual data by extracting not only a specific lexicome associated with a group of texts but
also the relations and cooccurrence of words in these texts. This method is able to highlight
interesting and potentially crucial pieces of information that can be used in parallel to close analyses

of texts to help a reader interpret the dynamics of historical events.

Materials and Methods

Ancient texts

The texts were retrieved from Google Books, Archive.org and Buisante.parisdescartes using the
following keyword combinations: plague & Marseille and plague & Italy, with specific period ranges,
i.e., plague & Marseille & 1720-1820 or plague & ltaly & 1629-1680. A total of 32 historical texts
describing the 1720-1722 Great Plague of Marseille (16 complete books) and the 1629-1631 plague
in Northern ltaly, also known as the Manzoni plague, after the famous novel written by Alessandro
Manzoni in 1827 [70] (13 complete books and 3 book chapters), were retrieved (Data files S1 and
S6). Additionally, we retrieved 11 contemporary negative control texts for Marseille and 20
contemporary negative control texts for Northern Italy, all written during the 17th-18th centuries
and describing surgery, plants, universal history, industry and architecture; these texts were
scanned within the framework of the “Google Books” program, undertaken by Google and the
Archives program (Data files S2 and S7). The Google Books format was used after we comparatively
tested this format with the OCR software Wondershare PDFelement 6 Pro™ scanned format on the
Plague_FR_02 from the Marseille Corpus text. After filtration, Google Books version yielded 51,984
words versus 51,418 words in the Wondershare PDFelement 6 pro™. Careful examination of both

versions indicated that most of "words" scanned by Wondershare PDFelement 6 Pro™ were isolated
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letters present in our dictionary as determinant possessive or verbs. As for an example, Google
books yielded one word "Madame" translated by Wondershare PDFelement 6 Pro™ into six “words”
M"Y, A", MDY, AT, "MY, "E". This example suggested that using Wondershare PDFelement 6 Pro™
would imply an extensive control of texts before Deseq2 analysis, at the exact opposite of the
method we aimed to develop. This observation was in agreement with Google Books was

acknowledged to have one of the most efficient text digitization systems [71,72].

French texts’ disposition

To filter the raw text words (see the historical text mining analysis section), we used a list comprising
336,631 French words, conjugated verbs and proper nouns, compiled from the Frangais-Gutenberg
Dictionary. The symbol “I” (“long S”, which was used in most languages in Europe until the industrial
revolution) was automatically substituted with an “s” only if a modern version of the relevant term
with an s existed on the list of French words. To standardize the words, plural forms ending with a

s” or “x” were converted to the singular form only if the singular word was present on the list of

French words.

Italian texts’ disposition

Italian texts (plague-related texts and controls) presented ambiguities that could lead to errors in
an analysis. Indeed, most Italian books present, on the upper part of each page, the name of the
book or chapter. Another problem of Italian books is the repetition of the last word of each page at
the beginning of the next page. To avoid problems due to the overrepresentation of some words,
these two types of repetition were manually corrected by removing the name of the book/chapter
from each page, together with the last word of each page. As reported above, the symbol “I” (“long

S”) was automatically substituted with an “s”. However, we observed that OCR programs tend to

" [‘Il o _n
S

recognize the “” symbol as an “f” and not as an “s”. To avoid the loss of the Italian word “peste”
(“plague”) due to an OCR mistranscription, the word “pefte” (no meaning) was changed to “peste”
in all the texts. Accordingly, the only words identified were those present on the list of Italian words

(including singular and plural forms, conjugated verbs, proper names, and surnames, for a total of
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931,657 words). Of these words, 427 (32%) were discarded. Moreover, one-letter words were
removed, and singular and plural forms of the words were unified, as much as possible, into one
word by following Italian grammatical rules for plural formation (Supplementary Text 3). Plague-
related and control text word counts were compared using the DESeq2 R package with default

parameters (version 1.22.2).

Historical text mining analyses

After the raw texts were imported into R (see Supplementary data) in .txt format, all the words were
separated and converted to lowercase; accents, empty cells and nonletter characters such as "? ",
L LY, T, %N, ST, EN, Y, N\, R I St gt Ry et Mttty NI,
"\", and """ were removed. The number of occurrences was computed for each word in the 63 texts.
Regarding the plague-related texts, 3,624,476 words were identified, with 2,049,566 words from
the French texts and 1,574,910 words from the ltalian texts. Given that we were not able to
systematically repair ancient mistranscribed words, only words matching those in an exhaustive list
of French words (including singular and plural forms and all conjugated verbs, for a total of 336,631
words) and an exhaustive list of French cities, towns and places or Italian words were considered.
Of approximately 3.5 million words, 2,721,742 were conserved (75%), resulting in 25,659 and 44,475
unique words for the French and ltalian texts, respectively. Then, we applied a cut-off value to
remove all unique words occurring fewer than 5 times in the French and Italian texts before the
DESeq2 analysis, resulting in 10,315 and 10,645 unique words for the French and lItalian texts,
respectively. Subsequently, the plague-related and control text word counts were compared using
the DESeq2 R package with default parameters (version 1.22.2). This approach identified 70 French
and 147 Italian terms that were overrepresented in plague-related texts compared to the control
texts (P adjust < 0.05 and log2fold change >0) and 213 French and 313 Italian words that appeared
at least 4 times more in plague-related texts than in control texts (Log2fold change >2) (Data files

S3 and S8).

Nested analysis

60



In a second step, we used a “nested” analysis to identify the words that lay in close proximity to
overrepresented words in the plague-related texts. We extracted words located +/-25 words apart
from significant terms and compared them to the remaining part of the texts using DESeq?2.
Significant words (adjusted P value < 0.001 and log2Fold change > 0) were plotted using the
“WordCloud” R package (version 2.6) (Data files S5 and S9).

Word translation

All French and Italian words were translated into English using the translation function in Microsoft
Word. Each overrepresented (only the words with P < 0.05 or log2fold change > 0) and nested
(words associated with overrepresented words) word was controlled by the operators for
mistranslation and then corrected. Words with no English translation were maintained as they were;
this was the case for one French word, “corbeau” (a person responsible for burying plague victims),
and 4 Italian words, namely, “monatti” (people responsible for burying plague victims),
“espurgatori” (people responsible for stuff-purging), “untori” (people accused of intentionally

I”

spreading the disease using “special” ointments), “caldiera” (a tool used to untie the cocoons of

silkworms), with no direct English translation. Words exhibiting an “out of context” translation were

also manually corrected, such as “carbone”, “tacchi”, and “unti” in Italian and “preservatif” in French

texts.

Network Representation using Gephi

A graphical representation of the nested analysis results was performed using Gephi 0.9.2 [73]. This
software was used exclusively for representation purposes of the data and statistics obtained by the
nested analysis. The results of this analysis were converted into nodes and edges to generate the
network. At each node, a word was obtained from the nested analysis, and the edges between two
words represented the association between them. Only words with strong statistical significance (P
adj < 0.01) were represented. The spatial position of the words in the network has no statistical
meaning. To maximize the efficiency of the comparison between the French and Italian datasets for

the construction of the comparison networks, the words nested with each word of interest and the
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words the word of interest was nested with were used. Therefore, an edge was created each time

a word of interest was associated with another word with a significance determined by a P adj <

0.01.
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Figures and Tables

Overrepresented or nested words identified as plague sources during the Great Plague of Marseille,

1720-1722

Word Occurrence Number of times the term is used as a plague source Percentage
Merchandise 810 561 69%
Tatters 225 196 87%
Movable 207 194 94%
Clothes 153 128 83%
Air 233 86 37%
Meat 133 8 6%
Dog 282 87 31%

1631 in Northern Italy

Overrepresented or nested words identified as plague sources during the plague epidemic of 1629-

Word Occurrence Number of times the term is used as a plague source Percentage
Stuff 466 419 90%
Feather 29 26 90%
Clothes 89 55 62%
Bed Sheet 25 15 60%
Air 180 98 54%
Bed 146 58 40%

Table 1. Overrepresented or nested words identified as plague sources in the analysed records.

Table representing the number of occurrences of each suspected plague source in plague-related

texts from Marseille and Northern Italy, featuring the percentage that each word is used by ancient

authors as a source of plague. Words for the “bona fide” analysis were selected from and depended

on the results of the nested analysis for their association with plague-related words.
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Ancient texts workflow

Samples

Ancient positive and negative control
texts digitized by Google books

Word importation a-

Conversion into txt format, importation into R and
word separation.

Word Cleaning A@

Removal of all non-characters signs and
accents

Word Reparation {C}}

Only words matching an
exhaustive list of exhisting words were
considered.

Data set analysis with Desq2

creation of a enriched word set

aaaa daaa
aaaa aaaa throught comparison to
aaaa aaaa negative control texts
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Wordcloud representation
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Word Categorization E.:,
o
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meaning of each word

Nested analysis
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Using Gephi software
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plague related-texts

Fig. 1. Workflow summarizing the main steps of the method developed in this study.
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Fig. 3. WordCloud representations of the nested analysis, displaying the overrepresented words (P

adj < 0.001) attached to the plague sources (movable, tatters and merchandise) (red panel, left) and

plague symptoms (buboes and carbuncles) (blue panel, right) during the 1720-1722 plague of

Marseille.
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number of links with other words.
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Abstract

Background

Milan suffered in 1630 the last and perhaps most devastating plague epidemic. The chronicles
attributed to the procession of June 11 of that year a decisive role in the spread of the disease.
Analysing the information contained in the registers of Mortuorum liber, preserved in the Archivio
di Stato of Milan, it was possible to reconstruct the epidemic evolution before and after the

procession in different part of the city.
Methods

The contents of the registers have been digitized and the parishes existing in 1630 were
geolocalized. A clustering analysis has been performed on the dynamics of the epidemic observed

in each parish.
Findings

Two clusters of parishes were identified showing different epidemic pattern. Parishes of the centre
of the city were only marginally hit by plague before the procession and suffered a huge increase of
mortality thereafter. On the contrary, in the densely populated parishes of the peripheral part of

the city the disease peaked in the days around the procession, declining thereafter.
Interpretation

The results of this study support the historical testimony depicting a role of the mass gathering
procession of San Carlo in the spreading of the epidemic, especially in the central areas of the city.
However, it should be defined how a large concentration of people could increase the spread of an

infection mainly transmitted by ectoparasites.
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Research into context

Evidence before this study

To our knowledge, the only information on the plague epidemic occurred in Milan in 1629-1631 was
that provided by the chroniclers of the time, in which the epidemiological aspects are based on
authors impressions and gross estimates. In particular no epidemiological reconstruction has been
performed on the basis of detailed epidemiological records. One of the few sources of raw data on
which it is possible to base epidemiological studies are the death registers of the city of Milan. The
analysis of data reported in the 1630 registers offered us the opportunity to study in detail the
spatio-temporal dynamics of this plague epidemic, allowing for the first time an interpretation based

on real data.
Added value of this study

This study presents in detail the spatio-temporal pattern of one of the most renown plague epidemic
of XVII century, and allow to discuss the role of a mass event, in this case a religious procession, in

increasing the spread of the epidemic.
Implications of all the available evidence

The plague deaths occurred in the city before, at the time and thereafter the procession evidence
two different spatial patterns, suggesting a spreader effect of this mass gathering event. Questions
remain open on how a concentration of people could increase the transmissibility of plague in

conditions in which a role of pulmonary plague could not be supported.
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Introduction

The plague that hit Northern Italy in 1630 left a profound mark on the country's demography,
economy and culture, and represented a relevant factor of the Italian economic decline in the XVII
century [1]. The epidemic, that struck both cities and rural communities, was brought in Italy in 1629
by a war, while a famine was ravaging the country [2,3]. Mortality would have been 30-35%, with
about two million victims [2]. In 26 main cities of northern Italy, it was estimated a median mortality
of 40% [1]. Milan, at that time the capital of a vast duchy under Spanish rule, was hit hardly [4-6].
After the first cases officially recorded in October 1629, the epidemic seemed to disappear during
the winter and then re-emerged in March 1630 [4,5]. At the end of March in the Lazzaretto were
reported to be no more than three hundred inmates [7], but at the beginning of June the private
houses closed by the Sanita (the health authority) were between 300 (Archive of the State of Milan
8 June 1630) and 500[6] and the guests of the Lazzaretto were already thousands (Archive of the
State 2 June 1630). The contemporary chroniclers affirmed that the solemn procession on June 11,
with the body of St. Carlo Borromeo carried through the streets of the city centre, was the cause of
a marked increase in the plague cases [4,5]. Till now, no epidemiological reconstruction has been
performed on the basis of real epidemiological records. The Milan Mortuorum Liber (MML),
collecting the deaths occurred in the city from 1450 [8] offers the opportunity to study the spatio-
temporal dynamics of 1630 epidemic. In the present paper are reported the results of an
investigation on the impact of the St. Carlo Borromeo procession on the epidemic, the first based

on real data.

Materials and methods

Death registers (Mortuorum Libri) digitalization

The information used for all the analysis were obtained from the Milan Mortuorum Liber (MML), i.e.
the Book of Dead, which consists of a corpus of more than three hundred registers stored at the
National Archive in Milan, where the deaths occurred in the City from 1452 to 1801 were recorded
(Atti di Governo, 118-119.). Each death report included the demographic information (name,

surname, age, gender, titles or particular status of the deceased person) the parish and the Sestiere
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(sixth part of the city) of the city where the person lived, the main cause of death and other
contributing ilinesses, and often the duration of the last disease, as certified by the city’s appointed
medical officers, as well as the name of the certifying person. For the purposes of the present study
the three registers available for 1630 were consulted and digitalized. One register of 1630 could not
be found in the public archive and the relative records between 4th August 1630 and 31th August
1630 were missing. An expert palaeographer (LF) translated from Latin and transcribed the text of
each death certificate and all the data were transferred into a database. The medical terminology
of the time was interpreted according to the definitions reported in the medical treatises of Sennert

[9] and Borsieri [10].

Parishes geolocalization

The location of each parish was determined at the position of the respective church. A digitized
historical map of Milan (dated at 1629[11]), reporting the positions of most of the churches included
in the registers, was georeferenced to the actual map of Milan (OpenStreetMap 2008) using the
QGIS software. The GPS positions of the parishes and the distance of each parish from the centre of
the city (defined as the centroid of the area delimited by the medieval walls of the city) were

obtained considering the georeferenced map and the information reported in historical texts [12].

Parishes clustering and statistical analyses

The spatio-temporal dynamics of the pandemic was firstly investigated computing the median
distance of the recorded deaths (referred to their relative parishes) over time, week by week. The

median distance versus time regression was computed using the Spearman test in R.

Furthermore, the parishes with more than 30 registered deaths were selected for clustering
analysis. For each of these parishes, the cumulative relative frequency curve of plague deaths was
computed. Parishes were then grouped on the basis of the curves, using the fuzzy k-means
clustering algorithm implemented in the FKM function of the R library “fclust” (Ferraro 2019), which

automatically identifies the most suitable number of clusters considering from 2 to 6 clusters. We
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performed a further clustering analysis using the hierarchical clustering algorithm implemented in

the “hclust” R function, with Manhattan distance and ward.D2 method.

The dates at which the cumulative relative frequency curve of plague deaths reached 25%, 50%,
75%, 100% and the inflection point of the curves were computed for each parish. For each of these
parameters, the dates were compared among the parishes of the identified clusters, using the

Mann-Whitney test.

Results

MISFORE data

The digitized death registers have been analysed to obtain relevant demographic information from
the records. The deaths reported as caused by plague was 5,261 (64-5%) out of 8,152 total cases
found. Excluding three isolated cases between January and March 1630, the deaths from plague
occurred starting from the 24th February to the 30th December (71:2% of the deaths reported in
that interval time). The six Sestieri (the relative gates) had different amounts of deaths related to
plague, ranging from the 452 of Porta Nuova to the 1193 of Porta Romana. Similarly, the number of
plague deaths varied largely among parishes and the one with the most recorded deaths was S.

Stefano in Brolo with 592 cases.

Parishes geolocalization

As described before, the recorded death cases were geolocalized on the basis of the parishes
position. A total of 91 parishes, accounting for the 93% of all the plague deaths reported in the
registers for 1630, has been geolocalized and their data used in the present analysis. It was not
possible to geolocalized the remaining 37 parishes mentioned in the registers, which accounted for
a total of 52 plague cases (0-99% of the total plague deaths). Lastly, for 316 deaths (6%) the parish

was not reported in the registers.

Epidemiological curve
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The daily plague-related or not plague-related deaths have been graphically reported in
Figurel figure histogram. No deaths are reported in Figure 1 for the period of time between 4th
and 30th August, graphically highlighting the incompleteness of MISFORE records likely due to the

absence of at least one register.

To better visualize the spatio-temporal dynamics of the epidemic, the deaths were plotted on a
georeferenced 1629 historical map of Milan. The frequency of plague deaths per parish over time
and the relative absolute number of plague and not-plague deaths are shown in

VideoS1_video_peste.

Figure 2 shows the weekly trend for the median distances of plague-related deaths from the center

of the city.

Parishes clustering and statistical analyses

To study the spatio-temporal spreading of the epidemic in the city we clustered the parishes on the
basis of their epidemiological curves. We focused on the 37 parishes for which more than 30 plague-
related deaths had been recorded in the MISFOREs. The fuzzy k-means unsupervised clustering
algorithm and the hclust hierarchical clustering algorithm coherently clustered the parishes in two
groups named “cluster 1” and “cluster 2” (Figure3a). The heatmap showing the epidemiological

curves and the result of the hclust hierarchical clustering analysis is reported in Figure3a.

Then we studied these two clusters, comparing the date at which their parishes reached the 25%,
50%, 75%, and 100% of plague deaths, as well as the date at which their epidemiological curves
reached the inflection point. The parishes of cluster 1 reached 25%, 50% and 75% of the deaths
earlier than the parishes of cluster 2 (Mann-Whitney test, p-value <0-0001 for all three percentages,
Figure3b). Coherently, the cumulative relative frequency curves of plague death of cluster 1 parishes
reached the inflection point earlier than those of cluster 2 (Wilcoxon test, p-value <0-0001,

Figure3b).

In Figure4, the spatio-temporal distribution of the plague and not-plague deaths of the two parish

clusters is shown: the 91 georeferenced parishes of the two clusters have been plotted on the
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historical map (Figure4a) and the incidence histogram of plague and not-plague deaths of the two

clusters are reported (Figuredb).

In order to assess the differences between the two clusters the distance from the centre of the city
for each parish grouped by cluster has been evaluated (Figure S1). The median distance of parishes
of cluster 1 from the centre of the city was 809 meters and for parishes of cluster 2 it was 492
meters. The difference between the two median distance is slightly significant (p-value = 0-09).
Moreover, parishes of cluster 1 showed a 2-5-fold increase of plague-related deaths after the
procession of 11th June, while parishes of cluster 2 showed a 10-fold increase (Wilcoxon test, p-

value <0-0001).

Discussion

In 1630 northern Italy was the scene of the War of Succession of Mantua, an episode of the Thirty
Years' War. Plague was brought into Milan duchy by Aleman soldiers who passed the Alps directed
to besiege Mantua [5]. The first cases of plague reported on the territory of the duchy date back to
July 1629 in Chiavenna, at the end of the Tellina valley, along the path the imperial troops used to
descend from the Alpine passes, while the first officially recognized case in the city dates back to 22
October. Although, it is not unlikely that there have been some cases also in the previous weeks
(handwritten note of 1632 by Senatore Settala [13]). Despite this, no death was attributed to plague
in the register of 1629, completely digitalized and analysed by us (Galli et al, manuscript in
preparation). The epidemic remained apparently silent until January 30, when a case, occurred in a
thirteen years old girl, was reported in the registers. After that, no other death from plague was
registered until February 26th. Between 6 and 19 March only about fifteen admissions to the
Lazzaretto were reported and seven plague deaths were registered from March 15 to March 29.
Even considering a possible underestimation of the cases of plague due to a reticence of health
officers in diagnosing plague for political reasons, in fear that other Italian states could decide to
stop the contacts and ban Milan from trades, it seems evident that the spread of the infection
remained limited at least until spring. Contemporary chroniclers attributed to the great procession

of June 11 the trigger role for the further spread of the epidemic. San Carlo Borromeo (1538-1584)

83



was the archbishop of Milan during the great plague of 1576. His canonization in 1610 was promoted
by the role attributed to him in the recovery of Milan from plague. In 1630 he was considered a
patron saint against the plague. With the aim to stop the epidemic, the archbishop in charge in
Milan at that time, who was Federico Borromeo, cousin of the saint, took the decision to promote
a procession with the saint's body, still preserved in the Milan cathedral. A decision made by the
archbishop not without reluctance, and only after repeated insistence also by some of the health
officials [4]. The procession started at 7 a.m. from Duomo square, [4,14] crossed all the main central
streets of the city and came back to Duomo at 7 p.m. [4] and was attended by anyone in Milan who
could stand. The body of San Carlo was exhibited thereafter for 8 days and 8 nights in the Cathedral
where "the people flocked to it, begging, with tears and prayers, for that help which, due to the
inscrutable divine decrees, was now inexorably denied " [4]. According to the contemporary
chroniclers, the death cases rose after the procession from about 100 to about 1700 per day [4,6].
Our study could be based on complete data individually recorded in more than 5,000 persons who
died of plague in Milan in 1630. It is therefore the first investigation on this issue that can be based
not on estimates, but on real data. Contemporary authors reported that the epidemic peaked in the
summer months. Accordingly, 4,204 (79-9%) out of the total 5,261 plague deaths reported in the
available registers occurred between the beginning of June and the end of July. Our analysis
evidenced that the number of registered deaths was sensibly different in each Sestiere, with an
apparently higher mortality in the south-eastern ones. A more in-depth assessment of mortality in
relation to the estimates of population density of the various districts of Milan in 1630 is beyond
the scope of the present study. However, it is conceivable that some areas of the city were actually
more affected than others, as suggested by the mortality observed in the individual parishes, that
makes it possible to more precisely locate each deceased person on the city map. In fact, about 60%
of the deaths were recorded in 10 parishes out of the 126 mentioned in the registers. The observed
differences could be at least in part justified by the high variability in the territorial extension and
population size of each. Moreover, our data show a significant relationship between time and
distance. In fact, the epidemic moved from the peripheral areas of the city towards the centre, with
a very high proximity to the city centre after the procession, indicating the inward movement of the

epidemic due to this mass gathering of people.
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However, our data show a clear difference in the progress of the spread of the infection among the
parishes that, according to the date of restart of the plague deaths observed after the winter break,
could be divided in two clusters. Interestingly, the parishes included in each cluster were not
randomly distributed in the city, being most of those with an earlier restart of the epidemic closer
to the city’s walls, while those showing a delayed restart were mostly located in the central part of
the city (p-value = 0-09). Among the 14 parishes of cluster 1, only 4 are localized near the centre of
the city and all 4 with few plague-related deaths: of the total of 1813 deaths from plague in parishes
of cluster 1 (average deaths 129-5), these 4 contain a total of 165 deaths (9:1%). Removing these
four outlier parishes from the analysis, the difference in the median distance between the two
clusters became highly significant (p-value = 0-00026). Moreover, while in the parishes with an
earlier restarting of the epidemic plague deaths dropped down from mid-June, in those of the
cluster with later restarting plague mortality drastically increased from the end of that month. Thus,
it could be inferred that something happened in the middle of June that influenced the dynamic of
the epidemic, extending it into the central area of the city. Is it possible to argue, as claimed by
contemporaries, that the procession was actually the trigger for the increase in the epidemic? The
"split" of the dynamic of plague deaths between the two parish clusters occurred about 1-2 weeks
after the procession. Furthermore, the deaths' median distance from the city centre drastically
dropped down two weeks after the procession, suggesting that this event had a role in the epidemic
movement from peripheral areas to the centre of the city. This is also shown by the different
increase in number of plague-related deaths before and after the procession date between the two
observed clusters: before the procession, in the parishes of cluster 1 were recorded double the cases
with respect to the parishes from cluster 2. After the procession, this ratio completely overturned.
In fact, in cluster 2, 90% of the cases were recorded after the procession (232 cases before and 2019
cases after), while for cluster 1 only 68 % were recorded after the procession (481 cases before and

1040 cases after).

That of 1630 was clearly a bubonic plague epidemic, as can be easily deduced from the chronicles
of the time, and confirmed with data from 21 death certificates, that clearly report the presence of

a pestiferous bubo, often specifying its anatomical site. To justify this limited number of reports, it
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is probable that the various figures entrusted with the task of registering the deaths, including, at
the moment of maximum spread of the epidemic, numerous barbers, limited as much as possible
the contact and inspection of the corpses and greatly simplified the registrations. In bubonic plague,
the illness onset generally follows 2 to 6 days after the bite of the infected flea [15], and during the
second pandemic in lethal cases of bubonic plague the time from symptoms onset to death rarely
exceed 6-8 days [16]. In the three registers of 1630, the duration of illness before death was
reported in 47 cases of plague. The median time from onset to death was 4 days (interquartile range
3-6). In three of these cases, in which death occurs within five days, the presence of buboes is
specified. It is therefore conceivable that the death took place on average between seven and
twelve days after the infection occurred. A period of time not incompatible with the occurrence of
the increase in cases observed in the parishes of the city centre after the procession with the body
of the Saint. However, during the winter, the numerous religious processions and various events
with large popular participation that were promoted in December to celebrate the birth of the Infant
of Spain did not cause the resumption of contagion. Similarly, the Carnival celebrations at the end
of January did not cause an immediate spread of the disease. Therefore, it seems evident that a
concentration of individuals was not in itself sufficient to restart the epidemic and that climatic
factors played a decisive role. The prevalent mode of transmission of bubonic plague is through the
rat - flea - human chain [17] even if various evidences also support an important role of the human
louse in the transmission of Yersinia pestis [1,18—22]. A resurgence of the epidemic as a
consequence of a procession with great participation of people would suggest a transmission by air,
which is described in case of pneumonic plague. This rare clinical form affected in the most recent
epidemics - those starting from the end of the 19th century - no more than 2-3% of the cases [23],
with some exceptions, such as the recent epidemic of predominantly pneumonic plague observed
in Madagascar [24]. However, the droplet transmission occurs only in the final stage of the disease
- when the patients are so severely ill that their mobility and consequently the possibility to
participation into events such as a long procession are strongly reduced - and only through very
close contact for a prolonged period of time [25,26]. Moreover, it was estimated from eight
documented pneumonic outbreaks that a pneumonic plague patient can infect an average of 1-3
other persons [27]. After excluding a predominant role of airborne transmission, to support a crucial

role of the procession in the further spread of the epidemic, it should be supposed a relevant
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exchange of infected ectoparasites among the participants. Even if it would be not impossible in a
massed crowd, this type of transmission more likely occurs in a domestic context. Nevertheless, it
would be possible that the dynamic of the plague epidemic in Milan was the consequence of a more
conventional transmission of the disease throughout the classic zoonotic chain, with the passage of
the Yersinia pestis infection from the rats of the poorest and most populous neighbourhoods, to the
rats of most central areas of the city, in climatic condition facilitating flea activity. Consequently, the

role of the procession in causing the spread of the epidemic may have been only marginal.

Our study has some limitations. In particular, it includes only a minority of the plague deaths
occurred in Milan during 1630. Data of thousands of deaths occurred in the great Lazzaretto of Saint
Gregorio [4,5] and those occurred in hospitals and convents were not preserved or were unavailable
for our investigation. However, it was possible to analyse almost all the deaths registered at home
or on the city streets, at least until the health authorities were able to do it, with the exception of
those of a single register. Giuseppe Ferrario, who in the 19th century probably had access to all the
registers, including the one that we suppose that have been lost or displaced, reported for 1630 a
total of 13,350 deaths [28], that is 5,181 more deaths for any cause than those available for our
analysis. Since the missing data concern the period of maximum intensity of the epidemic (mainly
August and September 1630), it is possible that the percentage of deaths due to plague was
comparable to that observed in July 1630 in the available registers (32%). Despite this, we believe
that the large sample of cases included in the present study is sufficient to describe the dynamics of

the epidemic in the city from its resumption, at the end of March, to the end of July.

In conclusion, the last great plague epidemic that devastated Milan resumed in spring and reached
its peak in the summer months. The resurgence of the epidemic started from the most peripheral
and densely populated neighbourhoods in the south-eastern part of the city. There are no data that
can exclude a new introduction of the plague from the outside, but it is also possible that the
infection could have passed the winter, transmitted by human hosts, not necessarily killed by the
disease through their lice, not hindered in their activity, like the flea, by low temperatures [29]. Our
results show how, the path and the timing of the 11th June Procession together with the different

epidemic dynamics showed by the clustered parishes support a role of said procession in the further
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spread of the disease and the rapid increase in mortality from plague in the central parishes of the

city.
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Figure 1. Barplot of the total deaths per day during 1630 in the city of Milan.

Plague deaths are reported in red and all the others in grey. The shaded area (August 1630) indicates

the period not covered by the death registers (register missing).
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Figure 2. Spatio-temporal dynamics of the plague epidemic.
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In red, Scatter plot of the weekly median distance of plague deaths from the city centre of plague

deaths (left y-axis). The relative regression line and the p-value of Spearman test are also reported.

At the bottom, the amount of plague deaths is also reported as grey weekly histograms (right y-

axes).
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Figure 3. Clustering of the parishes dependent on epidemic progress.

Analysis performed on the cumulative relative frequency curves of plague deaths relative to 37
parishes for which more than 30 plague-related deaths had been recorded during 1630 in the death
registers of Milan. a) Heatmap of the cumulative percentage of plague deaths in parishes. On the
left, the dendrogram obtained by hierarchical clustering. Orange and green tiles indicate the cluster
attributed by fuzzy clustering to each parish. On the right, the cumulative percentage of deaths from
plague over time. The gray vertical line shows when the procession of San Carlo took place (11th
June 1630). b) Boxplots of the dates when 25%, 50%, 75%, 100% of plague deaths were reached in
the parishes of the two clusters. The two boxplots in the bottom show the dates of the inflection
point of the cumulative curve of plague deaths for the parishes in the two clusters. The dotted line

shows the date of the procession of San Carlo, 11th June 1630.
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Figure 4. Spatio-temporal characteristics of the two identified clusters.

a) Spatial localization of the parishes of the two clusters. b) Daily deaths for cluster 1 (top-right) and
cluster 2 (bottom-right. Plague related deaths are in green (for cluster 1) and orange (for cluster 2),
while deaths not related to plague are in light-grey. The dotted line shows the date of the procession

of San Carlo, 11th June 1630.
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Figure S1. Violin plots of the median distance of each parish of the two clusters from the centre

of the city.

The city centre has been defined as the centroid of the area delimited by the medieval walls of the
city. The difference between the two clusters is quasi-significant (Mann-Whitney test, p-value =

0-09).
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Abstract

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

handle and analyse them.

Keywords

Coprolite; dental calculus; microbiome; microbiota; mummified tissue; paleomicrobiology;

paleogenomics; paleoproteomics.
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1. Introduction

In the last 20 years, there has been an exponential increase in interest in the microbiome and its
effect on human health. We currently know that the microbiome plays a fundamental role in the
host via the development, maintenance and priming of the immune system [1-3], defense against
pathogens [4,5], metabolism, digestion and the production of vitamins [6]. Furthermore, slight
modification of the bacterial equilibrium of the microbiome (dysbiosis) due to changes in diet,
physical exercise or antibiotic treatments can lead to major consequences for the host [7-11].
Recent studies have focused their attention on the composition of the microbiome of our ancestors
and its evolution throughout history. Particular attention was given to the periods of major
revolutions in human lifestyles, such as the Neolithization process (debuted 12,000 years BCE [12])
and the industrialization period (1760-1840 CE). With the Neolithization process, we observed the
transition from a nomadic hunter-gatherer diet characterized by the consumption of only wild and
unprocessed food foraged and hunted from the environment [13] to a sedentary one based on
agriculture and livestock. Then the industrialization period arose the advent of modern sanitation
and Western diet, characterized by food that has been processed and modified and has a low

guantity of vegetables and fibers [14-16].

In the literature, there is some confusion about the definition of the terms “microbiota” and
“microbiome” and are often used interchangeably. The term “microbiota” refers to all the microbial
taxa associated with the host [17], while “microbiome” can refer to “the ecological community of
commensal, symbiotic, and pathogenic microorganisms that literally share our body space and have
been all but ignored as determinants of health and disease” [18] or to “the collective genome of our

indigenous microbes” [19].

Diets of past and present human populations are very variable and mostly depend on resource
availability and ecological settings [20]. Comparative studies on the microbiota among human
populations with different dietary habits have shown how differences in diet are reflected in
differences in the microbiota composition [14,16]. For instance, De Filippo and colleagues [21]
showed how children from urban Europe, with a modern Western diet, and children from rural
Africa, with a diet very high in fibers, present differences in microbiota composition that can be

attributed to an evolutionary adaptation to the diet composition, allowing each population to
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maximize the nutritional value of each diet. Other studies on mouse models have shown how
changing diet correlated with changes in the microbial composition of the gut microbiota [22].
Moreover, Groussin et al. [23] demonstrated how microbiota composition reconstructed from
ancient mammal remains could be used to reconstruct ancient diets of these animals and that
information about dietary shift can be recorded by the gut microbiome. For these reasons, ancient
microbiota studies are not restricted to the microbial diversity and composition of the ancient
remains but also to the dietary information that is preserved inside these specimens. The first study
to target the ancient DNA of multiple species of bacteria on human remains was conducted by
Ubaldi et al, analyzing the gut microbiome from the colon of a mummy recovered in Cuzco, Peru,
that dated back to the 10th-11th century CE [24]. Following by many other PCR-based studies on
coprolites and mummified samples [25-27]. In 2008, Tito et al. performed the first study on an
ancient microbiota using NGS techniques, and from that point, the number of ancient microbiome

analyses multiplied [28].

Retrieving information on ancient human microbiomes is not easy and is strictly dependent on the
availability of suitable samples for the analysis. Dental calculus and coprolite are the only two human
remains that persist long enough to be used for these studies, with the exceptions of frozen and
mummified tissues [29]. In this review, we will present the remains used as starting samples for

ancient human microbiota studies and the methods used to retrieve this information.

2. Literature search strategy and terminology use

All the papers used for this review were obtained from PubMed and Google Scholar. The keywords
used alone or in combination for the search were “paleomicrobiology”, “ancient”, “human”,
“paleo”, “microbiota”, “microbiome”, “oral”, “dental calculus”, “gut”, “intestinal”, “feces”, “faeces”,
“paleofeces”, “paleofaeces”, “coprolite”, “latrines”, “mummy”, “mummified”, “tissue”,

n u

“metagenomic”, “shotgun”, and “proteomics”.

Only studies written in English and on samples of human origin that targeted multiple species from
the digestive tract microbiota of the host were considered. The results of this bibliographical

research are shown in Table 1 (last search March 2021).
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As described in the introduction section, the two terms “microbiota” and “microbiome” are often
used interchangeably, and since a discussion on the terminology was not one of the purposes of this

review, we used the two terms as synonyms, following the definition given by Lederberg [18].

Contamination prevention and authentication

Paleomicrobiological studies on ancient molecules must follow standard protocols to avoid modern
exogenous contamination and ensure the authenticity of the results [30]. Contaminating molecules
can come from the burial site, handling, transport, storage, and laboratory environments; from the
materials and instruments used during the analysis; and from the operators at each step of the study
[31,32]. Regardless of the starting sample type, all the steps of the analysis of ancient molecules
must be performed in a dedicated clean hood and laboratory, ideally exclusively dedicated to work
on ancient remains, excluding any positive controls, and including several negative controls that
should be handled strictly in parallel with investigated samples [31]. Authentication of ancient DNA
can be performed by checking for fragmentation (ancient DNA rarely exceeds 200-300 bp length)
[33,34] and degradation (e.g. assessing the PCR success related to the size of the amplicon of a
selected DNA sequence) [33]. Multiple bioinformatics tools can contribute to the authentication of
ancient molecules. Software like MapDamage 2.0 [35,36] quantify the patterns of damage in NGS
datasets generated from ancient DNA and therefore help differentiate endogenous from
exogenous/contaminating DNA. Other tools like SourceTracker [33,37] estimate the proportion of
DNA sequences that come from the source environments to determine whether the reconstructed
microbial communities observed are endogenous to the samples. Moreover, directly comparing the
DNA sequences obtained from different tissues with those from soil from the site where samples

have been collected through bioinformatic analysis may facilitate the interpretation of the data [34].

3. Ancient Oral Cavity Microbiota.

3.1. Dental calculus
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Dental calculus, or tartar, is a mineralized bacterial biofilm that forms on the teeth as a result of the
action of bacteria and saliva in the oral cavity and is very common in adults without active dental
hygiene [29]. Dental calculus presents some characteristics that make it the most reliable source for
information about the oral microbiota. It is common and relatively abundant in archaeological sites;
it has the capability to preserve ancient biomolecules, avoiding environmental contaminants; and it
contains a high quantity of DNA originating from the oral microbiome [29,38,39]. In fact, it can be
found on teeth in all past and present human populations and can survive for thousands and even
millions of years. Accordingly, dental calculus remains were obtained from a 12-8 million-year-old

fossil of the ape Sivapithecus [40].

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

Figure 1.

3.1.1. Analysis of ancient DNA from dental calculus.

After the recent confirmation of the presence and abundance of DNA in dental calculus [41],
multiple studies have successfully extracted and analyzed DNA sequences from this type of sample.
Different protocols have been applied for DNA extraction in the past. In general, it is very similar to
apply the extraction methods used for other types of samples, such as bones and teeth, with a “lysis
step” followed by a “purification step”. The lysis step usually relies on decalcification through
ethylenediaminetetraacetic acid (EDTA) with or without Tris-HCl and protein digestion using
proteinase K with or without sodium-dodecyl-sulfate (SDS), with a variable incubation time and
temperature (usually 24 h at 56 °C) [38,42—-46]. Occasionally, in the lysis step, Tris-HCl and SDS are
added to the sample to improve decalcification and protein digestion [38,47]. After the lysis step,
purification of DNA is performed using the phenol:chloroform:isoamyl alcohol (25:24:1) method
[47] preferentially followed by Qiagen MinElute column purification [38,43,45,46] or using
commercial kits for DNA purification, such as the EZ1 DNA tissue kit (Qiagen) [44,48] and QlAamp
DNA Investigator Kit (Qiagen) [42]. It is also possible to use an in-house silica-based method for the

extraction and purification of ancient DNA [20].
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Polymerase chain reaction (PCR) amplification and subsequent sequencing can be used to analyze
DNA sequences specific for microorganisms from the oral microbial community. PCR primers were
specifically designed for five species of bacteria, Actinomyces naeslundii, Fusobacterium nucleatum,
Porphyromonas gingivalis, Streptococcus gordonii and Streptococcus mutans, by De La Fuente et al.
[47], which were detected in dental calculus from 4,000-year-old to modern samples. Specific
primers are useful for the identification of single species of microorganisms, such as pathogens or
common microbes of the oral microbiota; to determine the conservation of DNA in the sample; and

to study specific genes [49].

The amplification of a conserved bacterial region of the 16S ribosomal RNA (16S rRNA) gene and
subsequent high-throughput sequencing yields information about the diversity of bacteria present
in the samples, describing the bacterial community of the ancient oral microbiota [20,38,42,50,51].
Using this method, it is possible to identify hundreds of species with a single PCR amplification [49].
Adler et al. [42] used the results of high-throughput sequencing to compare the bacteria present in
the oral cavity of Mesolithic, Neolithic, Bronze Age, medieval and modern individuals, reporting a
reduction in the bacterial diversity and a shift toward cariogenic bacterial dominance after medieval
times, concomitant with the industrial revolution [42]. Following the same principle, regions
conserved among any organism of interest can be amplified. PCR sequencing of 16S rRNA and
methyl coenzyme M reductase (mcrA) genes was used to detect and describe the methanogen
community present in the oral human microbiota, allowing the identification of multiple archaea,
such as Candidatus Methanobrevibacter sp. N13, Methanobrevibacter oralis and Methanoculleus
bourgensis [44]. Unfortunately, this approach has limited applicability when the aDNA is known to
be highly degraded and fragmented or when the targeted region contains extensive length

polymorphisms that induce a bias toward taxa with the shortest amplicon lengths [43].

In contrast to targeted gene amplification, shotgun sequencing allows the sequencing of random
DNA fragments present in the sample independently of their origin (eukarya, bacteria, archaea, and
viruses), overcoming targeted sequencing problems [38,43]. This approach allows the analysis of all
the sequences inside the sample at the same time without any prior knowledge, providing both
taxonomic and functional information [49]. Shotgun metagenomics applied to ancient human

dental calculus allowed the characterization of the oral microbiota from multiple archaeological
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sites [20,38,39], providing information about antibiotic resistance and metabolic functions of
ancient bacteria [20,38]. Data obtained with this approach showed a possible correlation between
behavior, diet, and health and the oral microbiota composition of two populations of European
Neanderthals [20]. This finding suggested a central role of meat consumption in early hominid
microbiota composition and that the repertoire of microorganisms preserved in dental calculus
could be used to derive the dietary behavior of ancient populations by comparing the shotgun data
obtained to those obtained for other ancient calculus specimens from populations with a known
diet. Moreover, the shotgun metagenomic approach also allowed the reconstruction of draft
genomes of organisms present in ancient dental calculus, such as the bacterium Tannerella forsythia

[38] and the archaeon Methanobrevibacter oralis [20].

3.1.2. Analysis of ancient protein from dental calculus.

Similar to shotgun metagenomics for nucleotides, shotgun proteomics allows the detection and
study of extracted peptides from ancient human dental calculus [52]. Despite the better
preservation capability of proteins than DNA molecules, proteomic approaches are relatively new
in the field of paleomicrobiology, providing valuable information about the diet, microbiota function
and composition, host health and immune response [53,54].Warriner and colleagues showed how
tandem mass spectrometry (MS/MS) used for shotgun proteomics can produce information about
the presence of bacterial species-specific proteins, virulence factors, and antigenic proteins, as well
as human immune response proteins (antimicrobial gene products) [38,55]. In addition, it has been
shown that mass spectrometry for proteomic analysis can be used to describe the oral human
metabolome (the collection of all the low- weight metabolites produced by metabolism [46]),
providing important information about salivary and microbiome-related proteins [46] and dietary

information from ancient populations [56,57].

3.1.3. Microscopical analysis on dental calculus.

Microscopic analysis of dental calculus allowed the detection of aliments and the presence of

calcified microorganisms [58,59]. Examination through scanning electron microscopy (SEM) can be
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performed without treating the sample, allowing complete preservation [60], while optical
microscopy and transmission electron microscopy (TEM) need a pretreatment to be performed that
partially or completely disrupts the sample [60]. For SEM, a preliminary step for the decalcification
of the sample is performed using hydrochloric acid (HCI) at different concentrations [38,61]. For
TEM, ancient samples follow routine procedure, with treatment with osmium tetroxide fixative and
epoxy resin embedding [41]. Optical microscopy can be used to distinguish between gram-positive
and gram-negative bacteria [38,60,62]. Optical and electron microscopy usually do not allow the
identification of species but can provide important pieces of information about the presence,
dimension and shape of microorganisms in the samples [59]. Microscopic analysis can also be used
for biomolecular investigations, using gold-labeled antibody TEM to detect the presence of DNA
[41]; fluorescence microscopy and polyclonal antibodies for the identification of specific bacteria,
such as Streptococcus mutans [62]; and fluorescent in situ hybridization (FISH) to reveal archaea,

such as Candidatus Methanobrevibacter sp. [44].

3.2. Other sources of ancient oral microbiota.

Despite the vast majority of studies on ancient oral microbiota have been performed on dental
calculus, some authors tried to think outside of the box obtaining interesting results. In 2019, Jensen
and colleagues analyzed a chewed birch pitch from Denmark dated to 5,700 years ago and revealed
the presence of preserved DNA material. Starting from this specimen, they reconstructed a
complete ancient human genome and identified microbial DNA sequences that reflected the oral
microbiome of the person who chewed the pitch [63]. This work highlighted the potential utility of

chewed birch pitch in the field of paleomicrobiology for the study of ancient microbiota.

Moreover, the analysis of buccal swabs from Inca mummies through shotgun proteomics analysis
was used to describe active states of infection on an individual at the time of death by providing
information on the immune response and potentially on the pathogens present when combined

with DNA amplification [64].

4. Ancient Gut Microbiota.
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4.1. Coprolites and palaeofaeces.

The primary sources for information about the ancient gut microbiota are coprolites, which are “any
formed fecal mass remains, including mineralized, desiccated, or frozen feces and even the
intestinal contents of mummies” [65]. These remains can be preserved for thousands or even
millions of years [66], providing information about the gut microbiota components, the presence of
pathogens and the diet of past human and animal populations [67]. In fact, traces of aliments
consumed by the host, such as bones of small animals, feathers, seafood shells, and plant seeds, are
commonly found in coprolites [65,68—71]. Moreover, it is possible to correlate the presence of

animal parasites with the diet of an ancient population [70,72,73].

4.1.1. Molecular analysis on coprolites.

DNA analysis can potentially produce additional information about the complete set of species
inside the coprolite and the evolution of these organisms. To reduce environmental contamination,
extraction of DNA is performed on the core of the coprolites after the removal of a few millimeters
(3 mm - 1 cm) of coprolite surface. Multiple protocols and commercial kits are available for DNA
extraction from fecal and soil samples and are also used on ancient samples, e.g., UltraClean Fecal
DNA Isolation Kit (MOBIO) [33] and PowerSoil® DNA Isolation Kit (MOBIO) [70,72—74]. Protocol
specific for coprolites that does not require commercial kits have also been developed, such as the
one from Kuch et al. [75]. In 2019, Hagan and colleagues tested the efficacy of 5 different methods
for DNA extraction from ancient fecal material [36], indicating that despite every tested method
being valuable, methods used for modern microbiota analysis recovered less DNA than methods

developed and optimized for ancient bone material [39,76].

Massive sequencing of specific amplified regions of the DNA, such as 16S rDNA, provided
information about the prokaryotic community inside the coprolite [34,70,74]. The same approach
can be used for the eukaryotic community, e.g., by using primers that target the 18S ribosomal DNA
(18S rDNA) or Internal transcribed spacer (ITS) region for fungal diversity [70,74]. Whole-genome
shotgun sequencing does not require previous amplification of the DNA and gives information on

the entirety of DNA sequences present in the sample, allowing both taxonomic and functional
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characterization [28,34,73,77]. Furthermore, pathogen DNA sequences, including those of
Clostridium botulinum, Trypanosoma cruzi and human papillomaviruses (HPVs) [34], as well as drug
resistance genes [34,77], are detected. Moreover, viral metagenomes from coprolites have been

described [72,78].

4.1.2. Microscopic and immunoassay analysis on coprolites.

Rehydration of samples is the preliminary step for subsequent microscopic analysis. Different
protocols have been developed for coprolite rehydration [79]. These protocols all rely on using 0.5%
trisodium phosphate (Na3P0O4) aqueous solution sometimes complemented with 5% glycerinated
water and formalin (Le Bailly 2010) or hydrochloric acid (HCI) to dissolve the calcium carbonates
[80]. This step can last from 24 h to one week [81,82] and can be combined with a sedimentation
step [68,73,77]. Microscopic analysis allows the identification of multicellular parasites, such as
helminth eggs [73,77,83]; protozoan cysts [84—86]; and food traces [87,88]. Parasite identification
relies on morphometric characterization with light and electron microscopy, which is based on the
experience and ability of the operator. Cases have been reported in which pollen grains, which are
morphologically similar to pinworm eggs, have been confused for parasitic eggs [89]. The use of
confocal laser scanning microscopy (CLSM) has been revealed to be a powerful tool for the
identification of parasites in coprolites. This technique allows better morphological identification,
detects intrinsic autofluorescent molecules and has the great advantage of being less destructive to
the specimen, allowing further analyses to be performed (e.g., molecular analysis) on the same
specimen [90]. Moreover, immunofluorescence assays (IFAs) or enzyme-linked immunosorbent
assays (ELISAs) have been used for the detection of intestinal protozoa, such as Giardia spp. [84,91—

95], Cryptosporidium spp. [84,95,96], and Entamoeba histolytica [93—95,97,98].

4.1.3. Culture-dependent analysis on coprolites.

Finally, a culture-dependent investigation was performed on a 14th-century coprolite found in
Belgium in parallel to a metagenomic analysis [77]. A portion from the inner part of the coprolite

was inoculated into Schaedler and R2A liquid and solid culture media and maintained for several
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days at 30 °C under various atmospheres created using gas-generating pouch systems (BD Gas
PakTM EZ). Small colonies were observable after 10 days of incubation, and ten different bacterial
species (Paenibacillus macerans, Bacillus jeotgali, Staphylococcus pasteuri, Staphylococcus
epidermidis,  Staphylococcus  cohnii,  Micrococcus luteus,  Pseudomonas  geniculate,
Stenotrophomonas maltophilia, Bacillus horti, and Clostridium magnum) were identified by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and 16S
rRNA gene sequencing. Additionally, a portion from the inner part of the coprolite was cultured in
BD BACTEC, Lytic/10 Anaerobic and Aerobic bottles enriched with 7 mL of defibrinated sheep blood
and incubated at 37 °C. After two days, cultures were diluted and plated onto COS culture plates
(bioMérieux) and reincubated at 37 °C under different atmospheres. Eight different bacterial
species, Rhodanobacter sp. organism, Paenibacillus sp. organism, Paenibacillus macerans,
Paenibacillus thiaminolyticus, Paenibacillus ehimensis, Staphylococcus arlettae, Propionibacterium
acnes, and Enterobacter cloacae, were isolated and identified from the blood-enriched cultures

using MALDI-TOF-MS and 16S rRNA gene sequencing.

4.2. Mummified tissues.

Other than coprolites, natural and artificial mummified tissues are also valuable sources for ancient
human microbiota studies. DNA, proteins, and even entire parasites (eggs, larvae, and adults) have
been found in mummified tissues. Well-preserved mummies offer the rare possibility to study
microbiota both inside and outside of the digestive tract, allowing the identification of specific
pathogens of certain organs, i.e., Helicobacter pylori [99], and even compare the microbial
communities present in different organs from the same individual [25]. Mummified tissues from the
digestive tract are used for the identification of the microbial community of the gut, stomach, and
oral cavity. Similar to the methods used for coprolite analysis, mummified tissues can be analyzed
for parasite and protozoan detection through microscopy. The rehydration step can be performed
following the same methods used for coprolites with trisodium phosphate [79] or with a solution of

potassium hydroxide at 4-7% [79,100].
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Techniques of 16S rRNA gene high-throughput sequencing and metagenomics performed on
mummified digestive tract tissues were used for the characterization of ancient microbiota. The
presence of DNA sequences homologous to many organisms of medical interest were also detected,
such as Clostridium botulinum, Trypanosoma cruzi, HPVs, Pseudomonas spp., and Leishmania
donovani [24,101,102]. The genomes of 5,300-year-old Helicobacter pylori [99], Clostridium
perfringens, Clostridium sp. Ade.TY, Clostridium algidicarnis, and Pseudomonas veronii [102] were
reconstructed and used for phylogenetic analysis to study the evolution of these organisms.
Moreover, metagenomic analysis allowed the identification of sequences homologous to
bacteriophages [103], metabolic profiles [101], multiple sequences associated with antibiotic
resistance and virulence-related genes in old mummified gut tissues [34,102,104]. Data obtained

from mummified gut remains could also potentially be used to infer ancient dietary habits [104].

Organs connected to the digestive tract have been studied using microscopy or DNA-related
techniques for the presence of pathogens and parasites: studies on gallbladder samples detected
Clonorchis sinensis [105], Mycobacterium tuberculosis [106]; studies on liver samples detected

hepatitis B virus [107].

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

1.

5. Perspectives

We have just begun to understand the relationships between diet, health, pathological conditions,
and the composition of our microbiota, but it is clear that the gut microbiota plays a role in the
health and disease conditions of humans. This explains the strong interest in medical research for
this subject. Combining modern techniques and protocols used in the field of paleomicrobiology for
the analysis and the extraction of data from ancient human remains, we can study the past of
humankind and its microbiota. An evolutionary framework that leads us to understand how these
changes in human lifestyle have influenced changes in the microbiota can be built through the
comparison of the microbiota composition among different eras and with data on the microbiota in

the modern world. Studies on the microbiota of our ancestors can help us describe the evolutionary
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path that led humans and their microbiota to where we are now, revealing how changes in diet,
innovations in modern medicine, hygiene, and antibiotics have changed the composition and,

therefore, how the characteristics of our microbiota have shaped humans as a species.

References

[1] N. Kamada, S.-U. Seo, G.Y. Chen, G. Nufiez, Role of the gut microbiota in immunity and inflammatory disease,
Nat Rev Immunol. 13 (2013) 321-335. https://doi.org/10.1038/nri3430.

[2] Y. Belkaid, O.J. Harrison, Homeostatic immunity and the microbiota, Immunity. 46 (2017) 562-576.

[3] S.Sanna, N.R.van Zuydam, A. Mahajan, A. Kurilshikov, A.V. Vila, U. VGsa, Z. Mujagic, A.A. Masclee, D.M. Jonkers,
M. Oosting, Causal relationships among the gut microbiome, short-chain fatty acids and metabolic diseases, Nature
Genetics. 51 (2019) 600-605.

[4] T. Ichinohe, I.K. Pang, Y. Kumamoto, D.R. Peaper, J.H. Ho, T.S. Murray, A. lwasaki, Microbiota regulates immune
defense against respiratory tract influenza A virus infection, Proceedings of the National Academy of Sciences. 108
(2011) 5354-5359.

[5] J.M. Pickard, M.Y. Zeng, R. Caruso, G. Nuiiez, Gut microbiota: Role in pathogen colonization, immune responses,
and inflammatory disease, Immunological Reviews. 279 (2017) 70-89.

[6] I. Rowland, G. Gibson, A. Heinken, K. Scott, J. Swann, I. Thiele, K. Tuohy, Gut microbiota functions: metabolism
of nutrients and other food components, European Journal of Nutrition. 57 (2018) 1-24.

[7] L. Dethlefsen, S. Huse, M.L. Sogin, D.A. Relman, The pervasive effects of an antibiotic on the human gut
microbiota, as revealed by deep 16S rRNA sequencing, PLoS Biol. 6 (2008) e280.
https://doi.org/10.1371/journal.pbio.0060280.

[8] M.T. Alou, J.-C. Lagier, D. Raoult, Diet influence on the gut microbiota and dysbiosis related to nutritional
disorders, Human Microbiome Journal. 1 (2016) 3—11.

[9] M.P. Francino, Antibiotics and the human gut microbiome: dysbioses and accumulation of resistances, Frontiers
in Microbiology. 6 (2016) 1543.

[10] V. Monda, I. Villano, A. Messina, A. Valenzano, T. Esposito, F. Moscatelli, A. Viggiano, G. Cibelli, S. Chieffi, M.
Monda, Exercise modifies the gut microbiota with positive health effects, Oxidative Medicine and Cellular Longevity.
2017 (2017).

[11] R.K. Singh, H.-W. Chang, D. Yan, K.M. Lee, D. Ucmak, K. Wong, M. Abrouk, B. Farahnik, M. Nakamura, T.H. Zhu,
Influence of diet on the gut microbiome and implications for human health, Journal of Translational Medicine. 15 (2017)
73.

[12] A. Eddine, R.G. Rocha, N. Mostefai, Y. Karssene, K. De Smet, J.C. Brito, D. Klees, C. Nowak, B. Cocchiararo, S.
Lopes, P. van der Leer, R. Godinho, Demographic expansion of an African opportunistic carnivore during the Neolithic
revolution, Biology Letters. 16 (2020) 20190560. https://doi.org/10.1098/rsbl.2019.0560.

110



[13] J.H. O’Keefe, L. Cordain, Cardiovascular disease resulting from a diet and lifestyle at odds with our Paleolithic
genome: how to become a 21st-century hunter-gatherer, Mayo Clin Proc. 79 (2004) 101-108.
https://doi.org/10.4065/79.1.101.

[14] K.M. Maslowski, C.R. Mackay, Diet, gut microbiota and immune responses, Nature Immunology. 12 (2011) 5-
9.

[15] L.T. Stiemsma, L.A. Reynolds, S.E. Turvey, B.B. Finlay, The hygiene hypothesis: current perspectives and future
therapies, ImmunoTargets and Therapy. 4 (2015) 143.

[16] L. Moles, D. Otaegui, The Impact of Diet on Microbiota Evolution and Human Health. Is Diet an Adequate Tool
for Microbiota Modulation?, Nutrients. 12 (2020) 1654.

[17] L.K. Ursell, J.L. Metcalf, L.W. Parfrey, R. Knight, Defining the human microbiome, Nutrition Reviews. 70 (2012)
$38-544.

[18] J. Lederberg, A.T. McCray, Ome SweetOmics--A genealogical treasury of words, The Scientist. 15 (2001) 8-8.
[19] L.V. Hooper, J.I. Gordon, Commensal host-bacterial relationships in the gut, Science. 292 (2001) 1115-1118.

[20] L.S. Weyrich, S. Duchene, J. Soubrier, L. Arriola, B. Llamas, J. Breen, A.G. Morris, KW. Alt, D. Caramelli, V.
Dresely, Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus, Nature. 544 (2017) 357—
361.

[21] C. De Filippo, D. Cavalieri, M. Di Paola, M. Ramazzotti, J.B. Poullet, S. Massart, S. Collini, G. Pieraccini, P. Lionetti,
Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa,
Proceedings of the National Academy of Sciences. 107 (2010) 14691-14696.

[22] P.J. Turnbaugh, M. Hamady, T. Yatsunenko, B.L. Cantarel, A. Duncan, R.E. Ley, M.L. Sogin, W.J. Jones, B.A. Roe,
J.P. Affourtit, A core gut microbiome in obese and lean twins, Nature. 457 (2009) 480-484.

[23] M. Groussin, F. Mazel, J.G. Sanders, C.S. Smillie, S. Lavergne, W. Thuiller, E.J. Alm, Unraveling the processes
shaping mammalian gut microbiomes over evolutionary time, Nature Communications. 8 (2017) 1-12.

[24] M. Ubaldi, S. Luciani, I. Marota, G. Fornaciari, R.J. Cano, F. Rollo, Sequence analysis of bacterial DNA in the colon
of an Andean mummy, American Journal of Physical Anthropology: The Official Publication of the American Association
of Physical Anthropologists. 107 (1998) 285-295.

[25] R.J. Cano, F. Tiefenbrunner, M. Ubaldi, C. Del Cueto, S. Luciani, T. Cox, P. Orkand, K.H. Kiinzel, F. Rollo, Sequence
analysis of bacterial DNA in the colon and stomach of the Tyrolean Iceman, American Journal of Physical Anthropology:
The Official Publication of the American Association of Physical Anthropologists. 112 (2000) 297-309.

[26] S. Luciani, G. Fornaciari, O. Rickards, C.M. Labarga, F. Rollo, Molecular characterization of a pre-Columbian
mummy and in situ coprolite, American Journal of Physical Anthropology. 129 (2006) 620-629.
https://doi.org/10.1002/ajpa.20314.

[27] F. Rollo, S. Luciani, I. Marota, C. Olivieri, L. Ermini, Persistence and decay of the intestinal microbiota’s DNA in
glacier mummies from the Alps, Journal of Archaeological Science. 34 (2007) 1294-1305.
https://doi.org/10.1016/j.jas.2006.10.019.

[28] R.Y. Tito, S. Macmil, G. Wiley, F. Najar, L. Cleeland, C. Qu, P. Wang, F. Romagne, S. Leonard, A.J. Ruiz, K.
Reinhard, B.A. Roe, C.M.L. Jr, Phylotyping and Functional Analysis of Two Ancient Human Microbiomes, PLOS ONE. 3
(2008) e3703. https://doi.org/10.1371/journal.pone.0003703.

111



[29] C. Warinner, C. Speller, M.J. Collins, C.M. Lewis Jr, Ancient human microbiomes, Journal of Human Evolution.
79 (2015) 125-136.

[30] A. Cooper, H.N. Poinar, Ancient DNA: do it right or not at all, Science. 289 (2000) 1139.
https://doi.org/10.1126/science.289.5482.1139b.

[31] M. Drancourt, D. Raoult, Palaesomicrobiology: current issues and perspectives, Nature Reviews Microbiology. 3
(2005) 23-35. https://doi.org/10.1038/nrmicro1063.

[32] D.Y. Yang, K. Watt, Contamination controls when preparing archaeological remains for ancient DNA analysis,
Journal of Archaeological Science. 32 (2005) 331-336. https://doi.org/10.1016/j.jas.2004.09.008.

[33] R.Y. Tito, D. Knights, J. Metcalf, A.J. Obregon-Tito, L. Cleeland, F. Najar, B. Roe, K. Reinhard, K. Sobolik, S.
Belknap, M. Foster, P. Spicer, R. Knight, C.M.L. Jr, Insights from Characterizing Extinct Human Gut Microbiomes, PLOS
ONE. 7 (2012) e51146. https://doi.org/10.1371/journal.pone.0051146.

[34] T.M. Santiago-Rodriguez, G. Fornaciari, S. Luciani, S.E. Dowd, G.A. Toranzos, |. Marota, R.J. Cano, Gut
microbiome of an 11 th century AD Pre-Columbian Andean mummy, PloS One. 10 (2015) e0138135.

[35] H. Jénsson, A. Ginolhac, M. Schubert, P.L.F. Johnson, L. Orlando, mapDamage2.0: fast approximate Bayesian
estimates of ancient DNA damage parameters, Bioinformatics. 29 (2013) 1682-1684.
https://doi.org/10.1093/bioinformatics/btt193.

[36] R.W. Hagan, C.A. Hofman, A. Hibner, K. Reinhard, S. Schnorr, C.M. Lewis Jr, K. Sankaranarayanan, C.G.
Warinner, Comparison of extraction methods for recovering ancient microbial DNA from paleofeces, American Journal
of Physical Anthropology. 171 (2020) 275-284.

[37] D. Knights, J. Kuczynski, E.S. Charlson, J. Zaneveld, M.C. Mozer, R.G. Collman, F.D. Bushman, R. Knight, S.T.
Kelley, Bayesian community-wide culture-independent microbial source tracking, Nature Methods. 8 (2011) 761-763.
https://doi.org/10.1038/nmeth.1650.

[38] C. Warinner, J.F.M. Rodrigues, R. Vyas, C. Trachsel, N. Shved, J. Grossmann, A. Radini, Y. Hancock, R.Y. Tito, S.
Fiddyment, C. Speller, J. Hendy, S. Charlton, H.U. Luder, D.C. Salazar-Garcia, E. Eppler, R. Seiler, L.H. Hansen, J.A.S.
Castruita, S. Barkow-Oesterreicher, K.Y. Teoh, C.D. Kelstrup, J.V. Olsen, P. Nanni, T. Kawai, E. Willerslev, C. von Mering,
C.M. Lewis, M.J. Collins, M.T.P. Gilbert, F. Riihli, E. Cappellini, Pathogens and host immunity in the ancient human oral
cavity, Nature Genetics. 46 (2014) 336—344. https://doi.org/10.1038/ng.2906.

[39] A.E. Mann, S. Sabin, K. Ziesemer, A.J. Vagene, H. Schroeder, A.T. Ozga, K. Sankaranarayanan, C.A. Hofman, J.A.
Fellows Yates, D.C. Salazar-Garcia, B. Frohlich, M. Aldenderfer, M. Hoogland, C. Read, G.R. Milner, A.C. Stone, C.M. Lewis,
J. Krause, C. Hofman, K.1. Bos, C. Warinner, Differential preservation of endogenous human and microbial DNA in dental
calculus and dentin, Scientific Reports. 8 (2018) 9822. https://doi.org/10.1038/s41598-018-28091-9.

[40] I. Hershkovitz, J. Kelly, B. Latimer, B.M. Rothschild, S. Simpson, J. Polak, M. Rosenberg, Oral bacteria in miocene
Sivapithecus, ] Hum Evol. 33 (1997) 507-512. https://doi.org/10.1006/jhev.1997.0149.

[41] H.R. Preus, 0.. Marvik, K.A. Selvig, P. Bennike, Ancient bacterial DNA (aDNA) in dental calculus from
archaeological human remains, Journal of  Archaeological Science. 38  (2011) 1827-1831.
https://doi.org/10.1016/j.jas.2011.03.020.

[42] C.J. Adler, K. Dobney, L.S. Weyrich, J. Kaidonis, A.W. Walker, W. Haak, C.J.A. Bradshaw, G. Townsend, A.
Sottysiak, K.W. Alt, J. Parkhill, A. Cooper, Sequencing ancient calcified dental plague shows changes in oral microbiota
with dietary shifts of the Neolithic and Industrial revolutions, Nat Genet. 45 (2013) 450-455, 455el.
https://doi.org/10.1038/ng.2536.

112



[43] K.A. Ziesemer, A.E. Mann, K. Sankaranarayanan, H. Schroeder, A.T. Ozga, B.W. Brandt, E. Zaura, A. Waters-Rist,
M. Hoogland, D.C. Salazar-Garcia, M. Aldenderfer, C. Speller, J. Hendy, D.A. Weston, S.J. MacDonald, G.H. Thomas, M.J.
Collins, C.M. Lewis, C. Hofman, C. Warinner, Intrinsic challenges in ancient microbiome reconstruction using 16S rRNA
gene amplification, Sci Rep. 5 (2015) 16498. https://doi.org/10.1038/srep16498.

[44] H.T.T. Huynh, V.D. Nkamga, M. Signoli, S. Tzortzis, R. Pinguet, G. Audoly, G. Aboudharam, M. Drancourt,
Restricted diversity of dental calculus methanogens over five centuries, France, Sci Rep. 6 (2016) 25775.
https://doi.org/10.1038/srep25775.

[45] A.T. Ozga, M.A. Nieves-Colon, T.P. Honap, K. Sankaranarayanan, C.A. Hofman, G.R. Milner, C.M. Lewis, A.C.
Stone, C. Warinner, Successful enrichment and recovery of whole mitochondrial genomes from ancient human dental
calculus, Am J Phys Anthropol. 160 (2016) 220-228. https://doi.org/10.1002/ajpa.22960.

[46] I.M. Velsko, K.A. Overmyer, C. Speller, L. Klaus, M.J. Collins, L. Loe, L.A.F. Frantz, K. Sankaranarayanan, C.M.
Lewis, J.B.R. Martinez, E. Chaves, J.J. Coon, G. Larson, C. Warinner, The dental calculus metabolome in modern and
historic samples, Metabolomics. 13 (2017) 134. https://doi.org/10.1007/s11306-017-1270-3.

[47] C.D.L. Fuente, S. Flores, M. Moraga, Dna from Human Ancient Bacteria: A Novel Source of Genetic Evidence
from Archaeological Dental Calculus, Archaeometry. 55 (2013) 767-778. https://doi.org/10.1111/j.1475-
4754.2012.00707.x.

[48] A. Bringuier, S. Khelaifia, H. Richet, G. Aboudharam, M. Drancourt, Real-Time PCR Quantification of
Methanobrevibacter oralis in Periodontitis, J Clin Microbiol. 51 (2013) 993-994. https://doi.org/10.1128/JCM.02863-
12.

[49] L.S. Weyrich, K. Dobney, A. Cooper, Ancient DNA analysis of dental calculus, J Hum Evol. 79 (2015) 119-124.
https://doi.org/10.1016/j.jhevol.2014.06.018.

[50] T.M. Santiago-Rodriguez, Y. Narganes-Storde, L. Chanlatte-Baik, G.A. Toranzos, R.J. Cano, Insights of the dental
calculi microbiome of pre-Columbian inhabitants from Puerto Rico, Peer). 5 (2017) e3277.

[51] T.M. Santiago-Rodriguez, A. Fornaciari, G. Fornaciari, S. Luciani, I. Marota, G. Vercellotti, G.A. Toranzos, V.
Giuffra, R.J. Cano, Commensal and Pathogenic Members of the Dental Calculus Microbiome of Badia Pozzeveri
Individuals from the 11th to 19th Centuries, Genes (Basel). 10 (2019). https://doi.org/10.3390/genes10040299.

[52] J.R. Yates, Mass spectrometry and the age of the proteome, J Mass Spectrom. 33 (1998) 1-19.
https://doi.org/10.1002/(SIC1)1096-9888(199801)33:1<1::AID-JMS624>3.0.CO;2-9.

[53] E. Cappellini, M.J. Collins, M.T.P. Gilbert, Biochemistry. Unlocking ancient protein palimpsests, Science. 343
(2014) 1320-1322. https://doi.org/10.1126/science.1249274.

[54] R. Barbieri, R. Mekni, A. Levasseur, E. Chabriére, M. Signoli, S. Tzortzis, G. Aboudharam, M. Drancourt,
Paleoproteomics of the Dental Pulp: The plague paradigm, PLoS One. 12 (2017) e0180552.
https://doi.org/10.1371/journal.pone.0180552.

[55] R.R. Jersie-Christensen, L.T. Lanigan, D. Lyon, M. Mackie, D. Belstrgm, C.D. Kelstrup, A.K. Fotakis, E. Willerslev,
N. Lynnerup, LJ. Jensen, E. Cappellini, J.V. Olsen, Quantitative metaproteomics of medieval dental calculus reveals
individual oral health status, Nat Commun. 9 (2018) 4744. https://doi.org/10.1038/s41467-018-07148-3.

[56] C. Warinner, J. Hendy, C. Speller, E. Cappellini, R. Fischer, C. Trachsel, J. Arneborg, N. Lynnerup, O.E. Craig, D.M.
Swallow, A. Fotakis, R.J. Christensen, J.V. Olsen, A. Liebert, N. Montalva, S. Fiddyment, S. Charlton, M. Mackie, A. Canci,
A. Bouwman, F. Rihli, M.T.P. Gilbert, M.J. Collins, Direct evidence of milk consumption from ancient human dental
calculus, Sci Rep. 4 (2014) 7104. https://doi.org/10.1038/srep07104.

113



[57] J. Hendy, C. Warinner, A. Bouwman, M.J. Collins, S. Fiddyment, R. Fischer, R. Hagan, C.A. Hofman, M. Holst, E.
Chaves, L. Klaus, G. Larson, M. Mackie, K. McGrath, A.Z. Mundorff, A. Radini, H. Rao, C. Trachsel, I.M. Velsko, C.F. Speller,
Proteomic evidence of dietary sources in ancient dental calculus, Proc Biol Sci. 285 (2018).
https://doi.org/10.1098/rspb.2018.0977.

[58] C. Meller, I. Urzua, G. Moncada, C.V. Ohle, Prevalence of oral pathologic findings in an ancient pre-Columbian
archeologic site in the Atacama Desert, Oral Diseases. 15 (2009) 287-294. https://doi.org/10.1111/j.1601-
0825.2009.01524 .x.

[59] H.T.T. Huynh, J. Verneau, A. Levasseur, M. Drancourt, G. Aboudharam, Bacteria and archaea paleomicrobiology
of the dental calculus: a review, Molecular Oral Microbiology. 31 (2015) 234-242. https://doi.org/10.1111/omi.12118.

[60] P. Charlier, I. Huynh-Charlier, O. Munoz, M. Billard, L. Brun, G.L. de L. Grandmaison, The microscopic (optical
and SEM) examination of dental calculus deposits (DCD). Potential interest in forensic anthropology of a bio-
archaeological method, Legal Medicine. 12 (2010) 163. https://doi.org/10.1016/j.legalmed.2010.03.003.

[61] K. Hardy, S. Buckley, L. Copeland, Pleistocene dental calculus: Recovering information on Paleolithic food items,
medicines, paleoenvironment and microbes, Evolutionary Anthropology: Issues, News, and Reviews. 27 (2018) 234—
246. https://doi.org/10.1002/evan.21718.

[62] A. Linossier, M. Gajardo, J. Olavarria, Paleomicrobiological study in dental calculus: Streptococcus mutans,
Scanning Microsc. 10 (1996) 1005-1013; discussion 1014.

[63] T.Z.T. Jensen, J. Niemann, K.H. Iversen, A.K. Fotakis, S. Gopalakrishnan, A.J. Vagene, M.W. Pedersen, M.-H.S.
Sinding, M.R. Ellegaard, M.E. Allentoft, L.T. Lanigan, A.J. Taurozzi, S.H. Nielsen, M.W. Dee, M.N. Mortensen, M.C.
Christensen, S.A. Sgrensen, M.J. Collins, M.T.P. Gilbert, M. Sikora, S. Rasmussen, H. Schroeder, A 5700 year-old human
genome and oral microbiome from chewed birch pitch, Nat Commun. 10 (2019) 5520. https://doi.org/10.1038/s41467-
019-13549-9.

[64] A. Corthals, A. Koller, D.W. Martin, R. Rieger, E.Il. Chen, M. Bernaski, G. Recagno, L.M. Ddvalos, Detecting the
Immune System Response of a 500 VYear-Old Inca Mummy, PLOS ONE. 7 (2012) e41244.
https://doi.org/10.1371/journal.pone.0041244.

[65] K. Reinhard, Coprolite Analysis: The analysis of ancient human feces for dietary data, Karl Reinhard
Papers/Publications. (2000). https://digitalcommons.unl.edu/natresreinhard/60.

[66] P.C. Dentzien-Dias, G. Poinar, A.E.Q. de Figueiredo, A.C.L. Pacheco, B.L.D. Horn, C.L. Schultz, Tapeworm eggs in
a 270 million-year-old shark coprolite, PLoS One. 8 (2013) e55007. https://doi.org/10.1371/journal.pone.0055007.

[67] S. Appelt, M. Drancourt, M. Le Bailly, Human Coprolites as a Source for Paleomicrobiology, Microbiol Spectr. 4
(2016). https://doi.org/10.1128/microbiolspec.PoH-0002-2014.

[68] K.J. Reinhard, V.M. Bryant Jr, Coprolite analysis: a biological perspective on archaeology, Archaeological
Method and Theory. (1992) 245-288.

[69] K.J. Reinhard, J.R. Ambler, C.R. Szuter, Hunter-gatherer use of small animal food resources: coprolite evidence,
International Journal of Osteoarchaeology. 17 (2007) 416-428.

[70] R.J. Cano, J. Rivera-Perez, G.A. Toranzos, T.M. Santiago-Rodriguez, Y.M. Narganes-Storde, L. Chanlatte-Baik, E.
Garcia-Roldan, L. Bunkley-Williams, S.E. Massey, Paleomicrobiology: revealing fecal microbiomes of ancient indigenous
cultures, PloS One. 9 (2014) e106833.

[71] G.P. Shipley, K. Kindscher, Evidence for the Paleoethnobotany of the Neanderthal: A Review of the Literature,
Scientifica. 2016 (2016).

114



[72] J.l. Rivera-Perez, R.J. Cano, Y. Narganes-Storde, L. Chanlatte-Baik, G.A. Toranzos, Retroviral DNA Sequences as
a Means for Determining Ancient Diets, PLoS One. 10 (2015). https://doi.org/10.1371/journal.pone.0144951.

[73] R. Wiscovitch-Russo, J. Rivera-Perez, Y.M. Narganes-Storde, E. Garcia-Rolddan, L. Bunkley-Williams, R. Cano, G.A.
Toranzos, Pre-Columbian zoonotic enteric parasites: An insight into Puerto Rican indigenous culture diets and life styles,
PLoS One. 15 (2020). https://doi.org/10.1371/journal.pone.0227810.

[74] T.M. Santiago-Rodriguez, Y.M. Narganes-Storde, L. Chanlatte, E. Crespo-Torres, G.A. Toranzos, R. Jimenez-
Flores, A. Hamrick, R.. Cano, Microbial Communities in Pre-Columbian Coprolites, PLoS One. 8 (2013).
https://doi.org/10.1371/journal.pone.0065191.

[75] M. Kuch, H. Poinar, Extraction of DNA from paleofeces, Methods Mol Biol. 840 (2012) 37-42.
https://doi.org/10.1007/978-1-61779-516-9_5.

[76] J. Dabney, M. Meyer, S. Paabo, Ancient DNA damage, Cold Spring Harbor Perspectives in Biology. 5 (2013)
a012567.

[77] S. Appelt, F. Armougom, M. Le Bailly, C. Robert, M. Drancourt, Polyphasic analysis of a middle ages coprolite
microbiota, Belgium, PloS One. 9 (2014) e88376.

[78] S. Appelt, L. Fancello, M. Le Bailly, D. Raoult, M. Drancourt, C. Desnues, Viruses in a 14th-century coprolite,
Applied and Environmental Microbiology. 80 (2014) 2648—2655.

[79] M. Camacho, A. Araujo, J. Morrow, J. Buikstra, K. Reinhard, Recovering parasites from mummies and coprolites:
an epidemiological approach, Parasites & Vectors. 11 (2018) 248.

[80] P.D. Mitchell, E. Anastasiou, D. Syon, Human intestinal parasites in crusader Acre: evidence for migration with
disease in the medieval period, International Journal of Paleopathology. 1 (2011) 132-137.

[81] M. Seo, D.H. Shin, S.-M. Guk, C.S. Oh, E.-J. Lee, M.H. Shin, M.J. Kim, S.D. Lee, Y.-S. Kim, Y.S. Yi, M. Spigelman, J.-
Y. Chai, Gymnophalloides seoi Eggs from the Stool of a 17th Century Female Mummy Found in Hadong, Republic of
Korea, Para. 94 (2008) 467-472. https://doi.org/10.1645/GE-1365.1.

[82] K.J. Reinhard, M. Camacho, Pinworm Infection at Salmon Ruins and Aztec Ruins: Relation to Pueblo Il Regional
Violence, Korean J Parasitol. 57 (2019) 627-633. https://doi.org/10.3347/kjp.2019.57.6.627.

[83] L.M. Cleeland, M.V. Reichard, R.Y. Tito, K.J. Reinhard, C.M. Lewis Jr, Clarifying prehistoric parasitism from a
complementary morphological and molecular approach, Journal of Archaeological Science. 40 (2013) 3060—-3066.

[84] Y.R. Ortega, D. Bonavia, Cryptosporidium, giardia, and cyclospora in ancient Peruvians, Journal of Parasitology.
89 (2003) 635-636.

[85] M.H. Fugassa, M.O. Beltrame, N.H. Sardella, M.T. Civalero, C. Aschero, Paleoparasitological results from
coprolites dated at the Pleistocene—Holocene transition as source of paleoecological evidence in Patagonia, Journal of
Archaeological Science. 37 (2010) 880-884.

[86] L. Frias, D. Leles, A. Araujo, Studies on protozoa in ancient remains-A Review, Memorias Do Instituto Oswaldo
Cruz. 108 (2013) 1-12.

[87] K.J. Reinhard, L.F. Ferreira, F. Bouchet, L. Sianto, J.M.F. Dutra, A. Iniguez, D. Leles, M. Le Bailly, M. Fugassa, E.
Pucu, A. Aradjo, Food, parasites, and epidemiological transitions: A broad perspective, International Journal of
Paleopathology. 3 (2013) 150-157. https://doi.org/10.1016/].ijpp.2013.05.003.

115



[88] E. Pucu, J. Russ, K. Reinhard, Diet analysis reveals pre-historic meals among the Loma San Gabriel at La Cueva
de Los Muertos Chiquitos, Rio Zape, Mexico (600—-800 CE), Archaeological and Anthropological Sciences. 12 (2020) 1-
14,

[89] M. Camacho, K.J. Reinhard, Confusing a Pollen Grain with a Parasite Egg: an Appraisal of “Paleoparasitological
Evidence of Pinworm (Enterobius Vermicularis) Infection in a Female Adolescent Residing in Ancient Tehran,” Korean J
Parasitol. 57 (2019) 621-625. https://doi.org/10.3347/kjp.2019.57.6.621.

[90] JJ. Morrow, C. Elowsky, Application of Autofluorescence for Confocal Microscopy to Aid in
Archaeoparasitological Analyses, The Korean Journal of Parasitology. 57 (2019) 581.

[91] M.L.C. Gongalves, A. Araujo, R. Duarte, J.P. da Silva, K. Reinhard, F. Bouchet, L.F. Ferreira, Detection of Giardia
duodenalis antigen in coprolites using a commercially available enzyme-linked immunosorbent assay, Trans R Soc Trop
Med Hyg. 96 (2002) 640—643. https://doi.org/10.1016/50035-9203(02)90337-8.

[92] M. Le Bailly, M.L. Gongalves, S. Harter-Lailheugue, F. Prodéo, A. Araujo, F. Bouchet, New finding of Giardia
intestinalis (Eukaryote, Metamonad) in Old World archaeological site using immunofluorescence and enzyme-linked
immunosorbent assays, Memarias Do Instituto Oswaldo Cruz. 103 (2008) 298-300. https://doi.org/10.1590/5S0074-
02762008005000018.

[93] P.D. Mitchell, E. Stern, Y. Tepper, Dysentery in the crusader kingdom of Jerusalem: an ELISA analysis of two
medieval latrines in the City of Acre (Israel), Journal of Archaeological Science. 35 (2008) 1849-1853.
https://doi.org/10.1016/j.jas.2007.11.017.

[94] W.H. Eskew, M.L. Ledger, A. Lloyd, G. Pyles, J. Gosker, P.D. Mitchell, Intestinal Parasites in an Ottoman Period
Latrine from Acre (Israel) Dating to the Early 1800s CE, Korean J Parasitol. 57 (2019) 575-580.
https://doi.org/10.3347/kjp.2019.57.6.575.

[95] D. Leles, L. Frias, A. Araljo, B. Brener, A. Sudré, M. Chame, V. Laurentino, Are immunoenzymatic tests for
intestinal protozoans reliable when used on archaeological material?, Experimental Parasitology. 205 (2019) 107739.
https://doi.org/10.1016/j.exppara.2019.107739.

[96] J.J. Morrow, K.J. Reinhard, Cryptosporidium parvum Among Coprolites from La Cueva de los Muertos Chiquitos
(600-800 CE), Rio Zape Valley, Durango, Mexico, J Parasitol. 102 (2016) 429—-435. https://doi.org/10.1645/15-916.

[97] M.L.C. Goncalves, V.L. da Silva, C.M. de Andrade, K. Reinhard, G.C. da Rocha, M. Le Bailly, F. Bouchet, L.F.
Ferreira, A. Araujo, Amoebiasis distribution in the past: first steps using an immunoassay technique, Trans R Soc Trop
Med Hyg. 98 (2004) 88-91. https://doi.org/10.1016/50035-9203(03)00011-7.

[98] M. Le Bailly, M.L. Gongalves, C. Lefevre, D.C. Roper, J.W. Pye, A. Araujo, F. Bouchet, Parasitism in Kansas in the
1800s: a glimpse to the past through the analysis of grave sediments from Meadowlark cemetery, Memdrias Do Instituto
Oswaldo Cruz. 101 (2006) 53-56. https://doi.org/10.1590/S0074-02762006001000009.

[99] F. Maixner, B. Krause-Kyora, D. Turaev, A. Herbig, M.R. Hoopmann, J.L. Hallows, U. Kusebauch, E.E. Vigl, P.
Malfertheiner, F. Megraud, N. O’Sullivan, G. Cipollini, V. Coia, M. Samadelli, L. Engstrand, B. Linz, R.L. Moritz, R. Grimm,
J. Krause, A. Nebel, Y. Moodley, T. Rattei, A. Zink, The 5300-year-old Helicobacter pylori genome of the Iceman, Science.
351 (2016) 162—-165. https://doi.org/10.1126/science.aad2545.

[100] M.R. Hidalgo-Argiiello, N. Diez Bafios, J. Fregeneda Grandes, E. Prada Marcos, PARASITOLOGICAL ANALYSIS OF
LEONESE ROYALTY FROM COLLEGIATE-BASILICA OF ST. ISIDORO, LEON (SPAIN): HELMINTHS, PROTOZOA, AND MITES, J
Parasitol. 89 (2003) 738-743. https://doi.org/10.1645/0022-3395(2003)089[0738:PAOLRF]2.0.CO;2.

116



[101] T.M. Santiago-Rodriguez, G. Fornaciari, S. Luciani, S.E. Dowd, G.A. Toranzos, I. Marota, R.J. Cano, Taxonomic
and predicted metabolic profiles of the human gut microbiome in pre-Columbian mummies, FEMS Microbiol Ecol. 92
(2016). https://doi.org/10.1093/femsec/fiw182.

[102] G.A. Lugli, C. Milani, L. Mancabelli, F. Turroni, C. Ferrario, S. Duranti, D. van Sinderen, M. Ventura, Ancient
bacteria of the Otzi’'s microbiome: a genomic tale from the Copper Age, Microbiome. 5 (2017).
https://doi.org/10.1186/s40168-016-0221-y.

[103] T.M. Santiago-Rodriguez, G. Fornaciari, S. Luciani, S.E. Dowd, G.A. Toranzos, I. Marota, R.J. Cano, Natural
mummification of the human gut preserves bacteriophage DNA, FEMS Microbiol Lett. 363 (2016).
https://doi.org/10.1093/femsle/fnv219.

[104] T.M. Santiago-Rodriguez, G. Fornaciari, S. Luciani, G.A. Toranzos, |. Marota, V. Giuffra, R.J. Cano, Gut
Microbiome and Putative Resistome of Inca and Italian Nobility Mummies, Genes. 8 (2017) 310.
https://doi.org/10.3390/genes8110310.

[105]  W.-Q. Liu, J. Liu, J.-H. Zhang, X.-C. Long, J.-H. Lei, Y.-L. Li, Comparison of ancient and modern Clonorchis sinensis
based on ITS1 and ITS2 sequences, Acta Tropica. 101 (2007) 91-94. https://doi.org/10.1016/j.actatropica.2006.08.010.

[106] H.D. Donoghue, 0O.Y.-C. Lee, D.E. Minnikin, G.S. Besra, J.H. Taylor, M. Spigelman, Tuberculosis in Dr Granville’s
mummy: a molecular re-examination of the earliest known Egyptian mummy to be scientifically examined and given a
medical diagnosis, Proceedings of the Royal Society B: Biological Sciences. 277 (2010) 51-56.
https://doi.org/10.1098/rspb.2009.1484.

[107] G.K. Bar-Gal, M.J. Kim, A. Klein, D.H. Shin, C.S. Oh, J.W. Kim, T.-H. Kim, S.B. Kim, P.R. Grant, O. Pappo, M.
Spigelman, D. Shouval, Tracing hepatitis B virus to the 16th century in a Korean mummy, Hepatology. 56 (2012) 1671-
1680. https://doi.org/10.1002/hep.25852.

[108] F. Maixner, A. Thomma, G. Cipollini, S. Widder, T. Rattei, A. Zink, Metagenomic Analysis Reveals Presence of
Treponema denticola in a Tissue Biopsy of the Iceman, PLoS One. 9 (2014).
https://doi.org/10.1371/journal.pone.0099994.

[109] M. Mackie, J. Hendy, A.D. Lowe, A. Sperduti, M. Holst, M.J. Collins, C.F. Speller, Preservation of the
metaproteome: variability of protein preservation in ancient dental calculus, STAR: Science & Technology of
Archaeological Research. 3 (2017) 58-70. https://doi.org/10.1080/20548923.2017.1361629.

[110] K.A.Ziesemer, J. Ramos-Madrigal, A.E. Mann, B.W. Brandt, K. Sankaranarayanan, A.T. Ozga, M. Hoogland, C.A.
Hofman, D.C. Salazar-Garcia, B. Frohlich, G.R. Milner, A.C. Stone, M. Aldenderfer, C.M. Lewis, C.L. Hofman, C. Warinner,
H. Schroeder, The efficacy of whole human genome capture on ancient dental calculus and dentin, American Journal of
Physical Anthropology. 168 (2019) 496-509. https://doi.org/10.1002/ajpa.23763.

[111] A.Tett, K.D. Huang, F. Asnicar, H. Fehlner-Peach, E. Pasolli, N. Karcher, F. Armanini, P. Manghi, K. Bonham, M.
Zolfo, F. De Filippis, C. Magnabosco, R. Bonneau, J. Lusingu, J. Amuasi, K. Reinhard, T. Rattei, F. Boulund, L. Engstrand,
A. Zink, M.C. Collado, D.R. Littman, D. Eibach, D. Ercolini, O. Rota-Stabelli, C. Huttenhower, F. Maixner, N. Segata, The
Prevotella copri Complex Comprises Four Distinct Clades Underrepresented in Westernized Populations, Cell Host &
Microbe. 26 (2019) 666-679.e7. https://doi.org/10.1016/j.chom.2019.08.018.

[112] 1.M. Velsko, J.A. Fellows Yates, F. Aron, R.W. Hagan, L.A.F. Frantz, L. Loe, J.B.R. Martinez, E. Chaves, C. Gosden,
G. Larson, C. Warinner, Microbial differences between dental plaque and historic dental calculus are related to oral
biofilm maturation stage, Microbiome. 7 (2019) 102. https://doi.org/10.1186/s40168-019-0717-3.

[113] M. Borry, B. Cordova, A. Perri, M. Wibowo, T. Prasad Honap, J. Ko, J. Yu, K. Britton, L. Girdland-Flink, R.C. Power,
I. Stuijts, D.C. Salazar-Garcia, C. Hofman, R. Hagan, T. Samdapawindé Kagoné, N. Meda, H. Carabin, D. Jacobson, K.

117



Reinhard, C. Lewis, A. Kostic, C. Jeong, A. Herbig, A. Hiibner, C. Warinner, CoprolD predicts the source of coprolites and
paleofeces using microbiome composition and host DNA content, Peer). 8 (2020). https://doi.org/10.7717/peerj.9001.

[114] D.Chessa, M. Murgia, E. Sias, M. Deligios, V. Mazzarello, M. Fiamma, D. Rovina, G. Carenti, G. Ganau, E. Pintore,
M. Fiori, G.L. Kay, A. Ponzeletti, P. Cappuccinelli, D.J. Kelvin, J. Wain, S. Rubino, Metagenomics and microscope revealed
T. trichiura and other intestinal parasites in a cesspit of an Italian nineteenth century aristocratic palace, Sci Rep. 10
(2020). https://doi.org/10.1038/s41598-020-69497-8.

[115] J. Neukamm, S. Pfrengle, M. Molak, A. Seitz, M. Francken, P. Eppenberger, C. Avanzi, E. Reiter, C. Urban, B.
Welte, P.W. Stockhammer, B. TeBmann, A. Herbig, K. Harvati, K. Nieselt, J. Krause, V.J. Schuenemann, 2000-year-old
pathogen genomes reconstructed from metagenomic analysis of Egyptian mummified individuals, BMC Biology. 18
(2020) 108. https://doi.org/10.1186/s12915-020-00839-8.

[116] A. Philips, I. Stolarek, L. Handschuh, K. Nowis, A. Juras, D. Trzcifiski, W. Nowaczewska, A. Wrzesiniska, J.
Potempa, M. Figlerowicz, Analysis of oral microbiome from fossil human remains revealed the significant differences in
virulence factors of modern and ancient Tannerella forsythia, BMC Genomics. 21 (2020) 402.
https://doi.org/10.1186/s12864-020-06810-9.

[117]  R.F. Rifkin, S. Vikram, J.-B. Ramond, A. Rey-Iglesia, T.B. Brand, G. Porraz, A. Val, G. Hall, S. Woodborne, M. Le
Bailly, M. Potgieter, S.J. Underdown, J.E. Koopman, D.A. Cowan, Y. Van de Peer, E. Willerslev, A.J. Hansen, Multi-proxy
analyses of a mid-15th century Middle Iron Age Bantu-speaker palaeo-faecal specimen elucidates the configuration of
the ‘ancestral’ sub-Saharan African intestinal microbiome, Microbiome. 8 (2020) 62. https://doi.org/10.1186/s40168-
020-00832-x.

[118] D.K. Jacobson, T.P. Honap, C. Monroe, J. Lund, B.A. Houk, A.C. Novotny, C. Robin, E. Marini, C.M. Lewis,
Functional diversity of microbial ecologies estimated from ancient human coprolites and dental calculus, Philosophical
Transactions of the Royal Society B: Biological Sciences. 375 (2020) 20190586. https://doi.org/10.1098/rstb.2019.0586.

[119] S. Sabin, H.-Y. Yeh, A. Pluskowski, C. Clamer, P.D. Mitchell, K.I. Bos, Estimating molecular preservation of the
intestinal microbiome via metagenomic analyses of latrine sediments from two medieval cities, Philosophical
Transactions of the Royal Society B: Biological Sciences. 375 (2020). https://doi.org/10.1098/rstb.2019.0576.

[120] R. Eisenhofer, H. Kanzawa-Kiriyama, K. Shinoda, L.S. Weyrich, Investigating the demographic history of Japan
using ancient oral microbiota, Philosophical Transactions of the Royal Society B: Biological Sciences. 375 (2020)
20190578. https://doi.org/10.1098/rstb.2019.0578.

[121]  A. Kazarina, E. Petersone-Gordina, J. Kimsis, J. Kuzmicka, P. Zayakin, Z. Gri$kjans, G. Gerhards, R. Ranka, The
Postmedieval Latvian Oral Microbiome in the Context of Modern Dental Calculus and Modern Dental Plaque Microbial
Profiles, Genes. 12 (2021). https://doi.org/10.3390/genes12020309.

[122] QGIS.org, QGIS Geographic Information System. QGIS Association. http://www.qggis.org., (2020).
http://www.qgis.org.

Funding
Not applicable.

Author’s contributions

118



RN: Investigation, Writing - Original Draft. MD: Writing - Review & Editing, Supervision. RB: Writing

- Original Draft, Supervision.
Declaration of competing interest

The authors have no competing interests to declare.

119



Figures and Tables

Table 1. Scientific studies performed on ancient human digestive tract microbiota catalogued per
archaeological site, datation, sample type, and method used for the analysis. Only studies written
in English, published before March 2021, and on samples of human origin that targeted multiple

species from the digestive tract microbiota of the host were considered.

Present-day

Archaeological site Datation Sample type References
country
Cuzco Peru 10th-11th century CE Mummified colon PCR-based techniques [24]
Similaun mountain Italy 3400-3100 BCE Mummlfleczilsotsmach and PCR-based techniques [25]
Cuzco Peru 980-1170 CE coprolites PCR-based techniques [26]
Forni glacier (Alta Val di Pejo, Italy 1918 CE Mummified colon PCR-based techniques [27]
northern Italy)
Similaun mountain Italy 3400-3100 BCE Mummified colon PCR-based techniques [27]
La Cueva de los Chiquitos
Muertos”, Rio Zape, Durango Mexico 600 - 700 CE coprolites Shotgun metagenomic [28]
Durango
Caserones Chile 400 CE coprolites A GITEI ngh-Throughput [33]
Sequencing
Hind’s Cave Texas 6000 BCE coprolites 165 rRNA Gene ngh-Throughput [33]
Sequencing
La Cueva de los Chiquitos .
Muertos”, Rio Zape, Durango Mexico 600 - 700 CE coprolites EBHEACED ngh-Throughput [33]
Sequencing
Durango
1 RNA High-Th h
Benzingerode-Heimburg Germany 2150-1600 BCE dental calculus 65t Gene |g' roughput [42]
Sequencing
Dudka Poland 5550-3450 BCE dental calculus S ngh-Throughput [42]
Sequencing
Halberstadt-Sonntagsfeld Germany 5400-4725 BCE dental calculus 165 rRNA Gene ngh-Throughput [42]
Sequencing
Northamptonshire England 900-1150 CE dental calculus B EIAE ngh-Throughput [42]
Sequencing
1i igh-T|
Quedlinburg XIl Germany 2450-2000 BCE dental calculus 65 rRNA Gene ngl,q hroughput [42]
Sequencing
York England 1250-1350 CE dental calculus 165 rRNA Gene ngh-Throughput [42]
Sequencing
York England 1000-1600 CE dental calculus 165 rRNA Gene ngh-Throughput [42]
Sequencing
16S rRNA G High-Th hput
Yorkshire Engalnd Bronze age dental calculus i ene |g' O [42]
Sequencing
Sorcé, island of Vieques Puerto Rico 180 - 600 CE coprolites 16s rRNA gene and ITS region PCR- [74]
based techniques
1 i =
Tecla, Guayanilla Puerto Rico 180 - 600 CE coprolites iR EEDe IT.S G e [74]
based techniques
Namur Belgium 14th-century coprolites shotgun metagenomic [78]
Namur Belgium 14th-century coprolites culture-base method [77]

16S rRNA Gene High-Throughput
Namur Belgium 14th-century coprolites Sequencing and Shotgun [77]
metagenomic

16S rRNA Gene High-Throughput

Sorcé, island of Vieques Puerto Rico 5t0 1170 CE coprolites .
Sequencing

[70]

18S rRNA Gene High-Throughput

Tecla, Guayanilla Puerto Rico 5t0 1170 CE coprolites .
Sequencing

(701
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Figure 1. Geographical localization of ancient human remains analyzed for microbiota studies in

the World. Colour indicate the datation of the analyzed samples from 6000 BCE to 1918 CE. Oral

microbiota and gut microbiota studies are indicated with two symbols representing a tooth and the

gut respectively. The corresponding references are listed in Table 1. Map generated with QGIS

software [122]. In the upper part of the figure, 6 pictures representative of the original samples used

to study the digestive tract microbiota [39,63,70,109,113,116].
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3. Conclusions
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With the Neolithic revolution (approximately 10,000 BCE) human lifestyle changed dramatically
(Eddine et al., 2020); from small, nomadic bands of hunter-gatherers, humans started to live in
larger, sedentary groups of people sustained by agriculture and animal husbandry (Vigne, 2011). All
the changes associated to this new lifestyle (e.g. larger group of people living in small areas,
cohabitation with domestic animals) favoured the emergence of what became the main antagonist
for the survival of our species: infectious diseases. Mostly of animal origin, infectious diseases like
pneumonia, tuberculosis, plague, malaria, typhus, cholera, are just few of the many terrible
“enemies” that humans had to face during their history. Recent estimates suggest that life
expectancy in pre-modern times was around 30 years (Roser, Ortiz-Ospina, et al., 2013), with a
mortality in children below 5 years of age (defined as child mortality) of 50% (Roser, Ritchie, et al.,
2013). Life expectancy and child mortality stayed fairly stable till the beginning of XIX century (Roser,
Ortiz-Ospina, et al., 2013) when progress in medicine and public health, such as antibiotics,
vaccinations, and access to safe drinking water, have greatly reduced the impact of infectious
diseases on human lives. The 43% child mortality estimated for 1800 has been reduced to less than
5% nowadays (Roser, Ritchie, et al., 2013) (https://data.unicef.org/topic/child-survival/under-five-
mortality/) with a consequent increase in life expectancy from 30 years in pre-modern times to an
average of 70 years nowadays (Roser, Ortiz-Ospina, et al., 2013). Although with notable differences
between the developed countries and the so-called least developed countries, all countries in the
world have benefitted from this progress (Roser, Ortiz-Ospina, et al., 2013). Even in disadvantaged
areas of the globe, such as Africa, life expectancy increased, reaching an average of 63 years (Roser,
Ortiz-Ospina, et al., 2013), despite the high impact of malaria and other diseases especially on

children (World Health Organization, 2021).

Despite these amazing improvements, infectious diseases continue to pose a threat to human
health. The recent coronavirus pandemic (COVID-19), which continues to devastate people's health
and also world economy, has evidenced the vulnerabilities of our species to such communicable
diseases. This disease is just the last of an endless array of potentially pandemic diseases that we
have had to deal with just in last decades. SARS, bird flu, MERS, Ebola, Zika and Nipah are some of
the diseases that resurged in the course of the twenty-first century and that were considered to

have pandemic potential (Devnath & Masud, 2021; Lynteris, 2019). The reasons why a disease such
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as COVID-19 has managed to cause a global pandemic while the other diseases listed above have
not reached such high numbers of infected people and geographical extension can be manifold. The
fact is that to date no pathogen has been predicted prior to its appearance (Morse et al., 2012;
Murphy, 1998). Nonetheless, the analysis of past epidemics has led to a better understand of
diseases and epidemic dynamics. For example, studying how and where pathogens emerged in the
past helped identify the causes for pathogens emergence (Keesing et al., 2010; Morse et al., 2012).
The identification of hotspots for emerging pathogens is essential for epidemic preparedness, so
that surveillance and monitoring programs can be improved (Allen et al., 2017; Morse et al., 2012).
The application of knowledge derived from the study of past epidemics is not limited to pathogen
emergence, but can be used to understand different aspects of human-pathogen-environment

interactions.

The main objective of this thesis was to highlight how past microorganisms and epidemics can be
studied and what information can be derived from these events, so that information from the past
can help us to face present and future challenges. The attention was primarily focused on a specific
epidemic episode: the plague epidemic that ravaged northern Italy and Milan during the XVII

century, which is considered one of the deadliest epidemics of that century (Alfani, 2020).

The first part of the project was focused on the paleomicrobiological analyses of teeth recovered in
an archaeological site situated in Milan and dated back to the period of interest (Caruso et al., 2013).
As already explained in the introduction, the search for Y. pestis traces was performed on the dental
pulp. Extracted DNA was analysed through PCR for the detection of the two markers of choice: caf1
and pla (Schuenemann et al., 2011; Spyrou et al., 2019). In parallel to the extraction and analysis of
DNA, the same samples were then analysed for the protein content through a proteomic analysis.
The proteins extracted from the dental pulp of the samples were subjected to a paleoproteomic
analysis through mass spectrometry (Barbieri et al., 2017). Up to now, the paleomicrobiological
analysis of the samples gave inconclusive results. In fact, the genes used as marker for Y. pestis
presence were not found in the samples. At the same time the protein analysis found only few
proteins of human origins. The absence of PCR and proteomic positive results cannot be considered
as absence of Y. pestis; in fact, the possible explanations for these results are multiple. The most

plausible one is that the samples were too much degraded for the detection of the pathogen of
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interest. The analysis of the complete DNA content of the samples can inform on the effective
presence of Y. pestis or other pathogen traces. Therefore, aDNA extracted from the same samples,
was also used for the preparation of NGS libraries (Kircher et al., 2012; Meyer & Kircher, 2010) for
a subsequent metagenomic analysis through Illumina platform. Unfortunately, the pandemic
emergency to which we have been subjected in the last two years has heavily influenced the
progress of this portion of the project. As a result, the metagenomic analysis of the samples is still

in progress and the results will be available in the next few months.

Greater efforts were thus devoted to the historical and epidemiological part of the project. Two
main studies were performed on historical records. The first one, described in manuscript n° 1 (pg.
45), is a study on the application of a novel quantitative method for the automatic analysis of ancient
plague texts. In particular, the words contained in texts written by people who have directly
witnessed plague epidemics were analysed and compared with “negative” control texts written in
the same period as the texts of interest but not related to the plague epidemic. This method has
been tested on two epidemic episodes: the great plague of Marseille of 1720-1722 and the plague
of northern Italy of 1629-1631. Among the results produced by the analysis of the texts associated
to these two epidemics the most interesting ones were on what historical data can potentially
suggest about pathogen sources and transmission. Differently for what has been described during
the XX century, there were only marginal and non-specific mentions of rats for both epidemic (<5
total mentions out of more than 3 million words total extracted from the 32 analysed texts). On the
contrary, contemporary people saw clothes, merchandise, and movables as potential sources of
plague. These results support the hypothesis proposed by previous epidemiological (Dean et al.,
2018, 2019), historical (Davis, 1986) and archaeological evidence (Hufthammer & Wallge, 2013), of
a role of human ectoparasites during the second plague pandemic (Cohn, 2008; Dean et al., 2018,
2019; Houhamdi et al., 2006). Moreover, it was observed that words that were overrepresented in
the French texts had a higher probability to be overrepresented also in the Italian texts. This result
opens up to a potential future application of this method for the identification of pathogen
responsible for a described disease in ancient text and help uncover information about the dynamic

of past epidemic events, as performed in this study.
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In the second historical study, described in manuscript n° 2 (pg. 75), the detailed information
contained in the registers of the deaths of Milan (the date of death and the parish of residence)
were used to reconstruct the spatio-temporal progress of the epidemic that hit the city in the year
1630. The study also considered the historical testimony of contemporary people that directly
observed the epidemic and that noted a heavy increase in plague cases after a religious event that
was carried out in early June: “The St. Carlo procession”. Chroniclers of the time, in fact, attributed
to this procession an important role in the spike of cases observed during summer of 1630. In this
study we performed for the first time an investigation on the effective impact of the procession on
the epidemic based of real data and not only on personal deduction of past chroniclers. The analysis
of the recorded plague-related cases showed that the parishes of the city were not hit in the same
way by the epidemic. In fact, the epidemic began in the periphery and then moved to the centre of
the city. Interestingly, the timing at which the epidemic moved from these two areas of the city was
consistent with the procession. In the peripheral areas of the city, plague-related deaths declined
after the procession, while in the central areas it was registered a strong increase in plague-related
deaths starting from the days immediately following it. These results open-up questions about how
high contacts and concentrations of people could increase the transmissibility of plague, which is
considered primarily a vector-borne disease transmitted by rat fleas. This should be considered in

the debate around the role of human-to-human transmission of plague during past pandemics.

Finally, in the last part of the project, described in manuscript n° 3 (pg. 96), studies performed on
the ancient human microbiota were collected and summarized. Since the microbiota reflect the
lifestyle of its individual, ancient microbiota can be used to study the evolution of human lifestyle
throughout history. The review is focused on the paleomicrobiological techniques and the different
samples that can be tested to analyse the ancient microbiota of human digestive tracts. An extensive
bibliographical research on papers publish on these subjects was performed and the results are
available in an easy-to-consult table, which summarizes basic information of the papers, such as

archaeological site, dating, sample type, and method used for the analysis.

Considering the never-ending threat that infectious diseases pose for human health, it is important

to exploit every single piece of information that can help us to better understand how pathogens
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evolve and interact with humans and the environment. In this, past epidemics, that are too often
forgotten, offer us the chance to study the “big picture” around epidemic events and therefore

should be considered as lessons from which we all can learn.
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