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Summary

From wide-spread epidemics to sporadic infections, transmissible diseases have been a major
burden to human populations around the globe, posing an immense selective pressure on our
genomes. Many infectious diseases responsible for epidemic outbreaks in the Middle Ages are
virtually absent in Europe today. This hampers the study of genetic factors associated with
infection susceptibility in Europeans. Moreover, the constant evolution of pathogens,
exacerbated by the ongoing climate change, poses a major threat to human health. It is therefore
of high importance to detect and analyze genomic evolutionary changes related to pathogen
virulence that may contribute to disease outbreaks or disappearance. In my dissertation, I
applied ancient genomics to investigate the pathogen diversity and infectious disease burden
in medieval Europe as well as to identify Human Leukocyte Antigens (HLA) alleles involved
in predisposition to leprosy and paratyphoid fever in medieval Europeans. To this end, I
extracted DNA from over 300 medieval human remains, performed an osteological analysis of
a subset of individuals and used various bioinformatic tools to analyze pathogen and human
genomic data from over 500 samples. Chapter 1 presents the first study on the genetic
predisposition to Salmonella infection in Europeans and the only association analysis on
paratyphoid fever C, which resulted in identification of the HLA-DRB1*03 as a risk factor in
the European population (published in Frontiers in Immunology). I investigated complete HLA
profiles of 300 medieval Danish and German individuals in a case-control association study on
leprosy in chapter 2. My research resulted in confirmation of two associations previously made
for non-Europeans and identification of three potentially novel variants. The systematic
screening of the early medieval Lauchheim settlement in chapter 3 allowed me to estimate the
infection prevalence at the time, providing the first evidence of the high infectious disease
burden (crude period prevalence = 31.4%) in the Early Middle Ages. Seven genomes belonging
to four pathogen species (Mycobacterium leprae (M. leprae), variola virus (VARV), parvovirus
B19 and hepatitis B virus (HBV)) were reconstructed and analyzed. The results shed light onto
the adaptation of VARV to the human host, spread of M. leprae in the Middle Ages and spatio-
temporal changes in the distribution of HBV genotypes (published in Genome Biology). The
genomic analysis of medieval Yersinia pestis (Y. pestis) strains presented in chapter 4 showed
the depletion of the virulence-associated pla gene exclusively in isolates dating to the end of

the Medieval pandemic. This change might have contributed to the disappearance of plague



from Europe in the 18" cent. AD (published in Scientific Reports). In the following chapter 5,
I performed a comparative analysis between ancient, medieval and modern Y. pestis genomes,
which demonstrated that only a subset of modern strains carried a chromosomal phage
encoding the zonula occludens toxin— a known virulence factor. The phage-positive strains
were associated with a wide geographic spread and a large proportion of human infections,
including the Modern pandemic, which could suggest that the phage acquisition enhanced the
transmission of these strains. Moreover, I detected homologous sequences in several
Enterobacteria, which may point to ongoing evolutionary changes towards increased
virulence. In chapter 6, I provided evidence that plague victims were not exclusively buried in
mass graves in medieval Denmark, but also at parish cemeteries (4-7%). The findings
concerning the infectious disease epidemiology in the Middle Ages as well as both the
pathogen and the host genetic factors involved in the disease progression contribute to a better
understanding of the host-pathogen coevolution and the genetic implications of past epidemics

on our health today.



Zusammenfassung

Von weitreichenden Epidemien bis hin zu sporadischen Infektionen - iibertragbare Krankheiten
stellten schon immer eine grofle Belastung fiir die Menschen auf der ganzen Welt dar und iibten
zudem einen immensen Selektionsdruck auf unser Genom aus. Viele Infektionskrankheiten,
die noch im Mittelalter epidemische Ausmalle erreichten, gibt es heute in Europa praktisch
nicht mehr. Dies erschwert die Erforschung der genetischen Suszeptibilitdtsfaktoren von
Europdern fiir diese Infektionskrankheiten. Dariiber hinaus stellt die kontinuierliche
Anpassung von Krankheitserregern, welche durch den Klimawandel noch verschirft wird, eine
groBe Gefahr fiir die menschliche Gesundheit dar. Es ist daher von grofler Relevanz, die
genetischen Verdnderungen, die mit der Virulenz von Pathogenen oder generell dem Ausbruch
oder Verschwinden von Krankheiten in Zusammenhang stehen, zu erkennen und zu
analysieren. In meiner Dissertation habe ich daher genomische Datensiitze von Menschen aus
dem Mittelalter genutzt, um die Erregervielfalt und die Belastung durch Infektionskrankheiten
im mittelalterlichen Europa zu untersuchen. Ein weiteres Ziel war es, das menschliche
Leukozytenantigensystem (HLA) der mittelalterlichen Individuen zu untersuchen, um darin
mogliche genetische Priadispositionen fiir Lepra und Paratyphus zu identifizieren. Hierfiir habe
ich DNA aus iiber 300 mittelalterlichen menschlichen Uberresten extrahiert, fiihrte bei einer
Untergruppe der Individuen eine osteologische Analyse durch und verwendete verschiedene
bioinformatische Verfahren zur Analyse von Erreger- und Humangenomdaten aus insgesamt
tiber 500 Proben. In Kapitel 1 wird die erste Studie zur genetischen Pridisposition fiir
Salmonelleninfektionen bei Europdern und die bislang einzige Assoziationsanalyse zu
Paratyphus C vorgestellt, in der HLA-DRB1*03 als Risikofaktor in der europdischen
Bevolkerung identifiziert wurde (verdffentlicht in Frontiers in Immunology). In Kapitel 2
untersuchte ich im Rahmen einer Fall-Kontroll-Assoziationsstudie zu Lepra vollstindige HLA-
Profile von 300 mittelalterlichen ddnischen und deutschen Individuen. Durch meine Forschung
konnten zwei zuvor fiir Nichteuropéder publizierte Assoziationen bestitigt und drei neue
potenziell assoziierte HLA-Allele detektiert werden. Ein systematisches Pathogenscreening
der Individuen aus der friihmittelalterlichen Siedlung Lauchheim (Kapitel 3) ermoglichte es
mir, die damalige Infektionspriavalenz abzuschitzen, welches den ersten Nachweis fiir eine
hohe Belastung durch Infektionskrankheiten (rohe Periodenprivalenz = 314 %) im

Frithmittelalter darstellt. Insgesamt habe ich sieben Genome von vier Erregern



(Mycobacterium leprae (M. leprae), Variola-Virus (VARV), Parvovirus B19 und Hepatitis-B-
Virus (HBV)) rekonstruiert und analysiert. Die Ergebnisse geben Aufschluss iiber die
Anpassung von VARV an den menschlichen Wirt, die Ausbreitung von M. leprae im
Mittelalter und die rdaumlich-zeitlichen Verdnderungen in der Verteilung der HBV-Genotypen
(veroffentlicht in Genome Biology). Die in Kapitel 4 vorgestellte Genomanalyse
mittelalterlicher Yersinia pestis (Y. pestis)-Stimme hat gezeigt, dass das Virulenz-assoziierte
pla-Gen in Isolaten aus dem Ende der mittelalterlichen Pandemie abgenommen hat. Diese
Veridnderung konnte zum Verschwinden der Pest aus Europa im 18. Jh. n. Chr. beigetragen
haben (veroffentlicht in Scientific Reports). In Kapitel 5 fiihrte ich eine vergleichende Analyse
zwischen prahistorischen, mittelalterlichen und modernen Y. pestis-Genomen durch. Die
Analysen zeigten, dass ein heutiges Y. pestis-Biovar im Chromosom Phagen-DNA enthilt,
welches unter anderem fiir das Zonula occludens-Toxin, einen bekannten Virulenzfaktor,
kodiert. Die Phagen-positiven Stimme zeichnen sich durch eine weite geografische
Verbreitung aus und sind fiir einen groBBen Anteil der modernen menschlichen Pestinfektionen,
einschlieBlich der letzten Pandemie im 19 Jh., verantwortlich. Dies deutet darauf hin, dass die
Aufnahme der Phagen-DNA eine leichtere Ubertragung dieser Stimme begiinstigte. Dariiber
hinaus habe ich homologe Sequenzen zu mehreren Enterobacteriaceae entdeckt, welches ein
Hinweis fiir eine fortlaufende Veridnderung zugunsten einer erhdhten Virulenz ist. In Kapitel 6
zeige ich, dass Pestopfer im mittelalterlichen Didnemark hédufig auch regulidr auf
Pfarrfriedhofen (4-7 %) beigesetzt wurden und nicht, wie bislang allgemein angenommen,
ausschlieBlich in Massengribern. Die FErkenntnisse iiber die Epidemiologie der
Infektionskrankheiten im Mittelalter sowie iiber die am Krankheitsverlauf beteiligten
genetischen Faktoren von Erreger und Wirt tragen zu einem besseren Verstindnis der
Koevolution von Wirt und Erreger bei und zeigen die Auswirkungen vergangener Epidemien

auf unsere heutige Gesundheit auf.



Introduction






Infectious disease research — insights from ancient genomics

Pathogens are thought to have accompanied human kind since its origin. Until recently, our
knowledge on infectious disease outbreaks in the past was based on written and pictorial
historical sources (e.g., Fox & Karp, 1988), paleopathological analyses (Ortner, 2003) and
presence of mass burials (e.g., Haller et al., 2021; Willmot et al., 2020) which were utilized in
difficult times of raging epidemics. However, due to the inherent personal, cultural and
linguistic biases in the descriptions and depictions of past people and events (McCullagh,
2002), such sources may represent a speculative evidence of a specific illness. Osteological
analysis, although can help in this regard, does not remain without limitations. Firstly, many
infectious diseases do not manifest in the skeleton. Secondly, diseases which leave traces of
infection on bone often do it in a nonspecific manner and despite evidence of a systemic
infection, in the form of periostitis or osteomyelitis, a differential diagnosis is impossible
(Ortner, 2003). Matters are further complicated in instances where the skeletal assemblage is
fragmentary and disease-specific patterns of lesions cannot be discerned. Moreover, the
application of modern criteria for diagnosis assumes that the pathogenesis and clinical
manifestation of the disease has not changed over time. In the 1980s, emergence of the ancient
DNA (aDNA) field (Higuchi et al., 1984) eventually allowed pathogen detection in
achaeological skeletal remains based on short genomic fragments, using PCR technology
(Spigelman & Lemma, 1993). It thus became possible to make a diagnosis of an infection using
molecular evidence. With the advent of Next Generation Sequencing (NGS) (Margulies et al.,
2005), the amount of genomic data available for analysis drastically increased, enabling
reconstruction and analysis of complete pathogen genomes (Bos et al., 2011). Over the last
decade, the aDNA field has been a valuable source of knowledge on the emergence, virulence
and spread of infectious diseases, providing us with insights into the evolutionary history of

pathogenic microorganisms and the never-ending war between humans and their pathogens.

Infectious diseases in medieval Europe

There is an abundance of historical and archaeological evidence depicting the centuries-long

struggles of medieval Europeans with infectious diseases (Fig. 1). The “specked monster”,

nowadays known as smallpox, is thought to have arrived in Europe sometime around the 5-6™



cent. AD. Fortunately, the disease caused by variola virus has been eradicated. In the past,
however, it claimed millions of lives (Riedel, 2005). It was estimated that smallpox killed
approx. 400 000 people anually in 18®*-century Europe and blinded around one third of the
survivors (Barquet, 1997). Deadly epidemics in the Middle Ages were also caused by
paratyphoid fever — following an infection with Salmonella enterica Paratyphi C (Haller et al.,

2021) (Fig. 2) — and measles (Retief & Cilliers, 2010).

leprosy
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Figure 1. Timeline of the European outbreaks of infectious diseases since the High Middle
Ages based on historical and molecular data. The “other diseases” category includes
paratyphoid and typhoid fever, sweating sickness, malaria, encephalitis lethargica, variant

Creutzfeldt-Jakob disease, g-fever and COVID19.

The most notorious infectious disease of the Middle Ages was, however, the plague. The word
“plague” still inspires terror today. Y. pestis was the causative agent of at least three major
pandemics in human history (the Justinianic plague (6"-8* cent. AD), the Medieval plague
(14™-18"™ cent. AD) and the Modern plague (19""-20% cent. AD)), with the Black Death being
the most infamous period. Black Death started the Medieval pandemic and lasted for about six
years during which approximately 30-50% of the European population died from plague (Poos,
1991; Scott & Duncan, 2001; Wood et al., 2003). As the pathogen is an extremely fast killer,
the plague pandemic left behind a number of mass graves, which have been a valuable source
of knowledge about the Medieval plague and its epidemiology (e.g. Grainger et al., 2008;
Hartle, 2017; Pfizenmaier, 2016; Stoakley, 2019; Willmot et al., 2020). Another infectious
disease that reached large-scale epidemic proportions in medieval Europe was leprosy, caused
by Mycobacterium leprae (M. leprae). Although this disease is not deadly per se, it is
disfiguring and highly debilitating, which often led to social ostracism of the infected
individuals and their isolation in infirmaries called leprosaria. It was estimated that by the late

Middle Ages, there were thousands of such institutions across Europe (Raffcliffe, 2006). Both
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plague and leprosy, although vastly different in their pathogenesis (acute vs. chronic infection),

persisted in Europe for centuries until their disappearance in the late Middle Ages.

Figure 2. Two mass burials containing victims of a 14" cent. AD paratyphoid fever epidemic
in Liibeck, Germany (Haller et al., 2021).

Our knowledge about medieval epidemics is mostly based on historical sources and the exact
pathogens behind the outbreaks are often unknown. Although aDNA studies helped to identify
the causative agent in several instances, e.g., Y. pestis as the pathogen responsible for the
Justinianic pandemic and the Black Death (Bos et al., 2011; Wagner et al., 2014), most aDNA
findings represent isolated cases of infection. Furthermore, when looking at the timeline of
European infectious disease outbreaks (Fig. 1), a large gap in knowledge regarding the
pathogen landscape in the Middle Ages becomes apparent. Up to now, no systematic pathogen
screening of skeletal remains buried in common cemeteries has been performed. This kind of
analysis would improve our understanding of the infectious disease burden in medieval

Europeans.

Plague and evolution of Yersinia pestis

Y. pestis evolved from the relatively benign pathogen Y. pseudotuberculosis approx. 7000 years
ago (Susat et al., 2021) to become one of the most dangerous infectious agents known to
humankind (Tian & Zheng, 2014). Plague is a zoonotic disease with rodents being the main
host of the pathogen (Gage & Kosoy, 2005). Currently, sylvatic plague reservoirs are present
nearly globally with the exception of Australia and Europe (Dennis & Mead, 2006). The

oriental rat flea (Xenopsylla cheopis) is the most common vector for the disease and the
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classical transmission mode (rat > flea > human) was first described in 1898 (Simond et al.,
1998). It was, however, proposed that lice and human fleas could also contribute to the spread
of Y. pestis (Dean et al., 2018). Moreover, plague can be transmitted between humans via
respiratory droplets (Cleri et al., 1997; Dennis & Mead, 2006). The infection mode affects the
type of targeted tissues, leading to differences in the disease pathophysiology. Three clinical
forms of plague can be distinguished: bubonic, pneumonic and septicemic. The bubonic plague
occurs following a bite of an infected flea. After an incubation period of approx. 2-8 days, the
bacteria infect the lymphatic system by entering and proliferating within lymph nodes, leading
to the development of “buboes” (painfully swollen lymph nodes) accompanied by flu-like
symptoms (Butler, 1983; Dennis, 2005). If left untreated, the mortality of bubonic plague
reaches approx. 60% (Dennis, 2005). Inhalation of the pathogen via the respiratory route results
in a severe infection of the lungs, which can also occur following the spread of the bacterium
from the blood into the lung tissue (secondary pneumonic plague). Primary infection of the
lungs is acute and rapid in its progression. The symptoms include fever, chest pain, cough and
hemoptysis. Unless a treatment is applied within the first 20 hours, death may occur in around
three days after infection (mortality rate reaches 100%) (Butler, 1983; Prentice & Rahalison,
2007). Infection of the bloodstream (septicemic plague) can develop as a complication of the
bubonic and/or the pneumonic form. It can, however, also be acquired after a flea and/or an
animal bite (primary septicemic plague). The flu-like symptoms and, in some cases,
gastrointestinal disturbances are non-specific. Thus, diagnosis of plague is usually delayed,

leaving patients with very low chances of survival (Butler, 1983).

Y. pestis gained its remarkably high virulence by several genomic alterations. These include
acquisition of two virulence-associated plasmids (pPCP1 and pMTI1) as well as
pseudogenization and loss of several chromosomal genes, which greatly contributed to
transmissibility of the pathogen. The pMT1 plasmid carries an important for Y. pestis virulence
gene (ymt), which encodes Yersinia murine toxin (Hinnebush et al., 2002), and the caf operon,
encoding an immuno-protective capsule (Galyov et al., 1990). Together with the ym¢
acquisition, inactivation of four chromosomal genes (rcsA, pde2, pde3 and ureD) allowed the
bacterium to cause the flea-borne plague and expand the range of mammalian hosts (Hinnebush
et al., 2002). Additionally, pla surface protein (pla) encoded on the pPCP1 plasmid promotes
the dissemination of the bacteria in the lymphatic nodes and their extensive growth in the lower

airways (Banerjee et al., 2020; Sodeinde et al., 1992). Shared among pathogenic Yersinia is
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also the pCD1 plasmid, which carries genes encoding Yersinia outer membrane proteins (Yops)
responsible for phagocytosis inhibition, downregulation of cytokine production and cell death
induction (Grabowski et al., 2017). Analysis of prehistorical Eurasian Y. pestis genomes dating
to the Late Neolithic and Early Bronze Age periods (LNBA) revealed that the early Y. pestis
strains (N=28, dating to approx. 3350-507 BCE) did not possess the full capacity of flea
colonization. These strains lacked the ymt gene as well as the ability to produce biofilm — an
important factor for flea-borne transmission. LNBA genomes also carried active forms of genes
responsible for the fast killing of the fleas (Rascovan et al., 2019; Rasmussen et al., 2015;
Valtuena et al., 2017; 2022; Susat et al., 2021; Yu et al., 2020). In the 2" millennium BCE, the
first Y. pestis strains fully capable of vector transmission (yms-positive) emerged (RTS and
12470, approx. 1918-1231 BCE) (Spyrou et al., 2018; Valtueia et al., 2022). It was suggested
that prior to the ymt acquisition, the pathogen spread mainly via the aerosol and oral routes
with the vector-borne transmission being limited or absent (Valtuena et al., 2017; Slavin &
Sebbane, 2022). Based on these findings, the flea-adapted LNBA strains and the strains that
were not adapted to flea colonization temporally co-existed until they became extinct. A similar
fate was met by the Y. pestis lineages responsible for the Justinianic pandemic and the post-
Black Death outbreaks in the Middle Ages. Currently, the phylogenetic tree of Y. pestis
constitutes 5 branches (0-4). Branch 0 contains the LNBA (N=30) (Rascovan et al., 2019;
Rasmussen et al., 2015; Valtuena et al., 2017; 2022; Spyrou et al., 2018; Susat et al., 2021; Yu
et al., 2020) and Justinianic plague strains (N=8) (Damgaard et al., 2018; Feldman et al., 2016;
Keller et al., 2019) as well as modern strains from the territories of China, Mongolia and the
former Soviet Union. The phylogenetic branches 1-4 were formed through rapid population
expansion and can be found across the globe (Cui et al., 2013). All strains responsible for the
Medieval and Modern plague pandemics cluster within branch 1, which exhibits the widest

geographical distribution.

The Medieval plague pandemic is thought to have started in Asia in 1346 AD, from where it
was brought to Europe via marine trade, reaching Sicily in October 1347 (Spyrou et al., 2016).
Plague then rapidly spread across the continent, arriving in northern Europe by 1348 (Bos et
al.,2011). The first six years of the pandemic were particularly deadly and this period is known
as the Black Death (1346-1353 AD). It was estimated that between 30 to 50% of the European
population died following an infection during that time (Poos, 1991; Scott & Duncan, 2001;
Wood et al., 2003). After 1353 AD, sporadic plague outbreaks persisted for another 400 years.
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It was previously proposed that the post-Black death plague epidemics were a result of multiple
waves of Y. pestis’ introduction to Europe from Asia (Haensch et al., 2010). However,
phylogenetic analyses of medieval Y. pestis genomes (N=48) revealed a low diversity of the
strains (Bos et al., 2011; Spyrou et al., 2016; 2019; 2022), suggesting that after a single
introduction of the pathogen to Europe, Y. pestis established reservoirs in local rodent
populations. Thus, although we have no knowledge or evidence of potential plague reservoirs
in medieval Europe, the post-Black death outbreaks were likely a consequence of
environmental spill-overs of plague from rodents to humans. The Y. pestis phylogeny also
shows that two separate lineages of Y. pestis were responsible for the Black Death and the
subsequent outbreaks. Whilst the Black Death migrated to Asia and eventually became the

source of the Modern pandemic, the post-Black death lineage went extinct (Spyrou et al., 2016).

Plague disappeared from Europe in the 18" cent. AD for reasons which are still debated.
Several possible explanations were previously proposed, including improvement of hygienic
standards and living conditions, change of the host from the black rat to the brown rat and
disruption of the ecological niche of local reservoirs by industrialization (Appleby, 1980;
Carmichael, 2014). Although Europe is currently free of plague, Y. pestis reservoirs are still
present in Asia, Africa and both Americas (Dennis & Mead, 2006). In the mid 19* cent. AD,
the Modern plague pandemic broke out in China from where it quickly spread around the globe,
killing approx. 15 million people (Frith, 2012). Since then, sporadic outbreaks of plague have
still occurred (e.g. Dutt et al., 1994; Leslie et al., 2011; Nguyen et al., 2018), claiming more
victims despite the existence of antibiotics against Y. pestis infection. The emergence of
antibiotic-resistant strains provides a reason for concern. The development of various
resistance mechanisms (Lei & Kumar, 2022) reflects the constant evolution of the pathogen

and reminds us that plague remains a serious threat to human health.

Leprosy and the spread of Mycobacterium leprae

Mentions of a leprosy-like disease date far back into antiquity with the earliest generally
accepted evidence dating to 2000 BCE (Robbins et al., 2009). Leprosy is a chronic infectious
disease caused by M. leprae. As temperatures below 37°C are optimal for the pathogens’
growth, the infection mainly affects the skin and superficial structures, such as mucous

membranes, eyes, testes and peripheral nerves. M. leprae exhibits a high affinity to Schwann
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cells (SC) in the neural system (Cole et al., 2001) as well as keratinocytes and macrophages in
the skin (Cogen et al., 2012). In the SC, mycobacterial infection leads to chronic inflammation,
demyelination, fibrosis and eventually axonal death, resulting in sensory loss and disability
(Britton, 1998; Rambukkana et al., 2002). Numb areas are susceptible to injuries and secondary
infection, usually leading to deformation and in some cases even loss of extremities. Another
source of visible signs of illness are skin lesions (single or numerous) - most often found on
the limbs. Moreover, chronic rhinitis can cause the nose to collapse (saddle nose) (Andersen &
Manchester, 1992). Leprosy is a lifelong disease; the average incubation period is estimated to
vary from 3 to 5 years (Pinheiro et al., 2011), with a minimum of a few weeks (Montestruc &
Berdonneau, 1954). It can, however, reach even 30 years (Pinheiro et al., 2011). As leprosy
progresses over decades, it eventually affects the skeletal system causing various types of

lesions (Ortner, 2003).

Approximately 90% of people infected with M. leprae do not develop clinical symptoms
(Joyce, 2012; Sales et al., 2011). Different degrees of the immunological response to M. leprae
infection lead to a variety of clinical manifestations and thus — the spectral concept of leprosy.
Several classification systems for leprosy exist which assign the disease type based on the
severity of the symptoms and the host’s immune response. A commonly used system was
proposed by Ridley and Jopling in 1966 in which the classification is based on the cell-
mediated response to the infection (Ridley & Jopling, 1966). In this classification, five leprosy
forms are recognized: tuberculoid-tuberculoid (TT), borderline-tuberculoid (BT), borderline-
borderline (BB), borderline-lepromatous (BL) and lepromatous-lepromatous (LL). The mild
end of the spectrum (TT) is characterized by a relatively effective immune system and
containment of the infection in granulomas. In contrast, LL is associated with widespread
lesions, absence of granulomas, relatively high contagiousness and poor response from the
immune system of the affected individual. In the borderline forms, the immunological response
to the infection is incomplete and patients can experience shifts along the leprosy spectrum

(Walker & Lockwood, 2007).

Skeletal manifestation of leprosy is mainly attributed to LL. Characteristic disease lesions
include pathological changes to the facial skeleton (facies leprosa, rhino-maxillary syndrome)
focused around the maxilla and the nasal bones (Mgller-Christensen, 1974; 1978) (Fig. 3), as

well as atrophy of the phalanges in hands and feet and nonspecific periosteal reactions in tibia
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and fibula (Mgller-Christensen, 1961; Ortner, 2003). In severe cases, muscle paralysis leads to
immobility and subsequently results in atrophy and osteoporosis (Andersen & Manchester,
1992; Ortner, 2003). In TT, skeletal lesions are more likely to be a result of injuries and
secondary infections and any deformities of the facial skeleton are unilateral (Manchester,
2002). The presence of lesions typical of leprosy have been highly beneficial for the study of
this disease in past populations, including its epidemiology and society’s attitude towards the
disabled (i.e. leprosaria and burial practices). It can also improve our understanding of the
disease by providing valuable insights into the mechanisms of M. leprae infection in the

absence of antibiotic treatment.

Figure 3. Cranium of an adult male buried in a cemetery adjacent to the St. Jgrgen leprosarium
in Odense, Denmark. Lesions pathognomonic for LL can be observed on the maxilla and nasal
bones. These include widening of the nasal aperture, resorption of the anterior nasal spine,
destruction of the nasal bones and the alveolar process of the maxilla as well as antemortem

loss of anterior dentition (photograph: B. Krause-Kyora).
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The exact way of leprosy transmission is still unknown. However, it is generally accepted that
the respiratory route is the most probable (Noordeen, 1994; Cole et al., 2001). Direct contact
between lesions of affected patients and skin erosions of healthy individuals can possibly result
in an infection (Job et al., 1999). Transmission via blood (Ghorpade, 2002) or breast milk
(Pedley, 1968) cannot be excluded. Furthermore, nine-banded armadillos (Dasypus
novemcinctus) are a known reservoir of the leprosy bacillus (Balamayooran et al., 2015), which
has been directly implicated in the transmission of the disease to humans (Truman et al., 2011;
Sharma et al., 2015). M. leprae has also been identified in red squirrels (Sciurus vulgaris)
(Avanzi et al., 2016) and apes (Donham & Leininger, 1977; Hockings et al., 2021). Moreover,
there is evidence suggesting that environmental reservoirs of mycobacteria, such as soil (Ti6-
Coma et al., 2019), water (Matsuoka et a., 1999) and free-living amoebas (Lahiri &

Krahenbuhl, 2008) may also contribute to leprosy transmission.

Whole genome sequencing and comparative genomics have provided insight into the biology
and evolution of M. leprae, contributing to our understanding of its geno- and phenotypical
behavior (e.g. Monot et al., 2005; 2009; Schuenemann et al., 2018). The size of the M. leprae
genome is much smaller relative to other mycobacteria species (Cole et al.,2001; Brosch et al.,
2000). Moreover, the pathogen carries the highest number of pseudogenes among bacteria
(27%) (Brosch et al., 2000; Cole et al., 2001; Liu et al., 2004) and only 49.5% of the sequences
are gene-coding. It is therefore thought that the bacterium must have gone through a massive
gene decay since the divergence from its last common ancestor with M. tuberculosis (Cole et
al., 2001), approx. 66 million years ago (Monot et al., 2009; Schuenemann et al., 2013).
Reductive genome evolution is known to occur in organisms that transition from a free-living
environment to obligate intracellular parasitism (Cole et al., 2001) and although the precise
mechanisms of M. leprae pseudogenization are still debated, the event was estimated to have

occured around 20 million years ago (Han et al., 2009).

The genome of M. leprae exhibits greatly limited variability, with all strains analyzed to date
being over 99% identical (Schuenemann et al.,2013). Up to now, 42 whole genomes of ancient
M. leprae have been analyzed (Fotakis et al., 2020; Krause-Kyora et al., 2018; Schuenemann
et al., 2013; 2018; Morozova et al., 2020; Neukamm et al., 2020; Pfrengle et al., 2021). All
except one (Abusirl630, 342-117 BCE, Egypt (Neukamm et al., 2020)) were isolated from

medieval and early modern Europe with the dating of the genomes spanning approx. 1300 years
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(5th — 20™ cent. AD). Such a high genome stability can be advantageous in the field of
phylogeography, as it can provide insight into the spread of pathogens, migration of their hosts
and disease evolution. Indeed, the phylogenetic tree of M. leprae has been shown to reflect
ancient human migrations. At the current phylogenetic resolution, six main branches (0-5) can
be distinguished, with branch 2 being further divided into sub-branches 2E, 2H and 2F (Avanzi
et al., 2020; Benjak et al., 2018; Schuenemann et al., 2013; 2018). The majority of medieval
M. leprae strains belong to branch 3, including the early medieval genomes (before the 10™
cent. AD) (N=2, EDI006 and GC96). Interestingly, so do the modern M. leprae strains isolated
from red squirrels in the United Kingdom, which points to a possible contribution of squirrels
to the spread of leprosy in the Middle Ages (Avanzi et al., 2016; Inskip et al., 2017), as squirrel
meat and fur were common trade materials at the time (Veale, 1966). It is thought that branch
3 strains were brought from Europe to the Americas in the 15" cent. AD (Mark, 2017) infecting
both humans and nine-banded armadillos (Balamayooran et al., 2015; Truman et al., 2011;
Sharma et al., 2015). Despite the general prevalence of branch 3 in medieval Europe, M. leprae
genomes dating to the Late Middle Ages (after the 10" cent. AD) represent almost all major
phylogenetic branches, which are nowadays found in Asia (branches 0 and 1), Africa (branches
2 and 4) and the Americas (branches 3 and 4). Furthermore, previous studies revealed a high
diversity at leprosarium-associated cemeteries (Krause-Kyora et al., 2018; Pfrengle et al., 2021;
Schuenemann et al., 2013). These findings suggest that leprosaria could have housed not only
locals, but also foreign patients and pilgrims (Pfrengle et al., 2021). Such a high diversity of
M. leprae strains observed in medieval Europe could be explained by two different models
proposed by Schuenemann and colleagues (Schuenemann et al., 2018). Model 1 assumes that
leprosy originated in western Eurasia or possibly in Europe from where it spread across the
globe. On the other hand, model 2 infers introduction of the pathogen to Europe from different
regions before and during the Middle Ages. The extensive trade networks and urban
development in Europe in that period support both models. Whilst prevalence of the ancestral
branch 0O in East Asia and the Middle East adds verisimilitude to model 2, the majority of the
analyzed-to-date medieval strains are ancestral to modern isolates favoring model 1
(Schuenemann et al., 2018). As the origin of leprosy, its spread, and the reasons for its
disappearance from Europe still remain elusive, it is imperative to identify and genotype more
archaeological M. leprae isolates from various locations in order to understand the spatio-

temporal changes in disease patterns.
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Pathogen-driven selection on the Human Leukocyte Antigen (HLA) region

Our immune system constantly protects us from any potentially harmful foreign particles
(antigens). It comprises structural and chemical barriers, such as skin and mucous membranes,
as well as the innate and adaptive immunity. Whilst the innate immune response is rapid and
non-specific, the adaptive response is tailored to specific antigens and essential in cases when
the innate response is insufficient. Characteristic for the adaptive immunity is the
immunological memory — the ability of the immune system to react more rapidly and
effectively upon reinfection (Marshall et al., 2018). The Human Leukocyte Antigen (HLA)
system (or human Major Histocompatibility Complex, MHC) is involved in both the innate
and adaptive immunity. It is a large gene complex (3 Mb) located on chromosome 6, which
encodes cell-surface proteins responsible for regulation of the immune response. The HLA
proteins contribute to self and non-self-recognition as well as presentation of foreign antigens
to the effector cells, playing a key role in infection, autoimmunity and transplantation medicine.
Thus, there is a genetic component to infectious disease susceptibility (infection, progression,
manifestation and mortality). The HLA can be divided into two major groups: class I (A, B, C,
E, F and G) and class II (DR, DQ, DP, DM and DO) (Fig. 4). Class I HLA are present on all
nucleated cells and present endogenous antigens to cytotoxic T cells. Class II HLA, on the
other hand, are expressed only on the surface of antigen presenting cells, such as macrophages,
dendritic cells and B cells, and are responsible for presentation of exogenous antigens to helper
T cells. (Fig. 4). Each class recognizes distinct peptides, which bind to the binding grove,

allowing for the presentation of a wide range of antigens (Janeway et al., 2001).

The HLA complex is the most polymorphic locus in the human genome with 33490 known
HLA alleles, as of March 2022 (Robinson et al., 2020). The high polymorphism of the HLA
genes requires a systematic nomenclature (Fig. 5). The first-field (first two digits after the locus
name, e.g., HLA-A*01) groups alleles of similar sequence and function. The second field
(digits after the first “:”, e.g., HLA-A*01:01) indicates differences in the sequence (both within
and outside of the binding domain) that affect the encoded molecule. The following fields of
resolution indicate differences in nucleotide sequence which do not affect the coded protein

(e.g., HLA-A*01:01:01) (Marsh et al., 2010).
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Figure 4. HLA class I (A) and class II (B) molecules (after Janeway et al., 2001).

A - Class I molecule consists of the alpha chain with three domains forming the peptide-binding
groove (PBG), and the beta-2 microglobulin. They are present on all nucleated cells and present
endogenous antigens to cytotoxic T cells (CD8+).

B- Class II molecule consists of one alpha and one beta chains with two domains each — both
contribute to the PBG structure. They are expressed on the surface of antigen presenting cells

and present exogenous antigens to T helper cells (CD4+).

The extremely high level of HLA polymorphism is thought to be a result of balancing selection,
which is likely a consequence of the immense selective pressure of pathogens on the human
genome. The influence of pathogens on the HLA diversity is supported by several lines of
evidence. Firstly, the variation of the binding groove sequences is considerably higher relative
to other loci (Hughes & Nei, 1998; Bitarello et al., 2016). Secondly, HLA polymorphism has
been previously correlated with pathogen diversity (Prugnolle et al., 2005). Thirdly, previous
computational and experimental studies point to the influence of pathogen pressure on HLA
variability (Ozer & Lenz, 2021; Penn et al., 2002). Furthermore, HLLA alleles are linked with

susceptibility and resistance to infectious diseases including acquired immunodeficiency
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syndrome (AIDS), hepatitis B and C, tuberculosis, leprosy, typhoid fever, leishmaniasis,
malaria and schistosomiasis (Blackwell et al., 2009; Sanchez-Mazas, 2020). Such associations
are discovered by performing a case-control analysis, in which the allele frequencies are
compared between two groups: cases (individuals diagnosed with the disease under study) and
controls (individuals without the disease). Interestingly, there is an overlap between HLA
alleles linked to susceptibility/resistance to infections and chronic inflammatory and
autoimmune conditions. For instance, a genome-wide association study (GWAS) of leprosy in
the Chinese (Zhang et al., 2009) identified a susceptibility variant in the HLA-DRB1 locus,
which was also linked to Crohn’s disease (Ahmad et al., 2006) suggesting that shared immune
signaling pathways could regulate both diseases, which highlights the pleiotropy of HLA
alleles (Schurr & Gros, 2009). It has been proposed that past epidemics of infectious diseases
affected the HLA diversity, leading to a change in the frequency of variants associated with

autoimmune and inflammatory conditions today (Krause-Kyora et al., 2018).

prefix 1stfield 2nd field 3rd field 4t field

LEGEND

prefix — marks the HLA region of the chromosome

gene — particular HLA locus

1st field — allele group

2nd field — specific HLA protein

3rd field — indicates synonymous substitution within the coding region

4t field — indicates synonymous substitution within the non-coding region
suffix — denotes changes in expression

" and “i” — separators

Figure 5. Nomenclature of the HLA system (after Marsh et al., 2010).

As Europe is free of many infectious diseases that used to be widespread in the past, for instance
leprosy and paratyphoid fever, up to now, all modern association studies have been carried out

in non-European populations. Therefore, not much is known about the genetic susceptibility to
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various infectious diseases in European populations. It also remains largely unexplored to what
extent past epidemics have affected the present-day HLA diversity and possibly the
predisposition to chronic inflammation and autoimmunity. With aDNA, case-control
association studies of diseases that in Europe are considered to be long gone became possible
(Immel et al., 2021; Krause-Kyora et al., 2018). Such analyses can shed light onto possible
reasons for the disappearance of certain infectious diseases, such as leprosy, and provide us
with a better understanding of the environmental factors behind the balancing selection that

has been acting on the HLA locus.
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Aims of the dissertation

Part I: pathogen-driven evolution of human immunity

Susceptibility to infection and clinical manifestation of infectious diseases are influenced by
several factors, including the genetic contribution of the host. Frequencies of the disease-
associated variants may differ between populations due to their distinct genetic and
demographic histories. In association studies, the HLA system is most often linked to
predisposition to infectious diseases across diverse populations. Interestingly, HLA alleles are
also associated with various chronic inflammatory conditions, which highlights the pleiotropy
of the HLA complex. As many infectious diseases that are endemic in the Americas, Africa
and Asia, such as leprosy and typhoid fever, are nowadays virtually absent in Europe, the
majority of association studies have been conducted in present-day non-European populations.
This leaves a gap in knowledge on the genetic predisposition to these infections in Europeans.

% In the first part of my thesis, [ applied aDNA methodology to investigate the association

between the HLA complex and predisposition to infections with S. enterica Paratyphi

C (paratyphoid fever) as well as M. leprae (leprosy) in medieval Europeans. My main

aims included:

a) testing of the association between HLA-DRB1*03 and S. enterica infection,
reported for South Asians (chapter 1);

b) testing of the association between HLA-DRB1*15:01 and M. leprae infection,
reported for medieval Europeans (chapter 2);

c) identification of possibly novel variants linked to leprosy predisposition and
replication of the associations previously described in present-day non-Europeans
(chapter 2);

d) evaluation of the influence of past epidemics on HLA variability and predisposition

to autoimmune diseases and chronic inflammation today.

Part II: pathogen evolution

Infectious diseases are thought to have been an every-day threat to the people of medieval

Europe. Most of our knowledge regarding this topic is speculative. The advent of aDNA
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methodology greatly aided the study of infectious diseases in past populations by allowing
identification of the pathogen. The majority of aDNA analyses focused on the analysis of mass
burials and isolated cases. Although these studies succeeded in identifying specific pathogens
responsible for deadly disease outbreaks and provided important insights into their evolution,
they represent a rather small window into the pathogen landscape of medieval Europe.
Moreover, the scarcity of data from the early medieval period leaves both the pathogen
diversity and the disease prevalence at the time unexplored.
% The first systematic pathogen screening of early medieval burials, located within the
borders of a German settlement, was performed (chapter 3) with the aims of
a) assessing the pathogen landscape at the time;

b) evaluating the infectious disease burden of the community.

One of the most devastating pandemics in the human history was the Medieval plague caused
by Y. pestis. It started with the Black Death (1346-1353 AD) after which sporadic outbreaks
persisted in Europe for another 400 years, vanishing from the continent in the 18" cent. AD.
Although genomic and phylogenetic analyses of medieval Y. pestis genomes provided us with
hypotheses concerning the source of the post-Black Death epidemics, possible reasons for
plague disappearance are speculative. Analysis of a larger number of Y. pestis isolates from
various locations is needed to expand our knowledge on the diversity of the pathogen in
medieval Europe. Moreover, as Y. pestis remains a major threat to human health, a better
understanding of the bacterium’s evolution since the Middle Ages is of great interest in times
of emerging and re-emerging infectious diseases.
% Metagenomic samples isolated from skeletal remains buried at medieval mass graves
in Latvia (chapter 4) and cemeteries in Denmark and Germany (chapter 6) were
screened for the presence of Y. pestis’ DNA with the aim to:
a) determine whether the mass graves were a result of a plague outbreak;
b) assess the prevalence of plague in medieval cemeteries;
c) investigate the geographic and temporal diversity of medieval Y. pestis strains;
d) perform a comparative analysis between the ancient and medieval as well as
modern Y. pestis genomes (chapter 4 and 5) with the aim of detecting genomic

differences that could affect the pathogen’s virulence.
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An overview of the material and methods used in this dissertation can be seen in Figure 1. More

detailed descriptions can be found in the Material and Methods sections of the corresponding

chapters.
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Chapter 1: Ancient DNA study in medieval
Europeans shows an association between

HLA-DRB1*03 and paratyphoid fever

Frontiers in Immunology 2021

doi: 10.3389/fimmu.2021.691475

Supplementary material for this chapter can be found here:

https://www frontiersin.org/articles/10.3389/fimmu.2021.691475/full#supplementary-material
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Ancient DNA Study in Medieval
Europeans Shows an Association
Between HLA-DRB1*03 and
Paratyphoid Fever

Magdalena Haller?, Joanna H. Bonczarowska'?, Dirk Rieger?, Tobias L. Lenz®*,
Almut Nebel" and Ben Krause-Kyora™*

7 Institute of Clinical Molecular Biology, Kiel University, Kiel, Germany, 2 Department of Archaeology, Hanseatic City of Libeck
Historic Monuments Protection Authority, Libeck, Germany, 3 Research Group for Evolutionary Immunogenomics, Max
Planck Institute for Evolutionary Biology, Plén, Germany, # Research Unit for Evolutionary Immunogenomics, Department of
Biology, Universitdt Hamburg, Hamburg, Germany

Outbreaks of infectious diseases repeatedly affected medieval Europe, leaving behind a large
number of dead often inhumed in mass graves. Human remains interred in two burial pits from
14™ century CE Germany exhibited molecular evidence of Salmonella enterica Paratyphi C (S.
Paratyphi C) infection. The pathogen is responsible for paratyphoid fever, which was likely the
cause of death for the buried individuals. This finding presented the unique opportunity to
conduct a paratyphoid fever association study in a European population. We focused on
HLA-DRB1*03:01 that is a known risk allele for enteric fever in present-day South Asians. We
generated HLA profiles for 29 medieval S. Paratyphi C cases and 24 contemporaneous
controls and compared these to a modern German population. The frequency of the risk allele
was higher in the medieval cases (29.6%) compared to the contemporaneous controls (13%;
p = 0.189), albeit not significantly so, possibly because of small sample sizes. Indeed, in
comparison with the modern controls (n = 39,689; 10.2%; p = 0.005) the frequency difference
became statistically significant. This comparison also suggested a slight decrease in the
allele’s prevalence between the medieval and modern controls. Up to now, this is the first
study on the genetic predisposition to Salmonella infection in Europeans and the only
association analysis on paratyphoid fever C. Functional investigation using computational
binding prediction between HLA variants and S. Paratyphi and S. Typhi peptides supported a
reduced recognition capacity of bacterial proteins by DRB1*03:01 relative to other common
DRB1 variants. This pattern could potentially explain the disease association. Our results
suggest a slightly reduced predisposition to paratyphoid fever in modern Europeans. The
causative allele, however, is still common today, which can be explained by a trade-off, as
DRB1*03:01 is protective against infectious respiratory diseases such as severe respiratory
syndrome (SARS). It is thus possible that the allele also provided resistance to corona-like
viruses in the past.

Keywords: Salmonella enterica Paratyphi C, enteric fever, human leukocyte antigen, trade-off, antigen
binding prediction
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INTRODUCTION

In Europe, infectious diseases were particularly common in the
Middle Ages (1-6), occasionally reaching immense proportions
and wreaking havoc across the whole continent. For instance, the
infamous Black Death and subsequent plague outbreaks left
behind millions of dead who, due to the scale of the pandemic,
were often inhumed in mass burials (7). Studying past
contagions is not only of interest from the historical
perspective, but also important for our understanding of
current and future epidemics. Excavation on the grounds of
the medieval Heiligen-Geist-Hospital (HGH) in Liibeck,
northern Germany, revealed the presence of two mass graves
and two smaller burial pits (8-10). Molecular analysis of the
human remains (1370 - 1400 CE) indicated that individuals
buried in the pits were infected with Salmonella enterica subsp.
enterica serovar Paratyphi C at the time of death (11). The
pathogen is a causative agent of paratyphoid fever, which is a life-
threatening illness transmitted through contaminated food and
water (12). Nowadays S. Paratyphi C is virtually absent in
Europe, however, it can be assumed that the pathogen’s
prevalence used to be higher in the past. Discovery of S.
Paratyphi C in medieval Germany (11) and Norway (13)
suggests a change in the geographic distribution of Salmonella
enterica species over time. It is thus possible that paratyphoid
fever used to have a substantial impact on the health of
Europeans at that time (11). As the pathogen’s genome is
thought to have been stable for millennia (13), genetic factors
of the host could have contributed to the disappearance of this
infectious disease in modern Europe.

Apart from S. Paratyphi C, paratyphoid fever can be caused
by two other Salmonella serovars (S. Paratyphi A and B).
Clinically similar typhoid fever is caused by Salmonella Typhi
and together with S. Paratyphi infections, the diseases are known
under the umbrella term of enteric fever. Several genetic host
factors have been previously associated with susceptibility to the
disease (14-17). Among those factors is the polymorphic human
leukocyte antigen (HLA) region. The high level of HLA variation
together with a number of associations between HLA alleles and
a variety of infectious diseases [e. g. (18-24)] suggests that
pathogens have acted as a powerful selective pressure on the
human genome as a result of host-pathogen co-evolution (25-
27). Regarding enteric fever, the HLA alleles DRB1*03:01 and
DRB1*04:05 were identified as risk and protective factors,
respectively, in present-day Vietnamese and Nepalese (16, 17).
However, these associations were only shown for S. Typhi and S.
Paratyphi A infections; as of yet, there are no studies exploring
the genetic predisposition to S. Paratyphi C infections in modern
populations. Nowadays the disease is very rare in Europe and
usually a result of migrations from other regions of the world (12,
28, 29). Thus, analysis of susceptibility to paratyphoid fever in
European populations is only possible with an ancient DNA
(aDNA) approach. In this study, we generated HLA genotype
data for 53 skeletal remains from the HGH site and in particular
examined the frequency of the DRB1*03:01 allele to assess
whether variation at the DRB1 locus predisposed medieval
Europeans to enteric infection.

MATERIALS AND METHODS

Materials

The skeletal material analyzed in this study was excavated from
four mass burials (contexts 4528, 4529, 4562 and 4571) located
near the Heiligen-Geist-Hospital (“Hospital of the Holy Ghost”,
HGH) in Liibeck, northern Germany (8-10). The graves were
dug between 1340 and 1370 CE (11).

DNA Extraction and Library Preparation
Seventy individuals from the HGH site were analyzed in this
study [Tables S1, Table S3 (11) for details on samples]. We
sampled almost exclusively teeth and used the whole specimens
for aDNA extraction. The DNA was isolated with the BioRobot®
EZ1 Advanced applying a custom-made version of the Large-
Volume-Protocol and the EZ1 DNA Investigator® Kit (Qiagen)
as described previously (11, 30). The DNA extracts were then
converted into indexed partial Uracil-DNA Glycosylase (UDG)-
treated libraries. The libraries were sequenced on an Illumina
HiSeq 4000 platform. To reliably exclude contamination, all
procedures were conducted in clean rooms specifically
dedicated to ancient DNA analysis, and negative controls were
included in both the extraction and library preparation steps.
Furthermore, short tandem repeat profiles at seven loci were
generated as an additional authentication criterion and to avoid
double sampling Table S2 (11).

HLA Targeted Capture and Typing

In-solution enrichment of the HLA regions was successful for 53
of the 70 samples analyzed (excavation context 4528, n = 13;
4529, n = 11; 4562, n = 6; 4571, n = 23). Genotyping was
performed using the semi-automated HLA-typing pipeline
TARGT (Targeted Analysis of sequencing Reads for
GenoTyping), which was designed for the analysis of low-
coverage sequences as found in aDNA extracts (31). The
pipeline automatically identifies and sorts target-specific reads
from sequence data. Subsequently, the sorted sequences were
manually analyzed to determine the HLA alleles (HLA calling) in
individual samples (31). In this study, the manual genotyping
was done by three researchers independently, thus increasing the
reliability of the results. In addition, we applied the algorithm
OptiType (32), which is only available for class I genes, to verify
class I allele calls obtained with the TARGT pipeline. The
OptiType software (32) was used with default parameters.
Only those samples that had alleles concordantly called by
both methods were included in the results (Table S1).

Computational Prediction of Peptide
Binding by HLA

Full proteomes of Salmonella enterica Paratyphi C RKS4594
(accession NC_012125.1, France) and S. enterica Typhi CT18
(accession NC_003198.1, Vietnam) were used to predict the
binding of 15mer peptides (967,163 and 1,201,560 possible
15mers from S. Paratyphi and S. Typhi, respectively) for all
DRBI variants with an allele frequency >1% in the present-day
German population (AlleleFrequencies.net Database (AFND):
Germany, Population 8, n = 39,689; 33). Peptide binding
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prediction was performed with the established algorithm
NetMHClIIpan v4.0, using the default threshold for ‘strong
binding’ (33). For each HLA-DRBI variant, the total number
of bound peptides overall as well as the total number of bacterial
proteins ‘recognized’ (at least one peptide of a given protein
predicted to be bound by the given HLA-DRBI variant)
were obtained.

Statistical Analysis

Fisher’s exact test and odds ratio calculations were performed for
the DRB*03 allele using IBM SPSS Statistics (Version 26) predictive
analytics software. Power calculations on required sample sizes were
calculated with the software G*Power, v3.1.9.2 (34). For
DRBI1*03:01, the power calculation showed that an association
analysis was appropriate with our sample size. Assuming an OR
of 4 (17), an allocation ratio of 10 and an allele frequency of 10.2%
in modern controls (35), 28 alleles were required in cases to obtain
an a priori power of 75% at a significance level of 0.05.

RESULTS

In this study, we generated HLA genotype data from the skeletal
remains of 53 individuals excavated from the HGH mass burial in
Liibeck. The site consists of two mass graves (archaeological
contexts 4528 and 4529) and two burial pits (4562 and 4571,
Figure 1). Of the 70 metagenomic samples analyzed, 24 from
4528/4529 and 29 from 4562/4571 yielded HLA data after in-
solution DNA enrichment. Genotyping of the HLA alleles was
performed for the class I (HLA-A, -B and -C) and class II (HLA-
DQBI and -DRB1) loci using the TARGT pipeline which is well
suited to the analysis of low-coverage sequences (31) (Table S1).
Despite such a dedicated pipeline, the highly degraded nature of
aDNA (36) poses a severe challenge to HLA typing so that allele
calling at the preferred 2™-field (4-digit) resolution is not always
possible. Nevertheless, even at 1¥-field level of resolution, HLA

typing can be highly informative, as it distinguishes among major
functional groups (‘supertypes’) of classical HLA alleles. For the
same reason, it was also not always possible to call alleles at both
haplotypes, so that the total number of called alleles was lower than
2N. The investigation here was performed following the strategy
outlined for an association study with aDNA data (20). As the
individuals buried in the pits (4562/4571) had been infected with S.
Paratyphi C (11), they were considered cases in the association test
(with 27 successfully called HLA-DRBI1 alleles across the 29
individuals). The individuals buried in the mass graves (4528/
4529) were used as contemporaneous controls (with 23 called
HLA-DRBI alleles across the 24 individuals), based on the fact
that no molecular traces of the focal pathogen were observed in the
remains (11). In a secondary analysis, allele frequencies in the
historical cases were compared with a large cohort of modern
individuals (AFND: Germany, Population 8, n = 39,689; 33).

As DRB1*04:05 is protective against enteric fever, its frequency
would be expected to be lower relative to the modern controls
(0.45%, Germany, AFND Population 8, n = 39,689 33). Thus,
DRB1*04:05 was not investigated due to the case sample being too
small for a meaningful statistical analysis based on the power
calculation. On the contrary, for the DRB1*03:01 risk allele, an
association study was feasible making it the main focus of this
investigation. Out of the 11 individuals with a DRB1*03 allele call at
1°“field resolution, calls at 2"-field resolution were possible for four
individuals who consistently showed DRB1*03:01. Among the
known alleles of the DRB1*03 allele group, DRB1*03:01 is by far
the most common in the modern German population (freq =
10.2%), with the next frequent allele being two orders of magnitude
less frequent (DRB1*03:02, freq = 0.1%). It is therefore highly likely
that the other seven individuals with a DRB1*03 call also carried the
DRBI1*03:01 allele, justifying an association analysis based on the
DRB1*03 calls. Moreover, four individuals were possibly
homozygous for the DRB1*03 type, given the available read depth
and lack of other DRB1 sequences. However, a conservative
approach was used here and these individuals were regarded as

FIGURE 1 | Heiligen-Geist-Hospital (‘Holy-Ghost-Hospital”) archaeological context 4562 in which S. Paratyphi C-positive individuals were found.
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heterozygotes. It is thus likely that the obtained frequency is
underestimated. The frequency of the DRB1*03 allele in the cases
(29.6%) was considerably higher in comparison to the
contemporaneous controls (13%, p = 0.189), albeit it did not
reach statistical significance, likely owing to the small sample sizes
for the medieval groups. In line with this suggestive association
result, the comparison of medieval cases with modern individuals
yielded a frequency difference that was highly significant (10.2%; p =
0.005, OR = 3.61) (Table S1). Interestingly, all four genotypes with a
possible 2™ field allele call of DRB1*03:01 also showed the alleles
DQB1*02:01 or DQB1*02 at the neighboring HLA-DQB1 locus
(Table S1), which could be an indication of genetic linkage between
DRB1*03:01 and DQB1*02:01, a common haplotype in present-day
populations (37).

Given the role of HLA molecules in peptide presentation for
antigen-specific immunity, the binding of S. Paratyphi and S.
Typhi peptides to common HLA-DRBI1 variants was also
explored, including the risk variant DRB1*03:01. Using
computational peptide binding prediction, no particular
difference in the total number of bound bacterial peptides
was observed between the risk variant and the other DRB1
variants (Figure 2A). However, the number of ‘recognized’
bacterial proteins (defined as proteins of which at least one
peptide was bound by a given HLA variant) was among the
lowest for DRB1*03:01 compared to the other HLA variants
(for both S. Paratyphi C and S. Typhi; Figure 2B). This
peculiarity in peptide binding of DRB1*03:01 became
particularly evident when the number of proteins that were
uniquely missed by each DRB1 variant (i.e., were predicted to
be recognized by all other DRBI variants but not the given one)
were quantified. DRB1*03:01 missed 85 S. Paratyphi proteins
that were recognized by all other DRBI variants, more than
thrice the number compared to the other DRBI variants
(median = 26 + 16 SD, Figure 2C). A similar effect was
observed for S. Typhi (Figure 2C).

DISCUSSION

In this study, variation at the HLA-DRB1 locus was investigated
in the context of genetic susceptibility to S. Paratyphi C
infection in human remains from Germany dating to the 14
century CE. The DRB1*03:01 allele has been associated with an
increased risk of enteric fever in modern Vietnamese and
Nepalese populations (in this case caused by S. Typhi and S.
Paratyphi A only) (16, 17). Up to date, no association study with
an S. Paratyphi C infection has been performed in present-day
populations, as it is relatively rare (38). However, there is
evidence suggesting a high prevalence of this infectious disease
in the Middle Ages (11, 13, 39).

HLA typing was successfully performed for 53 individuals
excavated from four archaeological contexts: two mass graves
(n = 24) and two smaller pits (n = 29). Individuals buried in the
pits were found to exhibit genetic traces of infection with S.
Paratyphi C, likely representing the cause of death. The larger
mass graves were stratigraphically older and no pathogen DNA

was detected in the remains inhumed there (11). It has been
previously hypothesized that individuals in the mass graves were
victims of plague (9, 40). However, no evidence has been found
to support these claims (11). In addition, to the best of our
knowledge, no link between HLA variation and plague
susceptibility has been reported in human association studies.
Thus, even if plague was responsible for the death of the
individuals in the mass graves, the disease was not expected to
influence the frequencies of the examined allele. Based on these
assumptions, the individuals from the mass graves were treated
as contemporaneous controls for the medieval paratyphoid fever
cases buried in the small pits. The cases were also compared to a
representative modern German population from the
AlleleFrequencies.net Database (35). As genetic continuity
between the HGH Libeck population and present-day
northern Europeans was shown previously (11), it allows for
such an analysis to be carried out. Furthermore, kinship was not
detected among the medieval individuals (11). Our results
indicate that the frequency of DRB1*03 was significantly
higher in the medieval paratyphoid fever cases in comparison
to modern controls (p = 0.005). The obtained odds ratio of 3.6 is
comparable to that in previous reports for enteric fever in
modern South Asian populations (16, 17). The DRB1*03
frequency in the cases (29.6%) was also substantially higher
relative to medieval controls (13%). Although calls at 2"_field
resolution (i.e., DRB1*03:01) were only possible for four
individuals, all DRB1*03 calls were interpreted as DRB1*03:01,
since this allele is by far the most common within the DRB1*03
group in Germans today (35).

This is the first report of an allelic association with an S.
Paratyphi C infection. However, due to the relatively small
number of specimens available for the present study, an
inherent limitation of aDNA studies, this finding should be
confirmed in a larger sample comprised of Far Eastern
populations in which the disease is still common today (12).
Nevertheless, as paratyphoid fever is no longer endemic in
Europe, aDNA analysis is the only approach that allows us to
explore whether DRB1*03:01 is involved in genetic
predisposition to an S. Paratyphi C infection in Europeans.

The functional follow-up analysis, using a computational
algorithm for prediction of binding between HLA variants and
bacterial peptides, revealed an interesting pattern for the HLA-
DRBI risk variant that could potentially explain its association
with susceptibility. The variant DRB1*03:01 was predicted to
miss recognition (i.e., fail to bind at least one peptide) of the
largest number of bacterial proteins that were recognized by all
other common DRBI variants. However, it should be noted that
the number of missed proteins was small compared to the total
number of proteins in the bacterial proteomes. It thus remains to
be investigated whether this peculiar binding pattern of
DRB1*03:01 would significantly affect susceptibility of
its carriers.

The decreased frequency of the HLA risk allele in the modern
population (10.2%) relative to the medieval controls (13%) might
indicate slight negative selection. The limited available sample size
for ancient remains for both cases and contemporaneous controls
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prevents any strong conclusion about the potential selective effect of
this association. However, in view of the negative effect of
DRB1*03:01, it is tempting to speculate about a trade-off that
might explain as to why this allele is still present at such a high
frequency today. Interestingly, the allele was shown to be protective
against severe acute respiratory syndrome (SARS) infection in the
modern Chinese population (41-43). Although currently there is no

data confirming this association for present-day Europeans, it is
possible that ancient epidemics of paratyphoid fever affected the
level of genetic resistance against SARS, predisposing present-day
Europeans to an infection with the causative coronavirus. There is
further evidence linking DRB1*03:01 with various respiratory
diseases such as resistance to tuberculosis (44). It is therefore
conceivable that this allele was protective against corona-like
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viruses or other infectious agents in the past. In addition, it has been
suggested that DRB1*03:01 provides protection against allergy to
animal-derived proteins (dairy and eggs) (45, 46). Recently, we
discovered that the allele was absent in a Neolithic population of 23
individuals (47). This observation is striking when considered in the
context of dietary changes that were introduced with the Neolithic
agricultural transition. All these factors and the notable presence of
DRB1*03:01 in the current gene pool indicate that this HLA allele
has been subject to balancing selection. DRB1*03:01 is a risk factor
for type I diabetes, autoimmune hepatitis, multiple sclerosis, celiac
disease, sarcoidosis, Grave’s disease, systemic lupus erythematosus
and Sjorgen’s syndrome in modern populations across the globe
(48-55). Due to the relatively low number of pathogens in the
modern environment, negative effects of this HLA allele might now
predominate, contributing to the increasing prevalence of
inflammatory and autoimmune diseases today.
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53



54



Human Leukocyte Antigens (HLLA) and leprosy - a genetic association study

in medieval Europeans

Abstract

Leprosy is an infectious disease which mostly affects superficial tissues, such as peripheral nerves,
skin and eyes. It is a chronic, highly disfiguring and debilitating illness caused by Mycobacterium
leprae (M. leprae). Europe struggled with leprosy in the Middle Ages, as thousands of institutions
were built for the purpose of isolating leprosy-affected individuals from society. Nowadays, the
disease is absent in Europe and genetic factors have been considered as a major contributing factor
to leprosy disappearance. As leprosy has virtually vanished from the continent, not much is known
about the genetic predisposition to M. leprae infection in Europeans. In this study, an exploratory
case-control association analysis between Human Leukocyte Antigen (HLA) alleles and leprosy
was performed in a large sample of individuals whose skeletal remains were excavated from 17
medieval cemeteries across Denmark (N=15) and Germany (N=2). The “case vs. control” status
was assessed based on the presence of skeletal lesions pathognomonic for leprosy and/or molecular
evidence of M. leprae infection. The analyzed dataset comprised HLA profiles of 300 individuals
(99 cases and 201 controls). Five HLA alleles were found to be nominally associated with leprosy
susceptibility. HLA-A*23 (p=0.001, OR=16.9), A*26 (p=0.037, OR=3.2) and B*38 (p=0.009,
OR=12.6) were identified as risk factors, whilst HLA-C*06 (p=0.044, OR=0.4) and DRB1*13
(p=0.022, OR=0.48) were associated with leprosy protection. These findings support the genetic
contribution to leprosy susceptibility in Europeans. Interestingly, when comparing HLA
frequencies between the medieval controls and a modern German population, a temporal change
was noted for several alleles. These variants were previously associated with common infectious
diseases as well as autoimmune conditions in modern non-European and European populations.
The pattern of the associations suggests an evolutionary trade-off between susceptibility to
infectious diseases and autoimmunity, which likely reflects the influence of ancient epidemics on

the HLA diversity in present-day Europe.
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Introduction

Leprosy (Hansen’s disease) is a chronic infectious disease caused by Mycobacterium leprae (M.
leprae). Infection with this bacterium usually occurs via the respiratory route (Noordeen, 1994;
Cole et al., 2001) and can affect individuals at any stage of life (de Vries & Perry, 1985). Leprosy
mainly influences the skin and superficial structures, such as mucous membranes, eyes, testis and
peripheral nerves (Aufderheide and Rodriguez-Martin, 1998). Over time, chronic rhinitis can
cause the nose to collapse (saddle nose) and chronic inflammation of the ocular nerve may lead to
blindness (Andersen and Manchester, 1992). Neurologically, leprosy also manifests as sensory
loss in hands and feet (Britton, 1998; Rambukkana et al., 2002). Such numb areas of the skin are
susceptible to injuries and secondary infection, which can result in deformation and complete loss

of extremities, making leprosy a highly debilitating disease.

In Europe, leprosy has been virtually absent since the 16" cent. AD, with only a few cases being
reported in Norway until the 19" century (Vogelsang, 1965; Stone et al., 2009). Although
nowadays Europeans are free of leprosy, the disease was very common on the continent in the
Middle Ages, with the prevalence peak between the 11" to 14" cent. AD (Boldsen and Mgllerup,
2006; Schuenemann et al., 2013; Taylor et al., 2013). In the medieval period, disability was feared
and often thought to be a punishment for sins. This led to ostracism and consequent isolation of
leprosy-affected individuals from society. For this purpose, specialized institutions called
leprosaria were established (Mazzi, 1992; Raffcliffe, 2006). As leprosy is a lifelong disease,
leprosaria became a new home for the sick who were often eventually buried at the associated
cemeteries. Although leprosy per se is not considered as a deadly disease (Bryceson and
Pfaltzgraff, 1990), complications, such as amyloidosis, can occur and result in death (Klioze,
2000). Coupled with hormonal disturbances (Gunawan et al., 2020; Khanna et al., 2014; Saporta
& Yuksel, 1994) and social ostracism, the disease likely hindered the reproductive success of
leprosy-affected individuals, possibly leading to negative selection of leprosy-associated genetic

risk factors in Europeans.

Several genetic association studies have identified genetic variants conferring susceptibility to or

protection against the disease (e.g., Ali et al., 2003; Alvarado-Navarro et al., 2008; Malhotra et al.,
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2005; Sousa et al., 2012; Wang et al., 2016) for populations in which it is endemic today, such as
India, China, Brazil and Mexico. Many associations were reported for variants in the Human
Leukocyte Antigen (HLA) region (Tab. S1). These variants are the most often studied
polymorphisms with regard to infectious disease susceptibility due to the important role of HLA
molecules in antigen recognition and presentation (Blackwell et al., 2009). As Europe has been
free of the disease for centuries, all modern association studies were carried out in non-European
populations. Therefore, not much is known about the genetic predisposition to leprosy and M.
leprae-driven selection effects in present-day Europeans. However, analysis of medieval European
HLA alleles could help answer the questions regarding the leprosy disappearance from Europe and

provide a better understanding of the human-pathogen coevolution.

So far, only one aDNA leprosy case-control association study on medieval Europeans has been
performed, on individuals whose skeletal remains were excavated from various cemeteries across
Denmark and Germany (Krause-Kyora et al., 2018). Identification of the leprosy-affected
individuals (cases) was possible due to the presence of skeletal lesions characteristic for severe
leprosy (lepromatous leprosy, LL) (Mgller-Christensen 1952; 1974; 1978) and molecular evidence
of an M. leprae infection. Moreover, these individuals were buried near a well-known medieval
leprosarium (St. Jgrgen) in Odense (Boldsen, 2001). Another institution recognized for housing
leprosy-affected individuals in the Middle Ages was the Melaten leprosarium, located in Aachen,

Germany (1230-1550 AD) (Prescher & Wagner, 2016).

In the present study, individuals from cemeteries associated with these two leprosoria were
considered as potential cases. Conversely, skeletal remains from 14 medieval parish graveyards
were treated as potential controls (healthy individuals). The nature of individuals buried at an
additional archaeological site included in this study — a cemetery adjacent to the St. Jiirgen hospital
in Liibeck (1270-1550 AD, Germany) — was unclear. Historical sources suggested the possibility
that the hospital could have been used to house people suffering from leprosy (Schulze, 1993).
Thus, the case vs control status of individuals from Liibeck had to be established based on

osteological and molecular analysis of the skeletal remains prior to the association analysis.
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The aim of this study was to explore the association between HLA variants and leprosy in the
European population on a large sample of 392 medieval Europeans (Danish and German). The
objectives included:
1) obtaining the material for the analysis:
- DNA extraction and library preparation
- Next Generation Sequencing: untargeted sequencing of the samples for
metagenomic analyses (pathogen screening and population genetic
analysis)
2) determination of leprosy cases and controls based on the:
- screening of the metagenomic samples for the presence of M. leprae DNA
(all samples)
- information provided about skeletal lesions (Melaten in Aachen and St.
Jgrgen in Odense)
- osteological analysis (St. Jiirgen in Liibeck)
3) confirmation of the genetic continuity across medieval and modern Europeans via
principal component analysis
4) HLA targeted capture and sequencing
5) HLA allele typing and frequency calculation

6) statistical association analyses

58



Material

The analyzed sample comprised 526 bones and teeth belonging to 392 individuals (Tab. S2) from
17 medieval cemeteries across Denmark and Germany (Tab. 1, Supplementary Data 1) that were
provided by Prof. Jesper Boldsen (Institute of Forensic Medicine at the University of Southern
Denmark; Danish samples), Dr Dirk Rieger (Archaeology and Monument Preservation Liibeck;
Liibeck samples) and Prof. Andreas Prescher (Uniklinik RWTH Aachen; Melaten samples). The
archaeological dates of the sites reported in this chapter were obtained from written sources

(Prescher & Wagner, 2016; Siegfried, 2018) and personal communication (Boldsen, 2018).

Table 1. Number of examined individuals per archaeological site.

Site Location Dating (year N of individuals
AD)
Denmark
St. Jgrgen Odense 1270-1550 68
cemetery
St. Knuds Plads 1150-1550 2
Albani Torv 1150-1550 8
Klosterbakken 1150-1550 1
St. Trinitatis Viborg 1150-1550 15
St. Morten 1250-1529 4
St. Mathias 1150-1550 3
St. Mikkel 1100-1529 12
Grabodre 1150-1550 3
Faldborg Kirke 1200-1600 4
Klosterkirken Horsens  1600-1800 52
Ole Worm Gade EMA-1480 26
Odekirkegard Sejet 1150-1550 32
Tirup Tirup 1150-1350 31
Lindegarden Ribe 1050-1738 28
Germany
St. Jiirgen Liibeck 1270-1550 34
Melaten Aachen 1230-1550 69
Total - EMA-1738 392

EMA - Early Middle Ages (6™ — 10" cent. AD)
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Methods

Osteological analysis of skeletal remains from Liibeck St. Jiirgen

The skeletal collection from Liibeck comprised 1160 commingled skeletal elements. Due to the
highly challenging nature of the collection, a new protocol was established to record all skeletal
elements. All bone fragments were subsequently macroscopically analyzed. Both written and
photographic documentation of the remains were prepared. Osteological analysis included sex and
age assessment, where possible, as well as estimation of the minimum number of individuals

present. All observed pathological lesions were described.

Osteological sex was estimated for available crania, mandibles and pelvic bones, which are
commonly used for sex assessment (Klepinger, 2006; White & Folkens, 2005). For each element,
several morphological features (total N=24) were assessed based on previously published methods
(Ascadi & Nemeskeri, 1970; Buikstra & Ubelaker, 1994; Novotny, 1975; Phenice, 1969; Piontek,
1999) and scored according to a custom protocol (Tab. S3). The average score was then calculated
for each element. In instances where postcranial elements were highly robust or extremely gracile,
sex estimation was made based on the general robustness of the bone. As sexual dimorphism fully

develops only after puberty, sex was not predicted for subadult individuals.

Age-at-death of subadult individuals was estimated based on the patterns of dentition development
(Anderson, 1976; Moorrees, 1963; Ubelaker, 1989), epiphyseal fusion (Knussmann & Martin,
1988; Scheuer & Black, 2004) and bone growth (Gindhart, 1973; Stloukal & Hanakova, 1978).
For adult individuals, cranial suture closure (Meindl & Lovejoy, 1985; Piontek, 1999), tooth wear
(Lovejoy, 1985; Miles, 1963) as well as morphology of the pubic symphysis (Suchey-Brooks,
1990; Todd, 1920) and auricular surface of the ilium (Lovejoy, 1985) were examined in the context

of age assessment.
One of the main goals of the osteological examination was to assess whether the individuals buried

at the cemetery associated with the St. Jiirgen hospital in Liibeck suffered from leprosy. A

differential diagnosis of leprosy based on such an analysis is mainly possible due to characteristic

60



lesions that the disease leaves on the skeleton at the advanced stage of illness. The first
comprehensive description of the skeletal manifestations of leprosy was a result of
palaeopathological studies carried out on the remains buried on the grounds of the St. Jgrgen
hospital in Naestved (Mgller-Christensen 1952; 1974; 1978). Based on the work of Mgller-
Christensen and his successors (e.g., Andersen & Manchester, 1992; Boldsen & Freund, 2006;
Ortner & Putschar, 1981), it has been widely accepted that a combination of characteristic facial
skeleton deformities (facies leprosa, rhinomaxillary syndrome) together with lesions of the
extremities (atrophy of phalanges in hands and feet, periostitis of tibia and/or fibula) is considered
pathognomonic of leprosy. Skeletal remains from Liibeck St. Jiirgen were screened for the

presence of such lesions.

DNA extraction, library preparation and sequencing

All DNA samples were extracted and processed in a dedicated ancient DNA facility at the
University of Kiel following the guidelines on contamination control in ancient DNA (Knapp et
al., 2012; Pilli et al., 2013; Yang & Watt, 2005), according to a previously published protocol for
the non-UGD treated samples (Krause-Kyora et al., 2018). Shotgun sequencing was performed on
the Illumina HiSeq 6000 (2x100) platform of the Institute of Clinical Molecular Biology (IKMB)

in Kiel.

Read preprocessing, mapping and authenticity evaluation

Adapter sequences were removed and paired-end reads were merged with ClipAndMerge v1.7.7.
(Peltzer et al., 2016). Shotgun sequence data was mapped to the human genome (build hg19) using
BWA v0.7.12 (Li & Durbin, 2009) with a reduced mapping stringency parameter “-n 0.01” to
account for mismatches in aDNA. Duplicated reads were removed with DeDup v0.12.2 (Peltzer et

al., 2016).

To confirm the ancient origin of the sequences, terminal damage of the reads (C to T substitutions)
was assessed with DamageProfiler (Neukamm et al., 2021). After the validation, the first two

positions from the 5’ and 3’-ends of the reads were trimmed.
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Pathogen screening

All 526 clipped and merged metagenomic datasets were screened for the presence of M. leprae
DNA with the Megan Alignment Tool 0.3.0 (MALT) (Herbig et al., 2016) (SemiGlobal alignment
mode, identity threshold = 90%), using a custom database containing bacterial genomes available
at the NCBI platform (24.01.2019). Output alignments were inspected visually in MEGAN 6
(Huson et al., 2007)

Determination of the “case vs control” status

The “case” status of individuals from St. Jgrgen in Odense was confirmed in a previous study by
Krause-Kyora and colleagues (Krause-Kyora et al., 2018). The initial assumption that all
individuals buried at the Melaten cemetery (Aachen) were indeed suffering from leprosy was
further tested based on the presence of 1) skeletal lesions strongly suggestive of leprosy, such as
facies leprosa and atrophy of the phalanges, and 2) molecular evidence of M. leprae infection.
Only individuals fulfilling at least one of these two criteria were considered as “strong cases” and
included in the association analysis. All remaining individuals were excluded due to their uncertain

disease status.

Osteological analysis and pathogen screening were used as means of confirming the “case vs.

control” status for the individuals buried near the St. Jiirgen hospital in Liibeck.

In the Middle Ages, leprosy-affected individuals were also buried at parish cemeteries among the
general population (Boldsen, 2008; Boldsen et al., 2013). Thus, all individuals from the remaining
14 sites were screened for the presence of M. leprae DNA in the metagenomic samples.
Unfortunately, no information on osteological lesions for these individuals was available. Thus,
those exhibiting molecular evidence of infection were considered as cases and the remaining

individuals were used as controls.
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Sex determination and kinship analysis

Genetic sex of the analyzed individuals was determined based on the ratio of sequences aligning

to the X and Y chromosomes compared to the autosomes (Fu et al., 2016).

Kinship analysis was performed using two softwares: READ (Monroy Kuhn et al., 2018) and
IcMLkin (Lipatov et al., 2015). The former infers kinship based on the proportion of non-matching
autosomal genotypes. LcMLkin, on the other hand, estimates identity by descent (IBD)
probabilities based on genotype likelihoods. Due to the relatively poor quantity of data,
characteristic for aDNA, presence of relatedness was recognized only in instances where kinship
was supported by two lines of evidence (indicated by both softwares) and the number of SNPs

considered in the estimation did not fall below 1000.

Population genetic analysis

Pseudo-haploid genotypes were generated for a pool of 1,233,013 SNPs, commonly used for
population genetic analyses, with SequenceTools 1.2.2 (Haak et al., 2015; Lazaridis et al., 2014;
Mathieson et al., 2015). The minimal threshold of single nucleotide polymorphisms (SNPs) used
for assessment of genetic relationships between humans varies between aDNA studies, ranging
from 10,000 (Immel et al., 2021) to 30,000 SNPs (Mathieson et al., 2015). Here, an intermediate
threshold of 20,000 SNPs was set and samples with at least 20,000 typed SNPs were included in
the principal component analysis (PCA). In total, genotype data for 182 medieval individuals was
merged with a dataset of previously published 1138 individuals from 66 contemporary West
Eurasian populations (Patterson et al., 2012) using mergeit from the EIGENSOFT package. The

PCA was performed with smartpca and the ‘Isgproject’ option (Patterson et al., 2006).

HLA targeted capture and typing

One sample per individual was chosen for in-solution targeted enrichment of the HLA exonic
regions. A sample was considered to be a good candidate for the capture when the endogenous

DNA content in the shotgun data exceeded one percent and the proportion of duplicated reads
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mapping to the human genome (hg19) was below 40 percent. Based on these criteria, enrichment

was performed for 324 of the 392 samples.

Individuals for which the HLA capture was successful (N = 323) were then typed with the semi-
automated HLA-typing pipeline TARGT (Targeted Analysis of sequencing Reads for
GenoTyping), designed for the analysis of low-coverage sequences typical of aDNA (Pierini et al.,
2020). Five classical HLA loci were typed: class I (HLA-A, B and C) as well as class II (HLA-
DRB1 and DQB1). These genes were chosen based on previous associations with leprosy (Tab.
S1). Class I HLA alleles were also called using the OptiType software (Szolek et al., 2014) with
default parameters (available only for class I HLA alleles). Results obtained with OptiType were
used in instances where the call made with TARGT was ambiguous (two possible options). In such
cases, the allele supported by Optitype was chosen. When OptiType did not support either of the
two TARGT options, the allele was not called.

Reproducibility of the manual typing using TARGT was tested on a randomly chosen set of
samples. Assuming a good overall agreement level of 85% and confidence level of 95% (+ 7.5 %),
the sample size for the reproducibility test was calculated with BiAS v 11.12 (Mace, 1962).
Consequently, 86 alleles were typed by two independent observers of different experience levels

and the overall agreement [%] was calculated.

HLA allele frequency calculation and statistical analysis

HLA alleles were successfully typed for 271 individuals for which HLA capture data was obtained
in this study. In addition, HLA calls for 68 individuals from Odense reported in a previous
publication were included (Tab. S7 in Pierini et al., 2020) . The sample sets from this and the
previous analysis overlapped for 47 individuals out of which HLA calls were available for 32
samples in both studies (Tab. S4). The alleles were called using the same typing pipeline TARGT.
They were, however, based on sequences from independent DNA extracts. For the overlapping
individuals (N=47), the calls were merged in a way that would increase the resolution of the calls.
In instances of discrepancy, the allele supported by OptiType results generated in this study was

preferred (class I HLA). For class II alleles, the call of a higher resolution was selected. Moreover,
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heterozygous calls were chosen over homozygous calls. For the remaining 21 individuals from the
previously published dataset (Pierini et al., 2020), HLA alleles were called for 13 individuals. In
the end, merging of the two datasets resulted in increasing the number of cases from Odense from
44 (successfully typed in this study) to 73 (Tab. S5). Thus, the final dataset for the HLA allele
frequency calculations and association analysis consisted of 300 individuals (99 cases (Tab. S5

and S6) and 201 controls (Tab. S7)).

Exploratory statistical analysis was performed with the Fisher’s exact test or Chi® test. The
association analysis and calculation of the odds ratios (ORs) were done using IBM SPSS Statistics
(version 26). Statistical power was calculated with G¥Power v3.1.9.2 (Faul et al., 2009). Due to
the limited sample size, correction for multiple testing was not applied. Thus, the associations

reported here are based on nominally significant p-values.

Results

Sequencing data from 526 samples belonging to 392 individuals was obtained and analyzed in this
study (Tab. S2). Skeletal remains of these individuals were uncovered from 17 medieval
cemeteries located in today’s Denmark (N=15) and Germany (N=2) (Tab. 1). Based on the
assessment of the terminal damage of the reads (C to T substitutions) (Fig. S1), 12 individuals

were excluded from further analysis. They are marked as “contaminated” in Tab. S2.

Osteological and molecular analysis of the remains from Liibeck St. Jiirgen

In total, 1160 skeletal elements, excavated from eight primary burial contexts and two overlapping

burial pits discovered near the St. Jiirgen hospital in Liibeck, were identified as human bones.

The minimum number of individuals (MNI) present was estimated based on the number of specific
bones, taking into consideration age-at-death and sex, where possible. At least 12 subadult
individuals were present in the collective burial (Tab. S8), including an unborn child, two infants

(0-3 years old.), one young child (3-6 y.o.), two older children (6-12 y.o.) and four adolescents
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(12-17 y.0.). The MNI for adults (MNI=37) was estimated based on the number of left tibiae (Tab.
S9). Assignment of adult individuals into age categories was more problematic relative to
subadults. Almost 90% of adult bones could only be classified as “adult” and no specific age range

was estimated. Osteological sex was assessed for 80 skeletal elements (Tab. S10).

Various pathologies related to metabolic deficiencies, hemorrhage, strenuous physical activity,
trauma and inflammation were recorded on the bones (Fig. 1). Periosteal reactions on the tibiae
and fibulae were noted for 33 bones. This kind of changes, when found in isolation, is highly
nonspecific and could be a result of infections other than leprosy (e.g., tuberculosis, treponematosis
or glanders) and trauma followed by a secondary infection. Neither facies leprosa nor atrophy of
distal phalanges (typical of leprosy) were observed. Therefore, osteological examination of
skeletal remains buried near the St. Jiirgen hospital in Liibeck did not confirm the previous

hypothesis that these individuals suffered from leprosy.

In the next step of the analysis, the St. Jiirgen collection was sampled for molecular analysis. In
total, 43 samples were taken from 22 petrous bones, 19 teeth and two foot bones. The foot bones
were analyzed specifically for pathogen screening due to visible pathological lesions indicative of
a severe infection (Fig. 1C). DNA was successfully isolated from 40 samples belonging to 34
individuals (26 adults and eight subadults) (Tab. 2, S3). Genetic data allowed to pair cranial
fragments with corresponding mandibles for three individuals (4,9 and 16 in Tab. S2), which was
impossible based on osteological analysis due to the fragmentary and commingled nature of the

burials. One of the samples was excluded from analysis based on possible contamination.

Osteological sex was estimated for 19 out of the 33 individuals for which DNA was available
(57.6%) (Tab. 2). The results were in agreement with the genetic sex for 11 individuals (57.9%).
Among the remaining eight individuals where discrepancies were noted, five individuals (62.5%)
were represented only by highly fragmentary remains, which is likely the cause for the elevated

misclassification rate.
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Figure 1. Examples of pathological lesions observed on skeletal remains from Liibeck St. Jiirgen

(photographs: K. Fuchs).

A - Roof of the right orbit. The arrow points to small openings in the external layer of the bone
(cribra orbitalia), which are associated with iron deficiency.

B - Bones of the right lower limb: femur (left) with tibia and fibula (right) - posterior view. The
arrows point to the visible bending of the shafts caused by vitamin D deficiency (rickets).

C - Tarsal and metatarsal bones of the left foot - superior view. Fused joints (ankylosis) are marked
with white arrows. Observed ankylosis and deformation of tarsal bones indicate an ongoing
inflammation process, likely due to septic arthritis.

D - Ventral surface of the 3rd and 4th ribs (left). Hemorrhage-associated new bone deposits are
marked with arrows.

E - Right clavicle - inferior view. Marked with the arrow is an oval lesion at the attachment site of
the costoclavicular ligament. Presence of such changes indicates a significant and chronic
mechanical load on the pectoral girdle.

F - Distal end of the humerus (right) - antero-lateral view. The arrows point to the eburnation of
the capitulum humeri (upper) and margin lipping of the articular surface for the radius (lower)

reflective of the advanced wear of the elbow joint due to osteoarthritis.
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Table 2. Characteristics of the samples taken for molecular analysis (Liibeck St. Jiirgen skeletal

collection).

Individual ID Sample type Osteological sex Genetic sex Age-at-death

T
F F 18-25
1 PB
2 T M M 30-35
3 T - M 24-35
T
- M >55
4 PB
5 T - M 6-9
6 T PF F 25-35
7 T PF M 35-55
T
foot - M >35
8 foot
T
PM M 16-18
9 PB
10 PB - F >21
11 PB PF M >21
12 PB - F <21
13 PB F F 25-35
14 PB F M >21
15 PB - M 40-58
PB
- M >21
16 T
17 PB - M 4-5
18 PB PF F >21
19 PB F F 40-50
20 PB F M 38-58
21 PB PF M >21
22 PB - F 1-3
23 PB PF F >21
24 T PF F 35-55
25 T PM M >50
26 T - M 2.5-3.5
27 T - F 7-8
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Continuation of Table 2. Characteristics of the samples taken for molecular analysis (Liibeck St.

Jiirgen skeletal collection).

Individual ID Sample type Osteological sex Genetic sex Age-at-death

28 T - F 8-12
29 PB PF M 36-55
30 PB F M 33-57
31 PB - M >30
32 PB F M >21
33 PB M M 35-50
34 T/ F - 38-58

T - tooth; PB - petrous bone; #- contaminated; F - female; M - male; PF - probably female; PM - probably

male

Determination of leprosy cases and controls

When assigning the case vs. control status to each individual, various lines of evidence were
examined. Firstly, all samples were screened for the presence of M. leprae DNA, which was
considered as indicative of leprosy. Secondly, information on osteological lesions was assessed
for two sites where it was available: Melaten cemetery and Liibeck St. Jiirgen. Although Melaten
was associated with a leprosarium at some point in the past, the graveyard was in use after the
institution changed into a general infirmary. The hospital in Liibeck is also thought to have housed
leprosy-affected individuals. However, not exclusively. Thus, it is possible that the graveyards
accommodated people who did not suffer from leprosy. Only individuals exhibiting
pathognomonic for leprosy lesions and/or molecular evidence of infection were considered as

cases.
Osteological analysis of the remains from Liibeck St. Jiirgen did not exhibit lesions indicative of

leprosy. Moreover, pathogen screening of the metagenomic samples showed no evidence of M.

leprae infection. Thus, individuals from Liibeck were considered controls in this study.
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Molecular traces of M. leprae were found in samples belonging to nine individuals from Melaten.
For seven of these, pathognomonic for leprosy lesions were also noted. Additionally, osteological
records suggested the case status for 23 individuals. The majority of the remaining individuals
exhibited nonspecific lesions of infection and their case vs. control status was unclear. They were

thus excluded from further analysis.

For the individuals buried at the cemetery associated with the St. Jgrgen leprosarium in Odense,
leprosy was confirmed in previous analyses (Boldsen, 2009; Krause-Kyora et al.,2018). Moreover,

M leprae DNA was found in 30 samples belonging to 29 individuals analyzed in this study.

Pathogen screening did not reveal the presence of M. leprae at the remaining 14 archaeological

sites. In the absence of osteological evaluation, all individuals were considered as controls.

Genetic sex determination and kinship analysis

Genetic sex was determined for 367/380 individuals (162 females and 205 males). For 137 out of
these, information about the estimated osteological sex was available. The level of agreement
between the two methods of sex assessment was 81.6%. For cases where genetic sex was not
determined (N=13), osteological sex was available for 8 individuals (seven females and one male).
Taken together, the sample comprised 380 individuals (169 females, 206 males and 5

indeterminate).

Second degree kinship was reliably detected for one pair of individuals from Tirup (G272 and

G557) (Tab. S11). Individual G557 was excluded from the association analysis.

Population genetic analysis

Genotyping resulted in 182 individuals passing the threshold of 20000 SNPs set for the PCA.
Individuals from all 17 sites clustered within the diversity of modern day populations of western
and northern Europe (Fig. 2, S2). When cases and controls were considered separately, the groups

overlapped on the PCA plot along both axes (Fig. 3 and S3). These results indicate that there is no
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substantial genetic diversity between the groups and a comparison of allelic frequencies in a case-

control association study would not lead to spurious results due to population stratification.
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Figure 2. PCA

populations.

of 182 medieval individuals (red circles) and 66 present-day West-Eurasian
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Figure 3. PCA of 76 cases (red circles) and 106 controls (blue circles) were projected onto the
first two principal components calculated from 66 present-day West-Eurasian populations. For

clarity, only the closely-clustering 19 populations were plotted.

HLA allele typing

HLA targeted enrichment was successfully performed for 323 samples. Using TARGT and
OptiType, information on HLA profiles was produced for 271 individuals. Additionally, HLA data
generated in a previous study (Pierini et al., 2020) was incorporated (Tab. S5, S6 and S7). Eighty-
two alleles (32 individuals) were independently called in this and the previous study (Pierini et al.,
2020). Discrepancy between the calls at the first-field resolution was noted for 10 alleles (7 -
different allele, 3 — a homozygous call was made in this study and heterozygous in the previous

study) (Tab. S4). The level of agreement at the first-field resolution was 87.8%.
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Reproducibility of the manual typing using TARGT was tested by two observers of different
experience levels on 86 randomly chosen alleles (Tab. S12). At the first-field resolution, the overall
agreement was 82.6% (71/86). In 13 instances where resolution differences were noted between
the observers, higher resolution was obtained by the more experienced observer for 12 alleles.
Furthermore, the overall disagreement rate of 17.4% (15/86) arose from the inability to make a
call by the less experienced observer. These results indicate the influence of the observer’s

experience on the success rate of the manual HLA typing (quantity of the obtained data).

Case-control HLLA association analysis

In total, the frequency of HLA variants was analyzed in a sample of 300 individuals (99 cases and
201 controls, Tab. 3 and S13). Statistical analysis was performed for alleles present in both groups

(Tab. 4-7).

Table 3. The number of medieval cases (N=99) and controls (N=201) included in the association

analysis.
Site Location Status N of individuals
St. Jgrgen Odense  cases 73*
cemetery
St. Knuds Plads controls 2
Albani Torv controls 6
Klosterbakken controls 1
St. Trinitatis Viborg controls 13
St. Morten controls 4
St. Mathias controls 2
St. Mikkel controls 10
Grabodre controls 2
Faldborg Kirke controls 3
Klosterkirken Horsens  controls 32
Ole Worm Gade controls 20
Odekirkegard Sejet controls 27
Tirup Tirup controls 28
Lindegarden Ribe controls 21
St. Jiirgen Liibeck  controls 30
Melaten Aachen  cases 26
Total - - 300

# - including individuals from Pierini et al., 2020
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Table 4. Differences in HLA-A allele frequencies between medieval leprosy cases and controls.

HLA-A

Allele Cases (N=155) Frequency [%] Controls (N=358) Frequency [%] p-value

01
02
03
11
23
24
25
26
29
30
31
32
33
36
66
68
69
74

20
49
26
11
7

O =
e}

—_= O = O R WD

[a—

129
31.6
16.8
7.1
4.5
6.5
0
52
1.3
1.3
1.9
2.6
0
0.6
0
6.5
0.6
0.6

65
117
50
22
1

(O8]
(O]

[\

OSWHI\)H©©UIO\U]

[am—

18.2
327
140
6.1
0.3
92
14
1.7
14
25
25
34
0.6
0.3
0.8
4.7
0.0
0.3

0.145
0.78
0.404
0.681
0.001*
0.303
0.037
1
0.518
1
0.786

0.513

0423

0.513

N - number of alleles; * - nominally significant;

Table 5. Differences in HLA-B allele frequencies between medieval leprosy cases and controls.

HLA-B

Allele Cases (N=141) Frequency [%] Controls (N=344) Frequency [%] p-value

07
08
13
14
15
18
27
35
37
38
39
40

26
15
0

o
—_

—_ =N = N R W

184
10.6

49
42
8
2
41
17
21
17
8
1
12

142
122
23
0.6
119
4.9
6.1
4.9
23
0.3
35
93

0.241
0.633
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Continuation of Table 5. Differences in HLA-B allele frequencies between medieval leprosy

cases and controls.

HLA-B

Allele Cases (N=141) Frequency [%] Controls (N=344) Frequency [%] p-value
42 1 0.7 0 0 -

44 19 13.5 27 7.8 0.054
45 1 0.7 1 03 0.496
48 1 0.7 5 1.5 0.677
49 0 0 2 0.6 -

50 1 0.7 1 0.3 0.496
51 9 64 29 8.4 0451
52 1 0.7 0 0 -

55 2 1.4 8 2.3 0.731
56 1 0.7 2 0.6 1

57 7 5 13 38 0.547
58 0 0 4 1.2 0.328
81 0 0 1 03 -

N - number of alleles; * - nominally significant;

Table 6. Differences in HLA-C allele frequencies between medieval leprosy cases and controls.

HLA-C
Allele Cases (N=147) Frequency [%] Controls (N=341) Frequency [%] p-value
01 5 34 4 1.2 0.136
02 6 4.1 17 50 0.675
03 37 252 86 252 0.996
04 11 7.5 21 6.2 0.582
05 10 6.8 18 53 0.502
06 6 4 33 9.7 0.044"
07 50 34 109 32.0 0.643
08 O 0 7 2.1 -
11 0 0 1 0.3 -
12 10 6.8 15 4.4 0.337
14 O 0 8 23 -
15 6 4 10 29 0.58
16 5 34 10 29 0.779
17 1 0.7 1 0.3 0.511
18 O 0 1 0.3 -

N - number of alleles; * - nominally significant;
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Across all loci examined in this study (HLA-A, B, C, DRB1 and DQB1), frequencies of five HLA
alleles differed significantly (based on nominal p-values) between cases and controls (Tab. 8).
HLA-A*23 (p=0.001, OR=16.9), A*26 (p=0.037, OR=3.2) and B*38 (p=0.009, OR=12.6) were
more frequent in leprosy-affected individuals. Conversely, the frequency of variants C*06

(p=0.044, OR=0.4) and DRB1*13 (p=0.022, OR=0.48) was higher in controls.

Table 7. Differences in HLA class II allele frequencies between medieval leprosy cases and

controls.
HLA-DQB1
Allele Cases (N=150) Frequency [%] Controls (N=335) Frequency [%] p-value
02 23 15.3 68 20.3 0.200
03 53 353 102 304 0.307
04 4 2.7 19 5.7 0.152
05 19 12.7 39 11.6 0.739
06 51 34 107 319 0.735
HLA-DRB1
Allele Cases (N=147) Frequency [%] Controls (N=334) Frequency [%] p-value
01 15 10.2 30 90 0.672
03 14 95 52 15.6 0.076
04 34 23.1 53 159 0.057
07 16 109 30 90 0.513
08 4 2.7 22 6.6 0.084
09 2 14 2 0.6 0.589
10 1 0.7 1 0.3 0.518
11 9 6.1 16 4.8 0.544
12 0 0 4 1.2 -
13 13 8.8 56 16.8 0.022°
14 3 2 8 24 1
15 34 23.1 55 16.5 0.083
16 4 2.7 5 1.5 0.466

N - number of alleles; * - nominally significant;
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Table 8. HLA alleles associated with leprosy in medieval Europeans.

Allele Phenotype p-value® OR 95% C.I.
A*23 susceptibility 0.001 16.885 2.059-138.444
A*26 susceptibility  0.037 3.193 1.089-9.363
B*38 susceptibility  0.009 12.61 1.46-108.931
C*06 protection 0.044 0.397 0.163-0.969
DRB1*¥13 protection 0.022 0.482 0.255-0911

* - nominally significant; C.I. — confidence interval;

Furthermore, although not statistically significant, trends were observed for frequencies of other
DRBI1 alleles, such as DRB1*03, 04, 08 and 15. HLA-DRB1*04 and 15 were more frequent in
cases, whilst DRB1#03 and 08 were less frequent (Tab. 7). Statistical analysis with G*Power
indicated that this study is underpowered to detect frequency shifts for these alleles at a significant
level of 0.05 and the sample size would have to be doubled to increase the achieved statistical

power of approx. 0.5 to the standard 0.8.

HLA allele frequencies in medieval vs. modern Europeans

Confirmation of genetic continuity between the medieval individuals and modern Germans (Fig.
2 and 3) allowed an investigation of potential shifts in HLA diversity over time. An exploratory
assessment of the allele frequencies in the medieval controls and a large cohort of modern
individuals (AFND: Germany, population 8 (HLA-A, B, C and DRB1) and population 3 (HLA-
DQB1)) (Gonzalez-Galarza et al., 2020) was performed (Tab. S14). Frequency differences of
above 5% were considered as a substantial shift. Interestingly, the number of B*35, C*04,
DQB1*03 and DRB1*11 seems to have increased since the Middle Ages. On the contrary, A*02,
C*03 and DQB1*06 are less common in present-day Germans relative to medieval individuals
(Tab. 9, Fig. 4). The shift is particularly pronounced for the DQB1*03 and C*03, with a difference
of over 10%.
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Figure 4. HLA alleles which exhibit a temporal shift (>5%) in frequency.

Table 9. HLA alleles which exhibit a temporal shift (>5%) in frequency.

Frequency [ %]

Allele Medieval controls Modern Germans
A*02 32.7 27

B*35 49 104

C*03 252 13

C*04 6.2 12.5
DQB1*03 304 419
DQB1*06 319 25.6
DRB1*11 4.8 13
Discussion

Here, a large sample of medieval individuals was examined in the context of HLA-associated
susceptibility to leprosy. Whilst the previous HLA case-control association analysis performed on
medieval Europeans focused on a single allele (DRB1*15) (Krause-Kyora et al., 2018), this study
represents the first association analysis between multiple HLA alleles and leprosy in Europeans.
Five alleles were found to be associated with the disease (HLA-A*23, A*26, B*38, C*06 and
DRB1*13) (Tab. 8). HLA-B*38 was previously identified as a risk factor for leprosy in southern
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Brazilians (2.7% vs. 1.1%, p=0.04, OR=2.44) (Franceschi et al., 2011). Moreover, a nominally
significant association between HLA-C*06:02 and leprosy protection was made for the population
of India (12.5% vs. 37.3%, p=0.01, OR=0.24) (Shankankumar et al., 2003). Although, in this
study, the association analysis was performed at a first-field resolution (C*06), C*06:02 was the
most common C*06 allele called for the medieval individuals (Tab. S13). All but one calls were
either C*06 (N=20) or C*06:02:01G (N=18). The remaining three alleles associated with leprosy
in this study (A*23, A*26 and DRB1*13) have not been previously linked to disease susceptibility
in modern non-European populations. It is possible that these are novel risk/protective variants.
However, due to the limited sample size and a large number of HLA alleles, an exploratory
approach was taken and the p-values reported here are nominal. Therefore, the findings presented
here have to be confirmed in a larger independent sample. Replication of the results may be
difficult to achieve due to the existing interpopulation variation in leprosy susceptibility (White

and Franco-Paredes, 2015) and the virtual lack of leprosy cases in modern-day Europe.

The allele, which is the most consistently associated with leprosy across various populations,
HLA-DRB1*15:01, (Gorodezky et al., 2004; Krause-Kyora et al., 2018; Joko et al., 2000; Mehra
et al., 1995; Vanderborght et al., 2007; Zerva et al., 1996; Zhang et al., 2009) did not differ
significantly in its frequency between cases and controls. Thus, the previous association of this
allele with leprosy risk for medieval Europeans (Krause-Kyora et al., 2018) could not be confirmed
in this study. This is, however, likely due to the insufficient sample size (achieved power = 0.51)
as a strong trend was noted with a frequency of 23.1% in cases and 16.5% in controls (p=0.083).
Substantially more frequent in leprosy-affected individuals was also DRB1*04 (23.1 vs. 15.9%,
p=0.057). Interestingly, it was identified as a protective allele in Argentinians, Brazilians,
Japanese, Taiwanese and Vietnamese (da Silva et al., 2009; Hsieh et al., 2010; Joko et al., 2000;
Motta et al., 1007; Vanderborght et al., 2007). This discrepancy in the direction of the association
(susceptibility vs. protection) could possibly be explained by interpopulation variation. Moreover,
differences in predicted M. leprae antigen repertoires between HLA-DRB1%04:04 and 04:01 were
reported (Krause-Kyora et al., 2018), with DRB1*04:01 exhibiting a highly limited repertoire.
Such a reduced ability to recognize M. leprae peptides may lead to a less efficient immune
response and thus to disease progression. Whilst frequency of DRB1*%04:04 was 2.1% in both

cases and controls, DRB1*04:01 was more common in leprosy-affected individuals (9.5% vs.
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4.8%) (Tab. S13). It is thus possible that the trend observed in this study relates to DRB1*%04:01.
Nevertheless, it is important to consider that 8.8% and 6.6% of the DRB1:04 calls for cases and
controls respectively were made at first-field resolution, obscuring the true values of DRB1*04:04
and 04:01 frequencies. HLA-DRB1*08, which was less frequent in cases (2.7% vs. 6.6%,
p=0.084), was previously linked to decreased leprosy susceptibility in Mexican Mestizo
(Escamilla-Tilch et al., 2013) and Argentineans (DRB1*08:08) (Borras et al., 2008). More
common in medieval controls relative to cases was also DRB1*03 (9.5% vs. 15.6%, p=0.076).
This allele has not been associated with protection against the M. leprae infection in any modern
non-European populations until now. It was, however, more frequent in leprosy cases in a study
conducted among Mexicans (Gorodezky et al., 1987). Interestingly, computational prediction of
HLA-presented antigenic M. leprae peptides for common DRBI1 alleles (Krause-Kyora et al.,
2018) revealed that DRB1*03:01, 08:01 and 13:01 are among the variants exhibiting the largest
M. leprae antigen repertoires, making these alleles relatively efficient in their recognition. This
could possibly explain the trends and the association with leprosy protection observed in this

study.

Frequency comparison of the associated in this study alleles (Tab. 8) between medieval controls
(Tab. 4-7) and modern-day Germans (Tab. S14) revealed similar values (max. difference of 3.3%
noted for DRB1*13). Associations between these variants and infectious as well as autoimmune
conditions were previously made (Tab. 10). This could suggest shared mechanisms underlying

these diseases and possible balancing selection acting on the alleles.
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Table 10. Previous associations reported for the HLA alleles associated with leprosy in this study.

Allele In this study  protection risk ref.
A*23 risk - - -
A*26 risk - Behget’s disease Al-Okaily et al.,
(Saudi Arabia, 2016; Kaburaki et al.,
Japan) 2010; Nakamura et
al., 2019
B*38 risk* - leprosy (Brazil) Franceschi et al.,
2011
C*06 protection* leprosy (India) psoriasis (Finland) Haapasalo et al.,
2018; Shankankumar
et al., 2003
DRB1*#13 protection chronic hepatitis B chronic hepatitis C ~ Aureli et al., 2015;
(Caucasians, (Egypt) Dubaniewicz et al.,
Thailand) autoimmune 2000; El Bendary et
microscopic hepatitis (Argentina) al., 2019; Furukawa
polyangiitis (Japan) colorectal carcinoma et al., 2014; 2015;
systemic lupus (Caucasians) 2016; Garcia Borras
erythematosus Parkinson’s disease et al., 2011;
(Japan) (India) Hohler et al., 1997,
rheumatoid arthritis James &
(Japan) Georgopoulos 2019;
systemic sclerosis Kawasaki et al.,
(Japan) 2016; Kummee et al.,
dementia (Western 2007; Madeleine et
Europe) al., 2002; Pandi et al.,

cervical cancer
(North American
whites)
tuberculosis
(Poland)

2021

#- this study supports previous association of the allele with leprosy susceptibility/protection

Epidemics of leprosy greatly affected the European population in the Middle Ages, which is

reflected in the number of institutions that housed individuals infected with M. leprae at the time.

It was estimated that approx. 19,000 leprosaria were established across the continent by the 13

cent. AD (Raffcliffe, 2006). Nowadays, however, leprosy is virtually absent in Europe and only

around 5-10% of infections lead to disease development. Furthermore, clinical manifestation of

leprosy is highly variable and mediated by the immune response of the host (Lockwood and
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Saunderson, 2012). In the light of the high stability of the M. leprae genome since the early Middle
Ages (Monot et al., 2005; Schuenemann et al., 2013; 2018; Krause-Kyora et al., 2018; Pfrengle et
al., 2021), it is likely that environmental and host genetic factors played a major role in leprosy
disappearance from the European continent. In addition to the social isolation of the leprosy-
affected individuals in leprosaria and their rights to marry being questioned, hormonal changes
associated with the disease (Gunawan et al., 2020; Khanna et al., 2014; Saporta & Yuksel, 1994)
likely had a detrimental effect on reproduction. Moreover, a wave of tuberculosis, which swept
through Europe in the late Middle Ages (Daniel, 1997), could have contributed to leprosy's
disappearance. Interestingly, the decrease of leprosy prevalence coincided with a peak incidence
of tuberculosis (Manchester, 1984). As the response to infection with M. leprae and M.
tuberculosis is similar (Aufderheide and Rodriguez-Martin, 1998; Lurie, 2008; Ohara et al., 2000),
it is possible that exposure to a far more deadly disease, such as tuberculosis, might have led to

selection of resistant genotypes (Manchester, 1984; Donoghue et al., 2005; Monot et al., 2009).

A temporal shift in frequencies of several HLA alleles was observed in this study (Tab. 7).
Interestingly, these alleles were previously associated with susceptibility to infectious diseases that
are highly prevalent in modern-day non-European populations, such as hepatitis, malaria, acquired
immunodeficiency syndrome (AIDS) and tuberculosis, as well as Chagas disease and dengue fever
(Tab. 11). The majority of the associations were made in non-European populations, due to the
current epidemiology of the diseases. With that in mind, whilst the frequency of HLA alleles
protective against hepatitis, malaria, dengue fever and chagas disease has increased, so has the
frequency of risk factors related to HIV and SarsCov2. Moreover, a decrease in frequency was
noted for the alleles protective against severe COVID19, Ebstein-Barr Virus-positive (EBV*)
Hodgkin lymphoma and hepatitis. Based on these associations, however, it is not possible to infer
possible reasons as to why the shifts in frequency have occurred since the Middle Ages.
Interestingly, the same alleles were also previously associated with various autoimmune and
degenerative conditions, such as systemic sclerosis, lupus, alopecia, Grave’s disease, osteoporosis
and Parkinson’s disease (Tab. 11). The majority of the associations were made for alleles whose
frequency has increased since the Middle Ages, particularly class I HLA alleles DQB1*03 and
DRB1*11. Although there is no simple directional link between the associations with infectious

diseases and inflammatory conditions, these findings highlight the pleiotropy of the HLA system
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and suggest a possible evolutionary trade-off between susceptibility to infections and
autoimmunity. In all probability, ancient epidemics of infectious diseases helped to shape the
present-day diversity of HLA alleles in the European population, possibly influencing the levels
of genetic predisposition to autoimmune conditions. Although evidence of such epidemics may be
obscured by the lack of osteological lesions and written sources, degradation of pathogens’ DNA
over time, inability to detect RNA viruses and pathogens outside the bloodstream, major outbreaks
of infectious diseases are likely to have left their mark on the human genome. To decipher the
associations and their underlying mechanisms will undoubtedly be a challenging task of future

studies.

Table 11. Previous associations reported for the HLA alleles exhibiting a temporal shift in

frequency.
Allele frequency risk protection ref.
in Modern
Germans’
A*02 decreased  childhood acute HCYV (China) Huang et al., 2016; Gai et
leukemia (Romania) EBV*Hodgkin al., 2010; Niens et al.,
lymphoma 2007; Shkurnikov et al.,
(Netherlands) 2021
severe COVID19
(Russia)
B*35 increased  HIV progression dengue fever Arnett et al., 1996;
(European, African  (Mexico) Carrington et al., 1999;
American and malaria (Ghana) Falcén-Lezama et al.,
Hispanic 2009; Li and Liu, 2014,
populations) Gao et al., 2001; Pereyra
systemic sclerosis et al., 2010; Santaniello et
(Brazil, Italy, al., 2006; Toledo Del Rio
Choctaw tribe) et al., 2013; Yamazaki et
postmenopausal al., 2011
osteoporosis (China)
C*03 decreased cardiac involvement Grave’s disease Honeyborne et al., 2010;

in Chagas disease (Poland: C*03:04,

Layrisse et al.,

(Venezuela) UK) 2000; Simmonds et al.,
HIV escape mutant 2007; Zawadzka-
(Africans) Starczewska et al., 2022

Grave’s disease
(Poland: C*03:02)
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Continuation of Table 11. Previous associations reported for the HLA alleles exhibiting a

temporal shift in frequency.

Allele frequency risk protection ref.

in Modern
Germans’

C*03 decreased Parkinson’s disease Wang et al., 2008; Wisseman et
(Europeans) al., 2013
multiple myeloma
(China)

C*04 increased  HIV progression - Hovhannisyan et al., 2022;
(Peru) Olvera et al., 2015; Tafti et al.,
SarsCov2 (Armenia, 2016; Weiner et al., 2020
Germany, Spain,

Switzerland)
narcolepsy
(Europeans)

DQB1%03 increased HBYV progression dengue fever Ahmed et al., 1991; Alric et al.,
(African Americans) (Mexico) 1997; Cangussu et al., 2011;
tuberculosis (South HBV (Gambia) Chagury et al., 2018; Delgado et
East Asia) Chagas disease al., 1996; Esmali et al., 2013;
recurrent respiratory (Venezuela) Falcon-Lezama et al., 2009;
papillomatosis HCV clearance Fernandez-Mestre et al., 1998;
(Korea) (France, UK, 2022 Fu et al., 2018; Harcourt et
Grave’s disease Brazil, African al.,2001; Song et al., 2013;
(Poland: Americans) Shankankumar et al., 2003; Sun
DQB1*03:01) Grave’s disease et al., 2018; Thio et al., 2001;
bullous pemphigoid (Poland: Thursz et al., 1995; Toyo-oka et

(China, Iran, Japan, DQB1*03:03) al.,2017; Welsh et al., 1994;
Brazil, Caucasians) celiac disease = Zawadzka-Starczewska et al.,

systemic lupus (Venezuela) 2022
erythematosus

(India)

pityriasis rosea

(China)

alopecia areata

(Northwestern

Europeans)

DQB1*06 decreased HCYV (Korea) HCV (Egypt)  Al-Motwee et al., 2013; El-
Parkinson’s disease pemphigus Chennawi et al., 2008; Fu et al.,
(India) vulgaris (India) 2018; Pandi et al., 2021;

pityriasis rosea Priyadarshini et al., 2018;
(China) Shankankumar et al., 2003;;

Yoon et al., 2005
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Continuation of Table 11. Previous associations reported for the HLA alleles exhibiting a

temporal shift in frequency.

Allele frequency risk
in Modern
Germans”

protection

ref.

DQB1%06 decreased multiple sclerosis
(Norway, Spain,
China)
systemic lupus
erythematosus
(Egypt, Saudi
Arabia, India)

Fernandez et al., 2004; Mokbel
et al., 2015; Serjeantson et al.,
1992; Spurkland et al., 2008

DRB1*#11 increased recurrent respiratory Chagas disease
(Argentina)
HCYV clearance
(France, UK)
asymptomatic
HCV (Italy)
rheumatoid
arthritis
(Pakistan)

papillomatosis
(Korea),
thrombotic
thrombocytopenic
purpura (France)
systemic sclerosis
(North American
whites)

juvenile idiopathic
arthritis (Western
Europeans)
asthma (Venezuela)
cervical cancer
(North American
whites)

Grave’s disease
(Poland)

Scleroderma (China)

Alric et al., 1997; Asti et al.,
1999; Berangere et al., 2020;
Garcia-Borras et al., 2009;
Harcourt et al., 2001; He et al.,
2014; Kuwana et al., 1999;
Lara-Marquez et al., 1999;
Madeleine et al., 2002;
Ombrello et al., 2015; Muazzam
et al.,2013; Song et al., 2013;
Zawadzka-Starczewska et al.,
2022

# - Table shows the frequency change in relation to medieval controls.

Although five HLA alleles were found to be associated with leprosy in this analysis, the study is

not without limitations, which have to be considered when interpreting the results. Firstly, this

study was explorative and considered the complete HLA profiles without a correction for multiple

testing. Although such analysis can detect potentially novel associations, confirmation of the

findings in an independent sample is necessary. Secondly, as the sample examined here is of a

relatively small size in comparison to genome wide association studies (GWAS) (Wang et al.,
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2016; Zhang et al., 2009), the variants of small effect size were likely undetected. The statistical
power could be potentially further reduced by the presence of leprosy-affected individuals in the
control group. Although stringent selection criteria were applied for cases, osteological
information about possible leprosy lesions was not available for the controls. It is thus probable
that pathogen screening alone was not sufficient to reliably determine the “case vs. control” status.
Thirdly, errors in genotyping could have theoretically influenced the HLA frequencies. Levels of
agreement between manual HLA calls made by two independent observers for two sets of alleles
were 87.8% (Tab. S4) and 82.6% (Tab. S12). The highly degraded nature of aDNA makes the
HLA typing challenging. Although the semi-automated TARGT pipeline is currently the most
suitable method for this kind of data, it involves some amount of subjectivity and experience,
which seems to influence the success rate of HLA typing in general (Tab. S12). Although
genotyping error should not have a substantial effect on the association of alleles of a relatively
high frequency, the low-frequency alleles, such as A*23 and B*38 (Tab. 4 and 5) could possibly
be affected. In this study, however, Optitype (Szolek et al., 2014) was used to support or reject a
call in cases where the manual calls were ambiguous. Lastly, HLA genes are in strong genetic
linkage and the entire complex is inherited as an HLA haplotype from each parent (Choo, 2007).
Such a non-random association of alleles at multiple loci is known as linkage disequilibrium (LD).
It is thus possible that identified alleles are not causal for leprosy, but rather are in LD with a
different HLA allele or a SNP at a different locus linked to the disease (Ajioka et al., 1997; Cardoso
et al., 2002; Ellis et al., 1997). This is, however, uncommon for HLA-disease associations, as

existing data supports the role of the associated allele in the majority of cases (Holoshitz, 2013).
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Abstract

Background: The pathogen landscape in the Early European Middle Ages remains
largely unexplored. Here, we perform a systematic pathogen screening of the rural
community Lauchheim “Mittelhofen,"in present-day Germany, dated to the Meroving-
ian period, between fifth and eighth century CE. Skeletal remains of individuals were
subjected to an ancient DNA metagenomic analysis. Genomes of the detected patho-
gens were reconstructed and analyzed phylogenetically.

Results: Over 30% of the individuals exhibit molecular signs of infection with hepatitis
B virus (HBV), parvovirus B19, variola virus (VARV), and Mycobacterium leprae. Seven
double and one triple infection were detected. We reconstructed four HBY genomes
and one genome each of B19, VARV, and M. leprae. All HBV genomes are of genotype
D4 which is rare in Europe today. The VARV strain exhibits a unique pattern of gene loss
indicating that viruses with different gene compositions were circulating in the Early
Middle Ages. The M. leprae strain clustered in branch 3 together with the oldest to-date
genome from the UK.

Conclusions: The high burden of infectious disease, together with osteological mark-
ers of physiological stress, reflect a poor health status of the community. This could
have been an indirect result of the climate decline in Europe at the time, caused by the
Late Antique Little Ice Age (LALIA). Our findings suggest that LALIA may have created
an ecological context in which persistent outbreaks set the stage for major epidemics
of severe diseases such as leprosy and smallpox hundreds of years later.

Keywords: Ancient DNA, Pathogen genomics, Ancient genomics, Variola virus,
Smallpox, Leprosy, Hepatitis B virus, Parvovirus B19, Pathogen evolution, Infectious
diseases
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Background

The pathogen landscape of the Early Middle Ages in Europe (late fifth—tenth century
CE) remains largely unexplored. Bacterial and viral genomes from this period have so
far only been detected in a few cases across the continent, such as a hepatitis B virus
(HBV) [1, 2], variola virus (VARV) [3], and Mycobacterium leprae (M. leprae) [4]. These
findings, although important in the context of pathogen evolution, are widely dispersed
in time and space and do not significantly contribute to the understanding of the preva-
lence of infectious diseases in a specific locale during that period.

Prevalence rates of infectious diseases in pre-modern populations are uncertain, as
they are usually based only on historical records [5] and paleopathological analysis of
human skeletal and mummified remains [6]. Ancient pathogen genomics is an additional
approach that can confirm the infection, even when there are no lesions present on skel-
etal remains or when disease manifestation is atypical. Combined analysis of the written
record, skeletal remains, and genomic information can provide valuable knowledge of
historical infectious disease presence.

Here, we perform a systematic metagenomic pathogen screening of 70 individuals rep-
resenting 89% of all people buried within the Lauchheim “Mittelhofen” village (present-
day Germany) in the Alemannic duchy of the Merovingian kingdom. The Merovingian
period (late fifth century to 751 CE) was an important transitional phase, paving the way
for what became known as the culture of Medieval Europe [7]. Here, we present molec-
ular evidence of infection with four different pathogens (human parvovirus B19 (B19),
HBYV, variola virus, and M. leprae) in 22 individuals. This study provides insights into
the diversity and prevalence of infectious diseases in a rural community during the late
seventh and eighth century CE.

Results

Seventy-nine burials, in six burial groups (Fig. 1), were excavated at the Lauchheim
“Mittelhofen” settlement. Based on archeological and radiocarbon evidence, the burials
date to the late seventh and eighth century CE. It is thought that inhabitants buried the
deceased at the edge of their property [8]. In total, metagenomic samples from 70 indi-
viduals were sequenced in this study (Additional file 1: Tab. S1).

Pathogen screening

Bacterial and viral screening of metagenomic samples revealed that DNA of four
pathogens was present in 22 individuals: B19 (n=21), HBV (n=8), VARV (n=1),
and M. leprae (n=1) (Table 1 and Additional file 1: Tab. S2 and S3). In six cases, a
double infection with B19 and HBV was observed. A double infection with B19 and
variola virus was found in one individual (G31) and three different pathogens (B19,
HBYV, and M. leprae) were detected in a sample of an adolescent male (G83). Data
enrichment allowed the reconstruction and analysis of four HBV (G78, G79, G27, and
G83), one B19 (G83), the VARV (G31) and the M. leprae genomes (G83) (Table 1).
Based on these data, we report on the crude period prevalence (CPP) of infectious
diseases in the Lauchheim settlement [6]. CPP is defined as the percentage of indi-
viduals in a population (%) that exhibit a molecular sign of infection over the period
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Fig. 1 Map of the archeological features of the Lauchheim “Mittelhofen” settlement. Burial groups are
indicated. Burial groups are thought to be associated with distinguishable farmsteads. Purple rectangles
represent the graves, while gray squares indicate pit houses and dotted-line rectangles post pits of houses

of time in which the settlement was used as a burial ground (approx. a century). Thus,
the CPP indicates the prevalence of infections over three to four human generations,
during which the pathogen landscape can change. The CPP calculated here for the
Lauchheim population was 31.4%. When adult and subadult individuals are consid-
ered separately, the CPP was 29.1% for adults and 40% for subadults. Authenticity of
the ancient origin of the pathogens was confirmed by the presence of typical ancient
DNA (aDNA) damage patterns (Additional file 1: Tab. S4) and the ancestral posi-
tions of the pathogen genomes in phylogenetic trees (see below).

Genome-wide analysis of the identified pathogens

Hepatitis B virus

From the eight HBV-positive samples (CPP =11.4%), we generated four almost com-
plete viral genomes (G78, G79, G27, and G83) ranging in coverage from 96 to 99.9%
(Additional file 1: Tab. S5). In the phylogeny, all four strains were basal to genotype
D4 (Fig. 2 and Additional file 1: Fig. S1), clustering in two pairs of identical strains
(G78 and G79, G27 and G83). Each genome carried the 33nt deletion in preSI typical
of genotype D and a complete sequence of the HBe-antigen.

Human parvovirus B19

From the 21 parvovirus-positive samples (CPP=30%), one complete B19 genome
(G83) was reconstructed, with highest nucleotide identity to the modern genotype
2 (Additional file 1: Tab. S5). In the phylogenetic tree, G83 was basal to the cluster of
several ancient European and modern genotype-2 strains (Fig. 3 and Additional file 1:
Fig. S2).
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Table 1 Individuals from the Lauchheim “Mittelhofen” settlement with detected infection

No. Grave

number/
individual ID

Sex Age [years]

Pathogen

Burial group '%C(2 o) [years Physiological

cal CE]

stress indicators
[91

10
11

14
15
16

20

21

22

5
7

221
23

24

37

56

63

67"

69
70

82

29

461

66"

79"

83"

PF

M

40-50
Around 25

Around 15
21-23

Senile

Around 25

Early mature

25-30

16-20

40-50
30-40

Mature

Around 60

40-50
25-30
20-25

30-35

20-25

12-14

6-8

13-14

13-15

B19
B19

B19
B19

B19

B19

B19

HBVI
B19, VARVY
B19, HBV

B19, HBV?

B19, HBV

B19, HBV

B19, HBV

B19, HBV?

B199, HBVY
leprae®

[NSIN

M. 6

674-820

644-770

647771
685-879

703/704%

665-773

650-771

656-772

Cribra orbitalia

Cribra orbitalia,
cribra femoris,
enamel
hypoplasia
Cribra orbitalia

Cribra cranii, cribra
femoris

Cribra orbitalia,
cribra cranii, cribra
femoris,

Cribra orbitalia,
cribra cranii and
cribra femoris,
enamel
hypoplasia

Cribra orbitalia,

cribra cranii

Cribra cranii,
enamel
hypoplasia
Enamel
hypoplasia

Enamel
hypoplasia
Cribra orbitalia,
enamel
hypoplasia
Enamel
hypoplasia
Cribra femoris
Cribra cranii

Cribra orbitalia,
cribra femoris

Cribra orbitalia,
cribra cranii,
enamel
hypoplasia

Cribra cranii, cribra
femoris, enamel
hypoplasia

Cribra orbitalia,

cribra cranii, cribra
femoris

Enamel
hypoplasia
Cribra orbitalia,
cribra femoris,
enamel
hypoplasia
Cribra orbitalia,
cribra cranii

9 Genome reconstructed, M male, F female, PF probable female, Shased on osteological analysis [9], fsubadult, *based on
dendrochronology
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Old World Monkey strains (n=4; LR, CM)
Sorsum 3335-3107 cal BCE (DE)
71 RISE563 2471 cal BCE (DE)
RISE254 1992 cal BCE (HU)
RISE154 1834 cal BCE (PL)
Karsdorf 5056-4959 cal BCE (DE)
New World Monkey strains (n=7; TW, KH, JP, DE, TH)
Genotype H (n=4; NI, US, MX)
Genotype F (n=11; CR, JP, AR, PA, BO, VE)

58

100
:73 RISE387 2265 cal BCE (RU)
HE981175_G (AR)
Genotype B (n=16; VN, ID, PH, CA, US, GL, MN, JP)
Genotype C (n=17; IN, AU, NC, CN, KR, VN, MM, HK)
Genotype A (n=17; RU, HU, SK, BE, DE, PL, MW, BD, JP, GM, GN, HT, CM, NE)
—< Genotype E (n=2; NA)
D_AM494716_10 (CF)
Genotype D7 (n=2; TN)
gPetersberg 1020-1116 cal CE (DE)
Genotye D4 (n=8, BR, MQ, CA, PG, AU)
G78 647-771 cal CE (DE)
100! G79 650-771 cal CE (DE)
G27 703/704 CE (DE)
100! G83 656-772 cal CE (DE)
DA51 280 cal BCE (KG)
DA27 407 cal CE (KZ)
D_GQ205382_9 (IN)
D_GQ205389_9 (IN)
D5_KP322603_4 (IN)
D_GQ205378_10 (IN)
D5_GQ205385_9 (IN)
D_GQ205377_10 (IN)
D_GQ205384_9 (IN)
D1_AB033558_29 (JP)
D_DQ315779_12 (IN)
DA222 750-950 CE (KZ)
E— D_AB188243_13 (JP)
DA29 1195 cal CE (MN)
Genotype D3 (n=3; LB, CH)
D3_JN688711_6 (AR)
D3_JN688710_7 (AR)
Italian mummy 1509-1629 CE (IT)
Genotype D1 (n=3; LB, CH)
D_AB210818_12 (JP)
Genotype D2 (n=6; GR, PL, TR, LB)

58,

52

88

70

0.03

Fig.2 A maximum-likelihood tree illustrating the phylogenetic position of the HBV strains from Lauchheim
(red). Other ancient strains are marked in blue and modern HBV are shown in black. Numbers at each node
are bootstrap support over 500 replications. The tree includes 130 strains (109 modern and 21 ancient).
Country codes can be found in the Additional file 1: Table S6. Dates are provided for ancient strains

Variola virus

Sample G31 (685-879 cal CE) had 81 reads mapping to VARV in the initial screening
(NC_001611.1). Subsequent capture for viral sequences resulted in the recovery of a near
complete genome (98%, 60.8 x coverage) (Additional file 1: Tab. S7). Phylogenetically,
the G31 genome clusters within the ancient VARV (aVARV) clade, basal to the strains
VK281 and VK480 found in Denmark and Russia, respectively (Fig. 4A) [3]. The dates of
the most recent common ancestor of all aVARVs (~1500 years ago), as well as all VARVs
(~1700 years ago), are consistent with previous publications [3]. G31 exhibits a pat-
tern of gene inactivation with features from both the VK388-VK382 and VK281-VK470
clades (Fig. 4B and Additional file 1: Fig. S3), congruent with its position in the phylog-
eny (Fig. 4A). Concerning the genes showing differences in activation patterns across the
two branches, G31 shares gene-inactivating mutations with the VK382-VK388 branch in
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G83 656-772 cal CE (DE)

VK6 ~1000 CE (GL)
VK154 ~1000 CE (PL)
RISE569 679-747 cal CE (CZ)

55
VK143 880-1000 CE (GB)

VK477 ~1000 CE (SE)
Genotype 2 (n=11; DE, FI, JP, US)

Genotype 3b (n=9; DE, GB, BR, FR)

100

Genotype 3a (n=5; FR, GB, US)

— DA251 4935-4755 cal BCE (RU)

DA377 2049-1851 cal BCE (RU)

DA366 2236-1122 cal BCE (RU)

27 == DA66 452-544 cal CE (KG)

100
Genotype 1b (n=2; VN)

12 NEO105 1431-1515 cal CE (RU)
100
Genotype 1a (n=50; JP, US, BR, DE, IT, GB, CH, BE, RS)
0.03

Fig. 3 A maximum-likelihood tree illustrating the phylogenetic position of the B19 strain from Lauchheim
(red). Other ancient strains are marked in blue and modern B19 are shown in black. Numbers at each node
are bootstrap support over 500 replications. The tree includes 88 strains (77 modern and 11 ancient). Country
codes can be found in the Additional file 1: Table S6. Dates are provided for ancient strains

three genes (A39R, C2L, F3L) and with the VK281-VK470 branch in four genes (22682/
CPXV020, K1L, 168145/CPXV181, A57R).

Mycobacterium leprae

A genome of M. leprae (4 x) was assembled (Additional file 1: Tab. S8) from the skel-
etal remains of an adolescent male (G83) (Table 1) which showed several pathological
lesions (Additional file 1: Tab. S9, Fig. S4 and Fig. S5). In the phylogenetic analysis, G83
was positioned in branch 3, together with modern strains from the Americas (human
and nine-banded armadillo) and the UK (red squirrel) as well as human medieval strains
from Denmark and the UK (Fig. 5 and Additional file 1: Fig. S6). G83 clustered with
the British GC96 sequence dating to the fifth—sixth century CE, forming a separate
subbranch.

Discussion

Pathogen screening of the community buried at the early medieval settlement
Lauchheim “Mittelhofen” revealed that more than 30% of the population was posi-
tive for least one pathogen at the time of death. We identified seven individuals with
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A _{:-VK388 603-653 CE (NO)
Tool—e VK382 640-770 CE_(SE) >
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Fig.4 G31 variola virus from Lauchheim exhibits intermediate genetic characteristics in relation to other
ancient strains. A A maximum-likelihood tree illustrating the phylogenetic position of the VARV strain
from Lauchheim (red) among other ancient (blue) and modern (black) strains. Numbers at each node are
bootstrap support. The tree was inferred using IQTree, with 10,000 ultrafast bootstrap replicates. The tree
includes 56 sequences (49 modern and 7 ancient). P-l and P-Il refer to VARV primary clade | (corresponding
to VARV major and East, Central and South African VARV sequences) and primary clade Il (comprising of VARV
alastrim minor and West African sequences), respectively. Country codes can be found in the Additional file 1:
Table S6. Dates are provided for ancient strains. B Temporal trend of gene inactivation, with the number of
inactivated genes shown on the y-axis and the x-axis indicating time into the past. Phylogenetic relationships
between viruses are indicated by gray lines. Light blue circles indicate the number of inactivated genes when
uncertain inactivations are not taken into account. The gray dotted line and shaded area indicate a linear
regression of number of genes against time into the past, indicating that a hypothetical virus with a full set
of genes existed ~4116 years into the past (R: 0.92, R% 0.85, slope: 0.014, y-intercept: 58.76, stderr: 0.002, P:
0.00002)

concurrent infections with two viruses (G16, G27, G29, G31, G46, G66, and G79) and
one individual with a triple infection of HBV, B19, and M. leprae (G83) (Table 1).

Seven percent of adults and 26.6% of subadults had an HBV infection (Table 1), a
prevalence which today is considered endemic [10]. Furthermore, the proportion of
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Fig. 5 A maximum-likelihood tree illustrating the phylogenetic position of the M. leprae strain from
Lauchheim (red). Other ancient strains are marked in blue and modern M. leprae are shown in black. Numbers
at each node are bootstrap support over 500 replications. The tree includes 177 strains (139 modern and 38
ancient). Country codes can be found in the Additional file 1: Table S6. Dates are provided for ancient strains

HBV-infected subadults in Lauchheim was over three times as high as that of adults,

which is in accordance with the age-related infection pattern in endemic areas [10].

Although today most HBV infections are asymptomatic or cause mild symptoms,

individuals with a compromised immune system are at risk of developing severe com-

plications such as liver failure, cirrhosis, and liver cancer. All HBV genomes were of

sub-genotype D4—as previously found in eleventh—twelfth century Petersberg (Ger-

many) [11]. To date, sub-genotype D4 is mainly found in Australasia and Northern

America. Thus, the available data point to a temporal change in the geographical
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distribution of HBV genotype D sub-genotypes in Europe—with early medieval D4
subtypes being replaced with those that are prevalent today, such as D1, D2, and
D3 [12]. Interestingly, in sixteenth century Italy, an HBV strain of genotype D3 was
already present [13] (Fig. 2). Two pairs (G78 and G79; G27 and G83) of identical
genomes were reconstructed (based on sequence comparison). Although the diversity
of HBV at the time is unknown, this finding could possibly suggest a direct transmis-
sion between these individuals or a common source of infection.

In comparison to HBV, B19 was more abundant, with 30% of the Lauchheim com-
munity identified as positive. The CPP estimated for subadults (40%) falls within the
prevalence seen today (15-60%). The adult CPP of 27.3% is slightly below the rate
expected in the present day (30-60%), suggesting that it might likely be an underesti-
mate. B19 infections can lead to a mild disease in children (fifth disease) and serious
fetal conditions in pregnant women. In immunocompromised individuals, the infec-
tion may lead to anemia and life-threatening aplastic crisis [14]. Thirteen out of the 21
B19-positive individuals in Lauchheim died before reaching an estimated 30 years of
age (62%, in comparison to 41% in the overall population). Although not particularly
likely, premature death could have possibly occurred due to complications developed
after a B19 infection. In the phylogenetic analysis, the G83 strain (genotype 2) is basal
to all modern and ancient genotype 2 genomes recovered to date. Genotype 2 is today
mainly found in elderly northern Europeans [15].

Variola virus (VARV) was detected in one individual (G31). VARV is the causative
agent of the now-eradicated smallpox. The disease is characterized by high mortality
(reaching up to 30%), with symptoms including fever, vomiting, and skin rash [16]. In
the phylogenetic analysis, the G31 strain clustered within the known diversity of early
medieval VARVs from northern and eastern Europe [3]. These VARVs are distinguished
from modern VARVs by a larger number of intact genes. G31 exhibits a pattern of gene
loss that is a combination of unique features found in both the VK382-VK388 and
VK281-VK470 branch of the medieval VARV clade, showing that viruses with different
gene compositions were circulating in the Early Middle Ages. The reductive evolution
in modern VARVs is thought to be a result of changed selection pressures due to adap-
tation to humans as exclusive hosts [17]. Given the transmissibility of modern VARY,
it is interesting that we only detected a VARV infection in one Lauchheim inhabitant.
The absence of additional VARV-positive samples in Lauchheim may be due to a lower
fatality rate [18], or the fact that viremia is not thought to last for the duration of infec-
tion [19], and thus the viral DNA was not preserved. Furthermore, genomic differences
between the modern and medieval VARVs (Fig. 4 and Additional File 1: Fig. S3) could
possibly reflect a reduced efficiency of human-human transmission in ancient VARVs.
The epidemiology of VARV in the Early Middle Ages, however, remains unknown.

In addition to viral infections, the pathogen screening revealed the presence of M. lep-
rae (causative agent of leprosy) in an adolescent male (G83). Leprosy mainly affects the
skin, mucous membranes, and peripheral nerves. Subsequent sensory loss in the hands
and feet makes these areas susceptible to injuries and secondary infections, usually lead-
ing to deformation and in some cases even loss of extremities. Leprosy per se is not
deadly and only approximately 5% of infected individuals exhibit clinical symptoms. As
leprosy can cause severe disability as well as visible disfigurement of the limbs and face
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[20], social stigma of the disease likely surpassed its clinical outcome in terms of suffered
consequences. The skeleton of individual G83 exhibits signs suggestive of lepromatous
leprosy that take years to develop. Although the adolescent likely had visible facial dis-
figurement caused by leprosy, he was buried together with the rest of the community,
indicating that he might not have been ostracized. Although leprosy was already present
in Europe in the Early Middle Ages [21, 22], its prevalence peaked between the twelfth
and fourteenth centuries CE. The G83 strain is the oldest found in Germany to date. Two
British strains dating to a similar time period were included in the phylogenetic analy-
sis (GC96, fifth—sixth century and EDI006, sixth—seventh century CE). The Lauchheim
strain groups in branch 3 together with both British strains, suggesting low diversity of
M. leprae in the Early Medieval Period [23]. Based on the observed variation (Fig. 5) as
well as the temporal and geographic distribution of the medieval strains (Additional
file 1: Fig. S7), we can hypothesize an early appearance of branch 3 strains in Europe. The
spread may have been facilitated by the expanding Roman Empire [22, 23].

Although the dating of the Lauchheim settlement abuts the Justinian plague (541-543
CE), no traces of the causative Yersinia pestis (Y. pestis) were found in any of the analyzed
samples. Moreover, in the case of the Lauchheim settlement, most likely not all inhabit-
ants were buried within its borders and part of the population might have been buried
in the traditional graveyard situated nearby or at another unknown location. Overall, the
burials may not be representative of the general Lauchheim population. Excavation and
preservation bias also influence the amount of data available for analysis. Inherent limi-
tations of the collected molecular evidence must also be considered. Lack of infection
cannot be inferred from pathogen-negative DNA samples as degradation of the genetic
material could have erased traces of the microorganism. Thus, the observed infectious
disease prevalence in Lauchheim is probably an underestimate.

In the early medieval community of Lauchheim, we observed a high prevalence of
infectious diseases caused by four different pathogens. Pathogens were detected in all
six burial groups, indicating a broad distribution of infections across the population.
The extent of the disease burden becomes even more apparent when considering the
fact that pathogens which do not enter the bloodstream are most likely undetectable,
due to lack of DNA preservation. Moreover, other types of diseases, such as hereditary,
metabolic, and nutritional diseases or cancer, were not accounted for in this investiga-
tion. Interestingly, 95.5% of the pathogen-positive individuals (Table 1) and 84.4% of the
individuals with no molecular sign of infection exhibited skeletal lesions suggestive
of physiological stress. This extremely high burden of lesions indicates poor health in
Lauchheim. In one scenario, malnutrition could have increased the level of physiologi-
cal stress, which in turn resulted in a weakened immune system and a higher probability
of successful pathogen transmission and zoonoses. In another scenario, a high burden
of infectious diseases in the community compromised the immune system leading to
increased physiological stress and metabolic disturbances. The cause-and-effect rela-
tionship is unclear and it is likely that multiple factors simultaneously contributed to the
elevated stress in the Lauchheim community. Interestingly, Europe experienced a major
climate decline between the fifth and seventh century CE, i.e., the Late Antique Little
Ice Age (LALIA), which was likely an environmental driver of crop failure, famine, and
disease [24]. Although the degree to which LALIA affected the Lauchheim community
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is unknown, it presents one possible explanation for the high disease burden. The far-
reaching contacts and networks during that time, also documented for Lauchheim [25],
might have contributed to the spread of infections.

It is notable that LALIA coincides with several changes in the pathogen landscape.
A case in point is the Justinian plague (541-543 CE) that affected millions of people
across Europe. Another example is that the dating of the G31 VARV genome together
with VK388 and VK382 (Fig. 4A) falls within LALIA. Moreover, the early medieval M.
leprae infections were the starting point of the leprosy epidemic during the eleventh—
fourteenth centuries CE. This scenario is supported by the ancestral positions of the
early Lauchheim (G83) and the British (GC96) genomes in clade 3 of the phylogeny
(Fig. 5), which were to dominate the later epidemic (Additional file 1: Fig. S7) [23]. Taken
together, we would like to hypothesize that LALIA may have created an ecological con-
text in which persistent outbreaks set the stage for severe epidemics hundreds of years
later. This speculation, however, needs corroboration.

The pathogens detected in Lauchheim are responsible for some of the most feared dis-
eases of the last millennium and, with the exception of variola virus, still represent major
health burdens today.

Conclusions

Systematic pathogen screening of skeletal remains belonging to 70 individuals from the
Lauchheim “Mittelhofen” provided molecular evidence for the high burden of infectious
diseases in this early medieval community (> 30% of the individuals were positive for
at least one pathogen at the time of death). Such a high frequency of infection together
with physiological stress markers on the bones indicate an overall poor health status of
the community that lived in a time period characterized by rapid cultural transition and
major climate changes (e.g., LALIA). As seen today, climate change is an eminent driver

of emergence, re-emergence and transmission of infectious diseases.

Material

The material comprised bone and tooth samples of 70 individuals (Additional file 1: Tab.
S1) excavated at the Lauchheim “Mittelhofen” settlement located in today’s Baden-Wiirt-
temberg (southern Germany). The settlement was inhabited from the sixth to twelfth
century CE (dating derived primarily from ceramic findings) [8, 26]. However, the set-
tlement was used as a burial ground only during the late seventh and eighth century CE.
Seventy-nine burials containing the remains of 77 individuals were found within the set-
tlement borders [26].

Methods

Processing of samples

Processing of samples and DNA extraction were carried out in a dedicated ancient DNA
facility at the University of Kiel. DNA extraction, library preparation, sequencing, and
post-processing were performed according to a previously published protocol for non-
UGD treated samples [27]. Subsequently, all generated metagenomic datasets were
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screened for the presence of pathogens with Megan Alignment Tool 0.3.0 (MALT) [28]
(SemiGlobal alignment mode, identity threshold = 85%), using a custom database con-
taining all bacterial and viral genomes from the NCBI website (download: 24.01.2019).
Output alignments were inspected visually in MEGAN 6 [29]. Samples showing pres-
ence of pathogen DNA were further sequenced to obtain more data (Additional file 1:
Tab. S3). Additionally, virus (111 human pathogens available on the NCBI website in
2018) targeted capture was performed on the VARV-positive sample (G31). Enriched
data were then mapped against reference genomes of the respective pathogens to con-
firm the findings.

M. leprae phylogeny

The pre-processed reads were mapped against the M. leprae TN reference genome
(NC_002677) with the Burrows-Wheeler Aligner (BWA) v0.7.12 [30]. Output SAM files
were converted to BAM format and merged, sorted and indexed with SAMtools v1.3
with default parameters [31]. Duplicated reads were removed using DeDup v0.12.2 [32]
and the BAM file was filtered for quality 30. To generate VCF files, UnifiedGenotyper
module from the Genome Analysis Toolkit (GATK) v3.6 was used. All the reads in the
input were assigned to a single new read group with the Picard AddOrReplaceRead-
Groups tool with default parameters [33].

Based on a previously published dataset [21], 3124 SNPs with a minimum coverage
of 3 x, a quality score of 30 and a 90% majority call were extracted. The phylogenetic
M. leprae tree was produced with RaxML [34] with a bootstrap of 500 replicates (GTR-
GAMMA model). The tree consisted of 176 previously published M. leprae strains (37
ancient and 139 modern) and the G83 individual. M. lepromatosis was used as an out-
group (Additional file 1: Tab. S10).

HBV analysis

Using BWA [30], the HBV positive samples were mapped against a reference dataset rep-
resenting the modern and known ancient diversity of HBV (Additional file 1: Tab. S11)
as previously described [11]. BAM files belonging to one individual were merged using
SAMtools [31], and duplicates were removed using the software DeDup with the default
options [32]. BamUtil was used to clip two nucleotides from the 5’ and 3’ end. After
a second round of duplicate removal, FASTQ was extracted from the BAM files using
SAMtools. Subsequently a de novo assembly for HBV-positive samples was performed
and resulting contigs were mapped (using BWA) against the respective sequence data-
set containing all the references (Additional file 1: Tab. S11). For genomic reconstruc-
tion, the results of the remapping were visually inspected and, if possible, the consensus
sequence was directly exported. Subsequent curation of the genomes was done manu-
ally. Using the Needleman-Wunsch algorithm, the ancient HBV genomes from Lauch-
heim were aligned to strains listed in the Additional file 1: Table S12.

A dataset containing 109 representative modern HBV genomes, 17 ancient HBV
genomes and the four genomes from Lauchheim was used for the generation of a phy-
logenetic tree. A multiple sequence alignment was made using MAFFT [35] and phy-
logenetic informative blocks were extracted using GBLOCKS with default parameters
[36]. A maximum likelihood phylogeny was generated using PhyML with the GTR
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substitution model, estimated proportion of invariable sites, NNI tree topology search,
and 500 bootstrap replicates [37].

B19 analyses

Parvovirus B19-positive samples were aligned against a dataset representing the modern
and known ancient diversity of B19 diversity (Additional file 1: Tab. S13). Using samtools
idxstats, AJ717293 was identified as the best-fitting reference, and subsequent map-
ping against AJ717293 was performed (Additional file 1: Tab. S14). Further processing
of BAM files was done as described in the HBV section. For genomic reconstruction,
the results of the mapping against AJ717293 were visually inspected and the consensus
sequence was directly exported. Using the Needleman-Wunsch algorithm, the ancient
B19 genome from Lauchheim was aligned to strains in the Additional file 1: Tab. S15. A
MAFFT alignment followed by GBLOCKS was performed. A maximum likelihood phy-
logeny was generated using PhyML with the TN93 substitution model, estimated pro-
portion of invariable sites, NNI tree topology search and 500 bootstrap replicates.

Generation of VARV consensus sequence

Reads from individual G31 were mapped against the sequence of VK382 (https://doi.
org/10.6084/m9.figshare.12185466.v1) in Geneious Prime (https://www.geneious.
com). The alignment was manually checked for insertions and deletions. The consensus
sequence was called at 1 x coverage, if identical to the reference. SNPs were called if pre-
sent in at least two reads.

VARV gene loss and phylogenetic analyses

Gene loss analysis was performed as described [3]. For phylogenetic analyses, a multiple
sequence alignment was constructed using available modern VARV and previously pub-
lished ancient sequences [3, 38]. Only the central region of the genome (VACV-Cop F4L
to VACV-Cop A24R) was used. A maximum likelihood (ML) tree was constructed and
a regression of sampling dates and root-to-tip distances (extracted from the ML tree)
was performed. Dating analyses were conducted with the same alignment that was used
for the ML tree. A TPM1 substitution model with unequal base frequencies and invari-
ant sites was selected, and the clock rate was constrained using a uniform distribution
with bounds (1 x 107°~10x"? substitutions/site/year). After path sampling, likelihood
values between different combinations of priors and clock models were compared with
a Bayes factor test. Median node ages and substitution rates were inferred from trees
run for 10M (for strict clock models) or 100M (for log-normal relaxed clock models)
generations.

Genetic sex determination
The genetic sex of the analyzed individuals was determined based on the ratio of
sequences aligning to the X and Y chromosomes compared to the autosomes [39].
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Yersinia pestis strains from Latvia
show depletion of the pla virulence
gene at the end of the second
plague pandemic

Julian Susat?, Joanna H. Bonczarowska?, Elina Pétersone-Gordina?, Alexander Immel?,
Almut Nebel®, Guntis Gerhards? & Ben Krause-Kyora®™*

Ancient genomic studies have identified Yersinia pestis (Y. pestis) as the causative agent of the second
plague pandemic (fourteenth-eighteenth century) that started with the Black Death (1,347-1,353).
Most of the Y. pestis strains investigated from this pandemic have been isolated from western

Europe, and not much is known about the diversity and microevolution of this bacterium in eastern
European countries. In this study, we investigated human remains excavated from two cemeteries in
Riga (Latvia). Historical evidence suggests that the burials were a consequence of plague outbreaks
during the seventeenth century. DNA was extracted from teeth of 16 individuals and subjected to
shotgun sequencing. Analysis of the metagenomic data revealed the presence of Y. pestis sequences

in four remains, confirming that the buried individuals were victims of plague. In two samples, Y.
pestis DNA coverage was sufficient for genome reconstruction. Subsequent phylogenetic analysis
showed that the Riga strains fell within the diversity of the already known post-Black Death genomes.
Interestingly, the two Latvian isolates did not cluster together. Moreover, we detected a drop in
coverage of the pPCP1 plasmid region containing the pla gene. Further analysis indicated the presence
of two pPCP1 plasmids, one with and one without the pla gene region, and only one bacterial
chromosome, indicating that the same bacterium carried two distinct pPCP1 plasmids. In addition, we
found the same pattern in the majority of previously published post-Black Death strains, but not in the
Black Death strains. The pla gene is an important virulence factor for the infection of and transmission
in humans. Thus, the spread of pla-depleted strains may, among other causes, have contributed to the
disappearance of the second plague pandemic in eighteenth century Europe.

Yersinia pestis (Y. pestis) is the causative agent of plague that evolved from a relatively benign pathogen— Yersinia
pseudotuberculosis—thousands of years ago'~*. Whilst plague is a zoonotic disease with rodents being the primary
hosts of the pathogen®~/, it has also afflicted humans for at least 5,000 years'. In the last two millennia, Y. pestis
was responsible for three major epidemics, of which the second was the most infamous. This pandemic began
with the Black Death in the fourteenth century (1,346-1,353). It is thought to have originated in Asia from where
it quickly spread to and across the European continent killing approximately 30-50% of the population within
a few years®®. The second pandemic persisted for over 400 years'® causing, among others, the Great Plague of
London (1,665-1,666) and Marseille (1,720-1,722)'!. In contrast to western Europe, the first major outbreaks of
plague in the north-eastern part of the continent took place mainly in the post-Black Death period (after 1,353),
for instance in Riga (1,601-3, 1,621-23 and 1,657) or during the Russian Plague (1,770-1,772)'*"14,

Ancient DNA (aDNA) studies have shown that all second-plague pandemic strains cluster together in
branch 1 of the Y. pestis phylogeny, close to present-day representatives'>-'”. Interestingly, pathogens involved
in the post-Black Death outbreaks derived from two Black Death strains from London and Barcelona'>'8. This
post-Black Death subset includes strains from Germany (Starnberg 1,433-1,523, Ellwangen 1,486-1,627),

!institute of Clinical Molecular Biology, Kiel University, Rosalind-Franklin-StraRRe 12, 24105 Kiel, Germany. ?Institute
of Latvian History, University of Latvia, Kalpaka bulvaris 4, Riga 1050, Latvia. “email: b.krause-kyora@
ikmb.uni-kiel.de
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Figure 1. Cemeteries in Riga from which the samples in this study were obtained (left picture). Map of Latvia
and Europe (right picture, upper right corner) with the location of Riga. (Figure was created using Corel DRAW
Home & Student X8, URL: https://www.coreldraw.com/en/).

G83 ND No DNA 11-13 No DNA
G157 M No DNA 30-35 No DNA
Mass grave 1
G488 M M 30-35 +
G645 F F 20-25 +
G103 ND M 10-11 +
Mass grave 2 G177 ND M 10-12 -
St. Gertrude’s Church cemetery
G687 M M 45-50 -
G691 ND F 9-11 -
Burial pit
G701 F F 35-40 +
G41 ND M 14-15 -
General cemetery G92 M M 55-60 -
G100 M M 20-25 -
G143b F F 25-30 -
Mass burial pit Gl6lc F M 50-60 -
Riga Dome Church cemetery
G171c F ND 40-50 -
Collective burial pit | G184b M M 40-50 -

Table 1. List of samples from St. Gertrude’s Church cemetery and Riga Dome Church cemetery. M male, F
female, ND not determinable; +/— Y. pestis-positive or negative.

England (Cambridge 1,433-1,523, London 1,560-1,635), Sweden (Stans 1,485-1,635) and France (Marseille
1,720-1,722)". Since no modern descendants have yet been identified, this lineage probably went extinct'’.

There are ongoing debates about the reasons as to why the disease disappeared from Europe in the eight-
eenth century. Improvements in living conditions, hygiene, and quarantine facilities as well as a replacement
of the rodent host from black to brown rat have been suggested®. Other explanations revolved around the idea
that evolutionary processes may have favored less virulent pathogen strains®! or may have resulted in increased
immunity of the human population®.

Most of the second-pandemic strains analyzed to date have been isolated from human remains excavated in
western Europe, with exception of two strains found in Russia (Bolgar 1,362-1,400'%, Laishevo 1,300-1,400').
Therefore, not much is known about the diversity and microevolution of the strains responsible for disease out-
breaks in eastern Europe, which could have served as a gateway for the spread of the pathogen towards the west.

At least three plague outbreaks in Riga (Latvia) dating to the seventeenth century have been previously
reported'>". To confirm the presence of Y. pestis in Riga, we analysed samples from 16 human skeletons excavated
from two cemeteries (fifteenth—seventeenth century'®) (Fig. 1 and Table 1). The individuals had been interred in
multiple or mass burials and single graves (Table 1). Four of the samples yielded positive screening results for the
presence of Y. pestis, leading to the successful reconstruction of two complete bacterial genomes. This new data
allowed us to expand the geographical range of known Y. pestis strains to north-eastern Europe.
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Sample ‘ Aligned reads | Coverage>1x (%) | Coverage>2x (%) | Coverage>3x (%) | Mean coverage whole genome
Chromosome

G701 237,557 92.74 75.66 53.77 3.09x
G488 597,757 98.85 95.83 89.76 6.79x
PMT1

G701 6,540 97.74 89.33 75.03 4.16x
G488 17,450 99.65 99.04 97.52 9.68x
pPCP1

G701 4,544 98.75 94.42 88.24 30.07x
G488 11,893 99.80 99.14 98.72 68.28x
pCD1

G701 6,659 99.35 96.30 89.55 5.9x
G488 26,728 99.99 99.14 98.72 20.99x

Table 2. Basic mapping statistics for the strongly positive Y. pestis samples after duplicate removal and
quality filtering. Mapping against the CO92 chromosome (NC_003143.1), pMT1 (NC_003134.1), pPCP1
(NC_003132.1) and pCD1 (NC_003131.1).

Results

Sixteen individuals excavated from two cemeteries located in Riga, Latvia were submitted for aDNA analysis. For
14 samples, authentic ancient shotgun sequences were generated. Of these, we identified four Y. pestis-positive
individuals using MALT in BlastN mode (Table 1 and S1). Three of them (G103, G645, G488) were buried in
two mass graves and one (G701) in the burial pit of the St. Gertrude’s Church cemetery. The presence of Y.
pestis-specific reads was confirmed by mapping against a multi fasta reference containing several representatives
of the genus Yersinia (Table S2). Furthermore, we calculated an endogenous based score (i.e. the number of Y.
pestis-specific reads with respect to the number of total reads in the sample)? (Table S3). Two of the samples
(G488, G701) were identified as strong positives (endogenous based score>0.005, Table S3). For these candi-
dates, we subsequently generated 330 and 383 million reads, respectively, to reconstruct the complete bacterial
genomes. The obtained reads were mapped against the Y. pestis reference (CO92, NC_003143.1) containing the
chromosome and all three plasmids (pCD1, NC_003131.1; pMT1, NC_003134.1; pPCP1, NC_003132.1). Both
samples exhibited a genome coverage above 92% for the chromosome as well as for the three plasmids (Table 2
and Fig. S1). Terminal deamination patterns displayed damage profiles typical of authentic aDNA (Fig. S2).

We computed maximum likelihood and Bayesian trees (Figs. 2, S3 and S4) with the two genomes from Riga
(G488, G701) and previously published Y. pestis strains (228 modern (Table S4), 36 ancient (Table S5)) and a Y.
pseudotuberculosis genome (NZ_CP008943.1). The strains from Riga clustered with other second-plague pan-
demic strains from Starnberg (STA001) and Cambridge (NMS002)' with a strong bootstrap support of >97%
and a posterior probability of 1 (Figs. 2, S3 and S4).

Both Riga isolates had SNP alleles (p1 and p2'*) diagnostic for branch 1 (Table S6). Furthermore, they showed
differences in the SNPs p3 and p4 relative to the CO92 reference sequence. These substitutions also characterize
other previously reported second-plague pandemic strains from London (England), Barcelona (Spain), Ellwangen
(Germany), and I'Observance (France)'®!>18,

The two reconstructed genomes from Riga exhibited a drastic drop in coverage of sequences mapping to the
pla gene region (NC_003132.1:6,428-8,530), which consists of the pla gene, a putative transcriptional regulator
and a hypothetical protein on the pPCP1 plasmid (Fig. 3). We confirmed the presence of two variants of the
plasmid, i.e. one with (pla+) and one without (pla—) the pla region, by identifying gap-spanning reads in each
of the strains (Figs. 3C,D, S5). In contrast, we noted only one bacterial chromosome per strain, indicating that
the two distinct pPCP1 plasmids existed in the same bacterium. To rule out that the pla gene originated from
contamination, a competitive mapping against the pla gene from environmental bacteria (e.g. E. coli and Citro-
bacter koseri) and Y. pestis showed that the reads in this region were indeed specific for Y. pestis and exhibited the
expected damage patterns (Table S7). This observation was verified by a competitive mapping against a pla+and a
pla—reference (Fig. 3 and Table S8). The observed ratio between the coverage of the region in pla+ and pla— plas-
mids was about 1:10 (Table S9). To further explore this finding, we re-analyzed 28 previously published Y. pestis
genomes from the second pandemic'®!>'®°, Interestingly, in 14 strains (marked in blue, Fig. 2) we detected
gap-spanning reads and a depletion of the pla region, also indicating the presence of both pla+and pla— plasmids
(Fig. S6 and Table S10). Four more strains showed no signs of pla— plasmids (marked in red, Figs. 2 and S6),
whereas ten others, for which the overall pPCP1 plasmid coverage was poor, were excluded as their pla region
could not be examined reliably (marked in black, Fig. 2). The possibility that the different plasmids could be the
result of a co-infection with two different strains is highly unlikely as this pattern was found in several Y. pestis
genomes from various sites and times, and there was no evidence for such an infection on the chromosomal level.

With regard to (potentially) functional SNPs, we identified two variants of interest. First, both Riga genomes
carried the T259 allele in the pla gene that is important for massive bacterial dissemination in the bubonic form
of plague®. Second, in sample G488, SnpEff** detected a variant in the ssrA-smpB region.

For five of the samples (G92, G143b, G161c, G488 and G701), the human endogenous DNA content in the
metagenomic data was sufficient to investigate the population genetic ancestry using PCA, f3 and admixture
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Figure 2. Maximum-likelihood tree. The tree is based on the SNP alignment (15,976 positions) of 228

modern Y. pestis genomes, 36 published ancient Y. pestis strains, one Y. pseudotuberculosis genome, and the

two genomes G488 and G701 from St. Gertrude’s Church cemetery (left panel, blue). Country abbreviation is
given in brackets (DE = Germany, ES = Spain, FR =France, GB = Great Britain, US = United States, RU = Russia,
LV =Latvia, CN = China, CG = Congo, FSU =Former Soviet Union, IN =India, IR =Iran, MG = Madagascar,

MM = Myanmar, MN = Mongolia, NP = Nepal, UG = Uganda, KG =Kyrgyzstan, CH = Switzerland). Bootstrap
values are shown on the nodes for 500 replicates. An asterisk (*) indicates a bootstrap support above 94. Strains
in red exhibit no signs of the pla-negative plasmid. Strains in blue exhibit clear signs of the pla-negative plasmid.
For the strains in black (within the Back Death and post-Black Death subclades), the pla status was inconclusive
or could not be determined due to a general lack of coverage.

&=

Figure 3. Coverage plots of pPCP1. (A, B) Coverage plot of the pla region in G701 (A) and G488 (B) depicting the pla gene
in red, the putative transcriptional regulator in yellow and the hypothetical protein in white. G488 average coverage (ac) before
the pla region 107x, ac of the pla region 7x; G701 ac before the pla region 47x, ac of the pla region 3x. Each grey line represents
an obtained aDNA sequence. (C) Coverage plot showing reads of G701 (sequences in dark grey) specifically mapping to the
gap-spanning region. A white color indicates sequences that could be mapped to both the pla+and pla—references as they

are not specific to the newly created region. (D) Coverage plot showing reads of G488 (sequences in dark grey) specifically
mapping to the gap-spanning region.

SCIENTIFIC REPORTS |

(2020) 10:14628 |

https://doi.otgd(D.1038/s41598-020-71530-9



www.nature.com/scientificreports/

analyses. The results indicate a northern European origin of the individuals who were genetically fairly homo-
geneous (Figs. S7, S8, S9 and S10).

Discussion

Here we analyzed the remains of 16 individuals who had been interred in two cemeteries (Dome Church cem-
etery, St. Gertrude’s Church cemetery) in Riga, Latvia (fifteenth-seventeenth century) (Fig. 1 and Table 1). Four
of the individuals buried in two mass graves and a burial pit of St. Gertrude’s Church cemetery were infected
with the Y. pestis bacterium. Previous analyses led to the hypothesis that people inhumed in the mass graves were
rural immigrants. Our human population genetic data confirmed their northern European descent. Most likely
they came to Riga during the famine of 1601-2 and stayed in shelters in the vicinity of St. Gertrude’s Church®.
Inadequate nutrition and crowded, unhygienic conditions may have increased their susceptibility to infectious
diseases, including plague’*?. Our finding showed that the individuals buried in the mass graves as well as the
small burial pit were indeed victims of plague*>?’. Thus, we corroborate historical reports of local plague out-
breaks in Riga at the beginning of the seventeenth century (1,601-3, 1,621-23 and 1,657)'%

From two (G488 and G701) of the four infected individuals, high-quality whole genomes of Y. pestis were
generated. They formed a subclade in branch 1 with other strains dating to the post-Black Death pandemic
(Fig. 2). They all originated from Black Death genomes from London'® and Barcelona'®. Although the two Riga
strains were found in the same cemetery (in one mass grave and the burial pit), they showed a surprisingly large
genetic distance. Based on this observation and the close proximity of G488 to NMS002 (Cambridge') (Fig. 2),
we assume that G488 had not evolved from G701 during a single outbreak. This may indicate that the two dif-
ferent strains were responsible for two subsequent plague events'>!?,

As no modern strains fall into the post-Black Death subclade, which includes the two genomes from Riga,
it could represent a Y. pestis lineage that went extinct'®. Although the strains differ widely in terms of time and
geography, their positions within the subclade—like pearls on a string—suggest continuous in situ evolution.
This observation agrees with the hypothesis that the second plague pandemic reached Europe from Asia rather
in one than in multiple waves. If the pandemic had multiple sources, one would expect a higher diversity. Thus,
the post-Black Death outbreaks were likely due to established plague reservoirs within Europe. Little is known
about natural plague foci and hosts during the second pandemic. Several rodent species, e.g. marmots and squir-
rels, from the Alps and the steppe have been mentioned as possible reservoirs.

The majority (ratio 10:1) of the pPCP1 plasmid copies carried by the two Riga strains G488 and G701 did
not possess the pla region. Based on the chromosome data we did not see any signs of coinfection with differ-
ent strains that could explain the presence of two different pPCP1 plasmids. In a re-evaluation of already pub-
lished second-plague pandemic genomes, we identified 14 strains carrying both plasmid types (pla—and pla+)
(Table S10, Fig. $6). All 14 strains were dated to the post-Black Death period whereas four strains which only had
copies of the pla+ plasmid were present during the Black Death (Fig. 2). The pla region consists of the pla gene, a
putative transcriptional regulator and a hypothetical protein. Up to now, the role of the putative transcriptional
regulator and the hypothetical protein with respect to pla expression and function has remained unclear. Sev-
eral studies have shown that pla is an important factor for the infection of and transmission in humans. The pla
protease activates host fibrinolysis and allows the spread of the bacteria to the lymphatic nodes?® as well as their
extensive growth in the lower airways*>*’. Pla— mutants of Y. pestis have been associated with reduced dissemi-
nation and virulence*****!. In mice, pla— strains transmitted by fleas were reported to cause primary septicemic
plague while no bubonic forms were detected?'. Therefore, pla seems to influence the infection routes leading
to bubonic and pneumonic plague, while the septicemic route remains unaffected*’. Therefore, the extremely
high mortality of the Black Death could possibly be explained by the functional features of pla. The pandemic
was mainly associated with a rapid spread of the severe bubonic form via the flea vector. In contrast, subsequent
outbreaks could have been influenced by a slower transmission rate and a different disease course (primarily
septicemic rather than bubonic) due to the pla-depleted strains (Fig. 2).

Horizontal gene transfer, selective gene loss, and changes in regulatory pathways have been described in
the evolution and adaptation of Y. pestis to new host environments®***. These mechanisms together with the
genomic structure (e.g. IS-like elements or transposases) of the plasmids could have led to a loss of pla or a pla-
depletion. Pla—Y. pestis strains have been isolated worldwide®>?*¢ and pla— plasmids are known from Pestoides
strains®’—enzoonotic pathogens that infect rodents®, but rarely humans®. The pla-depleted post-Black Death
strains could therefore be an adaptation to a specific host environment, perhaps in rodents.

The strain from individual G488 possessed a mutation in the ssrA gene, which has not yet been described
in other strains. Together with the smpB protein, ssrA creates a complex responsible for maintaining cellular
homeostasis***2. The important role of this system in bacterial pathogenicity was shown in previous studies
on several bacteria such as Salmonella, Y. pseudotuberculosis and Y. pestis****. Interestingly, in a mouse model,
Y. pestis strains with a deletion of ssrA and smpB had limited ability to disseminate and colonize target organs.
Moreover, mice which were intranasally immunized with this mutated strain were protected against pulmonary
infection with a fully virulent strain*. In view of these findings, a SNP in the ssrA gene is intriguing. However,
the functional implications of this single point mutation remain unclear.

Y. pestis strains responsible for the Post-Black Death plague showed a pla-depletion in the pPCP1 plasmid.
This change in the pathogen genome can probably be attributed to an adaptation of the bacterium to a new host
environment (e.g. rodents). In humans, the depletion may have favorably influenced the disease course, the
probability of disease manifestation after a flea bite and/or the transmission rate. These positive effects fit with
the evolutionary hypothesis that less virulent strains may, at least in part, explain the easing and ultimate disap-
pearance of plague from Europe®'. Nevertheless, it is imperative to obtain more Y. pestis genomes and conduct
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additional functional studies to create a more comprehensive picture of the bacteria responsible for the second
plague pandemic.

Material and methods

Historical background and sample selection. Individuals excavated from the cemeteries Riga Dome
Church and St. Gertrude’s Church cemetery, Riga, were selected for a bacterial pathogen screening (Fig. 1). At
Riga Dome Church cemetery, three mass burial pits were found at the northern wall of the church. A total of 87
individuals were identified and archaeological finds suggest that they date to the seventeenth century*’. Unlike
people buried elsewhere in the cemetery, the individuals in the mass burial pits had been buried in coffins, and
none of them showed evidence of peri-mortem trauma*®. Therefore, it is likely that they had succumbed to a
mass mortality event that was not related to violence. Indeed, they could be victims of one of the seventeenth
century plague epidemics. Historical sources suggest that during the plague epidemic of 1,657, the churches
of Riga ran out of intramural burial space, which was normally reserved for people of a higher social status*.
It is possible that during the epidemic, the dead were buried in larger pits outside the church, albeit in a dedi-
cated area and in coffins to signify their higher social status. In addition, smaller collective burials close to the
aforementioned mass burial pits were found. In these, four to nine people were buried in several layers, without
coffins. For DNA analysis, three samples were selected from the mass burial pits with coffins, and one from the
smaller collective burial pits (Table 1).

The other site selected for aDNA analysis was St. Gertrude’s Church cemetery. The graveyard was in use
between the fifteenth and seventeenth century, and back then located outside the city wall (Fig. 1). The cemetery
was divided into four distinct burial areas: a general cemetery, two mass graves, and a small mass burial pit. In
total, 709 individuals were excavated from this cemetery, and 283 of these were buried in the two mass graves
(south-eastern mass grave, or mass grave 1, and north-western mass grave, or mass grave 2)'*. The bodies in the
mass graves were placed on top of each other, reaching seven to eight layers in total. Both archaeological (based
on artefacts) and radiocarbon analysis dated the two mass graves to the end of the sixteenth or the beginning
of the seventeenth century, although they are not necessarily contemporaneous®. The chronology of the small
mass burial pit with 15 buried individuals is not entirely clear. The demographic profile of the mass graves with
comparatively few children <7 years of age and, again, the lack of evidence of peri-mortem trauma, suggested
that these people had died in a non-violent mass mortality event'**%. Moreover, the date of both mass graves
coincides with two historically documented plague epidemics (1,601-3 and 1,621-23) and a famine (1,601-2)"2.
For DNA analysis, four samples were selected from mass grave 1, three from mass grave 2, two from the grave
pit and three from the general cemetery (Table 1).

DNA isolation, sequencing and postprocessing. All lab work was carried out in a dedicated ancient
DNA facility. DNA extraction of 16 tooth samples from Riga, sequencing (Illumina HiSeq4000 (2 x 75 bp)) and
subsequent clip and merge was performed as described in Krause-Kyora et al.*’. Reads that were shorter than
25 bp were discarded after merging. Two samples (G83 and G157) did not yield sufficient DNA and were not
processed further (Table 1).

Pathogen screening. Screening of the 14 samples was carried out with the software MALT using a custom
database consisting of complete bacterial genomes downloaded from NCBI (24.01.2019)°!. A sequence identity
threshold of 90% was set and the alignment mode was changed to SemiGlobal. The analysis was done using the
following command:

malt-run -mode BlastN -e 0.001 -id 85 -alignmentType SemiGlobal -index $index -inFile $FASTQCM -out-
put $OUT

where $index is the index file, SFASTQCM is the clipped and merged file and $OUT is the output file.

The resulting alignments were visually inspected using MEGAN 6°%

Y. pestis alignment.  All four positive samples from the screening (G103, G488, G645, G701) were mapped
against the Y. pestis reference genome including the three plasmids pCD1, pMT1 and pPCP1 (NC_0031431.1;
NC_003131.1; NC_003134.1; NC_003132.1). The mapping was conducted using BWA with the following com-
mand line®:

bwa aln -n 0.01 -1 300 $INDEX $FASTQCM $OUT

where $INDEX is the reference, SFASTQCM is the input file and $OUT is the output file. Minimum mapping
quality was set to 0. Subsequent duplicate removal was performed using DeDup version 0.11.3, part of the
EAGER pipeline*, with default parameters. Subsequently, the Binary Alignment Map (BAM) files were filtered
for a mapping quality of 30 using the following command in samtools®:

samtools view -bq $INT $IN >$OUT

where $INT is the mapping quality, $IN is the input BAM file and $OUT is the output BAM file.

Sample authentication. To further authenticate the positive samples, an endogenous score was used to
calculate the number of Y. pestis-specific reads with respect to the number of total reads in the sample®. Positive
samples were mapped against a multi fasta reference containing several representatives of the genus Yersinia
(Table S2) and the three Y. pestis-specific plasmids (pCD1, pMT1, pPCP1). The mapping was done as described
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above followed by a duplicate removal step. Mapped reads were filtered for a mapping quality greater than 30
using samtools as described above.

Applying samtools idxstats, an endogenous based score was used to evaluate the potential of the sample being
positive for Y. pestis. The score was calculated with the following formula:

(YPS — (YS))
M

x 1000

where YPS is the number of reads specifically mapping to Y. pestis; YS is the maximum number of reads mapping
specifically to any Yersinia species with the exception of Y. pestis and M is the total number of merged reads in
the sample. By using the maximum number of reads mapping to another species of the genus Yersinia, the score
takes into account different sources of contamination other than Y. pseudotuberculosis. Two of the four posi-
tive samples exhibited a score higher than 0.005, a value which indicates a strong positive candidate (Table S3).

VCF-generation and phylogenetic analysis. VFC files were generated for the two positive samples
using GATK and the Y. pestis reference with the following command line®:
GenomeAnalysisTK jar-T UnifiedGenotyper -R $REF -I $IN -out_mode EMIT_ALL_SITES -o $OUT

where $REF is the reference, $IN is the input BAM file and $OUT is the VCF output. These two VCFs together

with a VCF dataset of 264 strains (Table S4 and S5, mapped (see Y. pestis alignment) and generated as described

above) and one Y. pseudotuberculosis (NZ_CP008943.1) genome were used as an input for the MultiVCFAna-

lyzer to generate a SNP-based multiple alignment’. The analysis was carried out with the following command:
Java -jar MultiVCFAnalyzer_0-85-1.jar NA $REF NA $OUT F 30 3 0.9 0.9 NA

where $REF is the Y. pestis reference and $OUT is the output folder. Y. pseudotuberculosis-specific variants were

removed from the SNP table to improve visual resolution of the tree. The resulting SNP table was also filtered

for SNPs in repetitive regions and homoplasies'. The SNP table was reformatted to multi fasta and nexus format

that were used as input for RAXML and MrBayes®®*. RAXML was executed with the following command line:
RaxmlHPC -fa -x12345 -p 12345 -#500 -m GTRGAMMA -s $IN -0 $OG -n $NAME

where $IN is the input file, $OG is the name of the outgroup and $NAME is the outfile name.
MrBayes was executed applying the GTR model with the default number of generations.
Resulting trees were visualized using FigTree®.

SNP effect analysis. VCFs from the Y. pestis-positive samples were filtered for SNPs with a coverage of

at least 3x, a calling quality of 30 and a 90% majority call. This set of filtered SNPS was provided to SNPEfT to

analyze the effects of SNPs in the ancient genomes®. SNPEfF was executed with the following command line:
java -jar snpEff.jar $REF $IN>$OUT

where $REF is the SNPEfT reference, $IN is the input VCF file and $OUT is the annotated SNPEff output file.
The annotated VCF file was filtered for high-impact SNPs and evaluated.

pPCP1 and pla analysis. To ascertain that the coverage in the low-coverage region was not introduced
artificially by environmental contamination, we carried out a competitive mapping as described above. The fasta
reference that was used contained the Y. pestis reference sequence of the pPCP1 plasmid and also the pla genes of
Citrobacter and E. coli (Table S7). Gap-bridging reads were analyzed by removing the low-coverage region from
the pPCP1 plasmid. Seqkit was used with the following command lines®":

segkit subseq -r 1:6428 $IN >$OUT1

seqkit subseq -r 8530:9612 $IN > $OUT2

where $IN is the pPCP1 reference (NC_003132.1) and $OUT1/$OUT?2 are parts of the new plasmid without
the pla region. Both output files were concatenated to form a complete plasmid. An additional mapping with
the pPCP1 plasmid from which the pla region was removed (pla-) and the regular pPCP1 plasmid (pla+) as
references was performed (Table S8). These references were used to identify reads which were truly unique for
the new region in the pla— plasmid. All the non-specific reads received a mapping quality of zero as the exact
same region was present in both references. The reads mapping exclusively to the new region were extracted
and compared with the reads from the initial mapping against Y. pestis and gap-bridging reads were identified.
Based on these exclusive mapping reads, the coverage for the pla— plasmid was calculated. The coverage of the pla
region (NC_003132.1, 6,428-8,529) in the regular mapping was used to estimate the number of pla+ plasmids.
Based on these two values a ratio was calculated to estimate the proportions.

Human genetic analyses. Mapping and aDNA damage patterns. Shotgun sequence data was mapped to
the human genome build hg19 using BWA with a reduced mapping stringency parameter “-n 0.01” to account
for mismatches in aDNA>*%2, Duplicates were removed. Authenticity of the aDNA fragments was assessed using
mapDamage 2.0%%%. After validation of the terminal damage patterns, the first two positions from the 5’ end of
the fastq-reads were trimmed.
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Genotyping.  Alleles were drawn at random from a pool of 1,233,013 SNPs (commonly used for population
genetic analyses) in a pseudo-haploid manner using a custom script as described previously®>-%%. Datasets had to
have at least 10,000 SNPs to be considered for further analysis‘”. Five individuals from Riga (G92, G143b, G161c,
G488 and G701) passed this filtering step.

Population genetic analyses. The five genotype datasets from Riga were merged with a dataset of previously
published 59 West Eurasian populations genotyped on the aforementioned 1,233,013 SNPs using the program
mergeit from the EIGENSOFT package®. Principal component analysis (PCA) was performed using the soft-
ware smartpca and the ‘Isqproject’ option®. Admixture modelling was done with the software ADMIXTURE on
the same populations as used in the PCA. The number of ancestral components k ranged from 4 to 127°. Cross-
validation was performed for every admixture model and the model with the highest accuracy was determined
by the lowest cross-validation error.

F3 outgroup statistics. {3 outgroup statistics were run as a part of the Admixtools package in the form of f3
(Riga; test; Mbuti) using for test the same populations as used in the PCA and ADMIXTURE analysis”.

Material transfer agreement. The authors confirm that the sampling and the ancient DNA analysis of
human bones from the fifteenth-seventeenth century archaeological features unearthed in Riga, Latvia were
performed with permission from the institution which headed the excavations and the anthropological analysis
(Institute of Latvian History, University of Latvia).

Data availability
The aligned sequences are available through the European Nucleotide Archive under Accession Number
PRJEB36413.

Received: 20 March 2020; Accepted: 4 August 2020
Published online: 03 September 2020

References
1. Rasmussen, S. et al. Early divergent strains of Yersinia pestis in Eurasia 5,000 years ago. Cell 163, 571-582 (2015).
. Valtuena, A. A. et al. The Stone Age plague and its persistence in Europe. Curr. Biol. 27, 3683-3691 (2017).
3. Spyrou, M. A. et al. Analysis of 3800-year old Yersinia pestis genomes suggests Bronze Age origin for bubonic plague. Nat. Com-
mun. 9, 2234. https://doi.org/10.1038/s41467-018-04550-9 (2018).
4. Rascovan, N. et al. Emergence and spread of basal lineages of Yersinia pestis during the Neolithic Decline. Cell 176, 295-305 (2019).
5. Anisimov, A. P, Lindler, L. E. & Pier, G. B. Intraspecific diversity of Yersinia pestis. Clin. Microbiol. Rev. 17, 434-464 (2004).
6. Gage, K. L. & Kosoy, M. Y. Natural history of plague: perspectives from more than a century of research. Annu. Rev. Entomol. 50,
505-528 (2005).
7. Roelle, J. E., Miller, B. ], Godbey, J. L. & Biggins, D. E. Recovery of the black-footed ferret progress and continuing challenges. US
Geol. Surv. Sci. Invest. Rep. 5293, 213-231 (2006).
8. Morelli, G. et al. Yersinia pestis genome sequencing identifies patterns of global phylogenetic diversity. Nat. Genet. 42, 1140-1143
(2010).
9. Ziegler, P. The Black Death (Harper Collins, New York, 1969).
10. Bos, K. L. et al. Eighteenth century Yersinia pestis genomes reveal the long-term persistence of an historical plague focus. Elife 5,
€12994. https://doi.org/10.7554/eLife.12994 (2016).
11. Byrne, J. P. Encyclopedia of the Black Death (ABC-CLIO, Santa Barbara, 2012).
12. Napiersky, J. G. L. Bodeckers Chronik liviindischer und rigascher Ereignisse [Bodecker’s chronicle of Livonian and Riga events] (in
German) (Kymmel’s Buchhandlung, Riga, 1890).
13. Petersone-Gordina, E., Roberts, C., Millard, A. R., Montgomery, J. & Gerhards, G. Dental disease and dietary isotopes of individuals
from St Gertrude Church cemetery, Riga, Lativia. PLoS ONE 13, €0191757. https://doi.org/10.1371/journal.pone.0191757 (2018).
14. John, T. A. Bubonic Plague in Early Modern Russia: Public Health and Urban Disaster (Oxford University Press, Oxford, 2003).
15. Bos, K. I et al. A draft genome of Yersinia pestis from victims of the Black Death. Nature 478, 506-510 (2011).
16. Cui, Y. et al. Historical variations in mutation rate in an epidemic pathogen, Yersinia pestis. Proc. Natl. Acad. Sci. USA 110, 577-582
(2013).
17. Namouchi, A. et al. Integrative approach using Yersinia pestis genomes to revisit the historical landscape of plague during the
Medieval Period. Proc. Natl. Acad. Sci. USA 115, E11790-E11797. https://doi.org/10.1073/pnas.1812865115 (2018).
18. Spyrou, M. A. et al. Historical Y pestis genomes reveal the European Black Death as the source of ancient and modern plague
pandemics. Cell Host Microbe 19, 874-881 (2016).
19. Spyrou, M. A. et al. Phylogeography of the second plague pandemic revealed through analysis of historical Yersinia pestis genomes.
Nat. Commun. 10, 4470. https://doi.org/10.1038/s41467-019-12154-0 (2019).
20. Appleby, A. B. The disappearance of plague: a continuing puzzle. Econ. Hist. Rev. 33, 161-173 (1980).
21. Lenski, R. E. Evolution of plague virulence. Nature 334, 473-474 (1988).
22. Zimbler, D. L., Schroeder, J. A., Eddy, J. L. & Lathem, W. W. Early emergence of Yersinia pestis as a severe respiratory pathogen.
Nat. Commun. 6, 7487. https://doi.org/10.1038/ncomms8487 (2015).
23. Cingolani, P. et al. A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEft. Fly 6, 80-92
(2012).
24. Dirks, R. et al. Social responses during severe food shortages and famine. Cur. Anthropol. 21, 21-44 (1980).
25. Wisner, B. Adams, J. Control of communicable diseases and prevention of epidemics. Rigas pilsétas valde WHO. www.who.int/
entity/water_sanitation_health/hygiene/emergencies/em2002chap11.pdf (2019)
26. Pirangs, H. Rigas kapsétas [Graveyards of Riga] (in Latvian) (Rigas pilsétas valde, Riga, 1932).
27. Rusovs, B. Livonijas kronika [Chronicle of Livonia] (in Latvian) (Valters un Rapa, Riga, 1926).
28. Degen, J. L., Bugge, T. H. & Goguen, J. D. Fibrin and fibrinolysis in infection and host defense. J. Thromb. Haemost. 5, 24-31 (2007).
29. Lathem, W. W. et al. Post-transcriptional regulation of the Yersinia pestis cAMP receptor protein Crp and impact on virulence.
MBio 5, €01038-13. https://doi.org/10.1128/mBio.01038-13 (2014).
30. Perry, R. D. & Fetherston, J. D. Yersinia pestis—etiologic agent of plague. Clin. Microbiol. Rev. 10, 35-66 (1997).

[ S8}

SCIENTIFIC REPORTS |

(2020) 10:14628 | https://doi.otgd¥b.1038/541598-020-71530-9


https://doi.org/10.1038/s41467-018-04550-9
https://doi.org/10.7554/eLife.12994
https://doi.org/10.1371/journal.pone.0191757
https://doi.org/10.1073/pnas.1812865115
https://doi.org/10.1038/s41467-019-12154-0
https://doi.org/10.1038/ncomms8487
http://www.who.int/entity/water_sanitation_health/hygiene/emergencies/em2002chap11.pdf
http://www.who.int/entity/water_sanitation_health/hygiene/emergencies/em2002chap11.pdf
https://doi.org/10.1128/mBio.01038-13

www.nature.com/scientificreports/

31. Sebbane, E, Jarrett, C. O., Gardner, D., Long, D. & Hinnebusch, B. J. Role of the Yersinia pestis plasminogen activator in the inci-
dence of distinct septicemic and bubonic forms of flea-borne plague. Proc. Natl. Acad. Sci. USA 103, 5526-5530 (2006).

32. Sebbane, F. et al. Adaptive response of Yersinia pestis to extracellular effectors of innate immunity during bubonic plague. Proc.
Natl. Acad. Sci. USA 103, 11766-11771 (2006).

33. Zhou, D. & Yang, R. Molecular Darwinian evolution of virulence in Yersinia pestis. Infect. Immun. 77, 2242-2250 (2009).

34. Sun, Y. C,, Jarret, C. O., Bosio, C. F. & Hinnebusch, B. J. Retracing the evolutionary path that led to flea-borne transmission of
Yersinia pestis. Cell Host Microbe 15, 578-584 (2014).

35. Cavalcanti, Y. V. N,, Leal, N. C. & De Almeida, A. M. P. Typing of Yersinia pestis isolates from the state of Ceara, Brazil. Lett. Appl.
Microbiol. 35, 543-547 (2002).

36. Filippov, A. A., Solodovnikov, N. S., Kookleva, L. M. & Protsenko, O. A. Plasmid content in Yersinia pestis strains of different origin.
FEMS. Microbiol. Lett. 67, 45-48 (1990).

37. Garcia, E. et al. Pestoides F, an atypical Yersinia pestis strain from the former Soviet Union. Adv. Exp. Med. Biol. 603, 17-22 (2007).

38. Achtman, M. et al. Microevolution and history of the plague bacillus, Yersinia pestis. Proc. Natl. Acad. Sci. USA 101, 17837-17842
(2004).

39. Rajanna, C. et al. Characterization of pPCP1 plasmids in Yersinia pestis strains isolated from the former Soviet Union. Int. J.
Microbiol. https://doi.org/10.1155/2010/760819 (2010).

40. Gueneau de Novoa, P. & Williams, K. P. The tmRNA website: reductive evolution of tmRNA in plastids and other endosymbionts.
Nucl. Acids. Res. 32, D104-D108. https://doi.org/10.1093/nar/gkh102 (2004).

41. Keiler, K. C. Biology of trans-translation. Annu. Rev. Microbiol. 62, 133-151 (2008).

42. Dulebohn, D., Choy, J., Sundermeier, T., Okan, N. & Karzai, A. W. Trans-translation: the tmRNA-mediated surveillance mechanism
for ribosome rescue, directed protein degradation, and nonstop mRNA decay. Biochemistry 46, 4681-4693 (2007).

43. Okan, N. A, Bliska, J. B. & Karzai, A. W. A role for the SmpB-SsrA system in Yersinia pseudotuberculosis pathogenesis. PLoS
Pathog. 2, e6. https://doi.org/10.1371/journal.ppat.0020006 (2006).

44. Baumler, A. ], Kusters, J. G., Stojiljkovic, I. & Heffron, F. Salmonella typhimurium loci involved in survival within macrophages.
Infect. Immun. 62, 1623-1630 (1994).

45. Julio, S. M., Heithoff, D. M. & Mahan, M. J. ssrA (tmRNA) plays a role in Salmonella enterica serovar Typhimurium pathogenesis.
J. Bacteriol. 182, 1558-1563 (2000).

46. Okan, N. A,, Mena, P,, Benach, J. L., Bliska, J. B. & Karzai, A. W. The smpB-ssrA mutant of Yersinia pestis functions as a live attenu-
ated vaccine to protect mice against pulmonary plague infection. Infect. Immun. 78, 1284-1293 (2010).

47. Tilko, S. Apbedi$anas tradicijas Doma viduslaiku kapséta [Mortuary Practices in the Dom Medieval Cemetery] (in Latvian). Sena
Riga: Pétijumi pilsétas arheologija un vésturé [Ancient Riga: Studies in the archaeology and history of the city]. Riga: Latvijas
véstures institita apgads. 273- 289 (1998).

48. Gerhards, G. Traumas un ievainojumi Rigas 13.-18. gadsimta iedzivotajie [Trauma and Injuries of Riga 13th—18th Century Popula-
tion] (in Latvian). Sena Riga: pétijumi pilsétas arheologija un vésturé [Ancient Riga: Studies in the archaeology and history of the
city] (in Latvian). Riga: Latvijas véstures institita apgads. 128-148 (2012).

49. Petersone-Gordina, E., et al. Investigating dietary life histories and mobility in children buried in St Gertrude Church cemetery,
Riga, Latvia (15th—17th centuries AD). Archaeometry 62, 3-18 (2020).

50. Krause-Kyora, B. et al. Ancient DNA study reveals HLA susceptibility locus for leprosy in medieval Europeans. Nat. Commun. 9,
1569. https://doi.org/10.1038/s41467-018-03857-x (2018).

51. Vigene, A. . et al. Salmonella enterica genomes from victims of a major sixteenth-century epidemic in Mexico. Nat. Ecol. Evol. 2,
520-528 (2018).

52. Huson, D. H., Auch, A. F, Qi, J. & Schuster, S. C. MEGAN analysis of metagenomic data. Genome Res. 17, 377-386 (2007).

53. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

54. Peltzer, A. et al. EAGER: efficient ancient genome reconstruction. Genome Biol. 17, 60. https://doi.org/10.1186/513059-016-0918-z
(2016).

55. Li, H. et al. The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079 (2009).

56. McKenna, A. et al. The genome analysis toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 20, 1297-1303 (2010).

57. Bos, K. L et al. Pre-Columbian mycobacterial genomes reveal seals as a source of New World human tuberculosis. Nature 514,
494-497 (2014).

58. Stamatakis, A. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30, 1312—
1313 (2014).

59. Ronquist, E. et al. Mrbayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol.
61, 539-542 (2012).

60. Rambaut, A. FigTree version 1.4.3. https://tree.bio.ed.ac.uk/software/figtree/.

61. Shen, W, Le, S., Li, Y. & Hu, F. SeqKit: A cross-platform and ultrafast toolkit for FASTA/Q file manipulation. PLoS ONE 11,
€0163962. https://doi.org/10.1371/journal.pone.0163962 (2016).

62. Lander, E. S. et al. Initial sequencing and analysis of the human genome. Nature 409, 860-921 (2001).

63. Jonsson, H., Ginolhac, A., Schubert, M., Johnson, P. L. E. & Orlando, L. MapDamage2.0: fast approximate Bayesian estimates of
ancient DNA damage parameters. Bioinformatics. 29, 1682-1684 (2013).

64. Briggs, A. W. et al. Patterns of damage in genomic DNA sequences from a Neandertal. Proc. Natl. Acad. Sci. USA 104, 14616-14621
(2007).

65. Lazaridis, I. et al. Ancient human genomes suggest three ancestral populations for present-day Europeans. Nature 513, 409-413
(2014).

66. Haak, W. et al. Massive migration from the steppe was a source for Indo-European languages in Europe. Nature 522, 207-211
(2015).

67. Mathieson, L. et al. Genome-wide patterns of selection in 230 ancient Eurasians. Nature 528, 499-503 (2015).

68. Lamnidis, T. C. et al. Ancient Fennoscandian genomes reveal origin and spread of Siberian ancestry in Europe. Nat. Commun. 9,
5018. https://doi.org/10.1038/s41467-018-07483-5 (2018).

69. Patterson, N, Price, A. L. & Reich, D. Population structure and eigenanalysis. PLoS Genet. 2, €190. https://doi.org/10.1371/journ
al.pgen.0020190 (2006).

70. Alexander, D. H., Novembre, J. & Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 19,
1655-1664 (2009).

Acknowledgements

J.B. was funded by the International Max Planck Research School for Evolutionary Biology. This study was sup-
ported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) through the following
projects: numbers 2901391021 (CRC 1266) and 390870439 (EXC 2150 - ROOTS) to A.N. and B.K.-K.

SCIENTIFIC REPORTS |

(2020) 10:14628 | https://doi.otg19.1038/541598-020-71530-9


https://doi.org/10.1155/2010/760819
https://doi.org/10.1093/nar/gkh102
https://doi.org/10.1371/journal.ppat.0020006
https://doi.org/10.1038/s41467-018-03857-x
https://doi.org/10.1186/s13059-016-0918-z
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1038/s41467-018-07483-5
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1371/journal.pgen.0020190

www.nature.com/scientificreports/

Author contributions

B.K.-K., G.G. and E.P. conceived and designed the research. J.S., A.I. and B.K.-K. generated and analyzed the
ancient DNA data. J.S,, ].B., E.P, G.G., ANN. and B.K.-K. interpreted the findings. J.S., ].B., E.P, G.G., AN. and
B.K.-K. wrote the manuscript.

Funding
Open Access funding provided by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-71530-9.

Correspondence and requests for materials should be addressed to B.K.-K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS |  (2020)10:14628 | https://doi.ot@19.1038/541598-020-71530-9


https://doi.org/10.1038/s41598-020-71530-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

Chapter 5: Yersinia pestis responsible for ancient
plague outbreaks lacked zonula occludens toxin

(Zot) present in strains of the modern pandemic

Currently submitted to Proceedings of the Royal Society B Status: major
revision (09.05.2022)

The chapter is formatted according to the guidelines of the journal.

Supplementary material can be found here: https://doi.org/10.57892/100-4

137



138



Yersinia pestis responsible for ancient plague outbreaks lacked zonula occludens toxin

(Zot) present in strains of the modern pandemic

Joanna H. Bonczarowska', Julian Susat', Ben Krause-Kyora', Almut Nebel'’, Daniel

Unterweger?3"*

!nstitute of Clinical Molecular Biology, Kiel University, Rosalind-Franklin-Strale 12, 24105
Kiel, Germany

Institute for Experimental Medicine, Kiel University, Michaelisstrale 5,24105 Kiel, Germany
3Max Planck Institute for Evolutionary Biology, August-Thienemann-Strale 2, 24306 Plon,

Germany

* corresponding author:

Daniel Unterweger

Institute for Experimental Medicine, Kiel University, Michaelisstral3e 5, 24105 Kiel, Germany
email: d.unterweger@iem.uni-kiel.de, phone: +49 (0431) 500 30312

"These authors contributed equally to this article.

139



Abstract

Yersinia pestis is the causative agent of at least three major plague pandemics (Justinianic,
Medieval and Modern). Previous studies on ancient Y. pestis genomes revealed that the
pathogen achieved its remarkable virulence via several genomic alterations, which occurred
~5000 to 3000 years ago. How a subset of strains arose to cause the Modern pandemic is little
understood. Here, we examined the prophage (Ypfd), which is exclusively present in strains
associated with the Modern pandemic. One of the proteins encoded by Ypfd exhibits
homology to a known virulence factor — zonula occludens toxin (Zot). Ypf® was not found in
the ancient Y. pestis genomes analysed here, indicating its chromosomal insertion approx. 500
years ago. Our findings present an updated view on the distribution of Ypf® and Zot, which
might help to explain the altered host spectrum, wide geographic spread and seemingly
increased virulence of Y. pestis responsible for the Modern pandemic.

Keywords: Yersinia pestis, plague, pandemic, prophage, virulence factor, zonula occludens

toxin,

Introduction

Yersinia pestis is the pathogenic agent of plague — a zoonotic disease that can be transmitted
from its main host (rodents) to humans via a bite of an infected flea. This route of infection
leads to bubonic plague (infection of the lymphatic system). Y. pestis can also spread between
humans via respiratory droplets, resulting in the infection of the lower airways (pneumonic
plague). When the disease is untreated, the bacterium enters the bloodstream causing sepsis
(septicaemic plague). Although mortality rates of plague vary depending on the clinical form
(30% -100%), Y. pestis infection is almost always fatal when no antibiotics are administered in
a timely manner. The bacterium is responsible for at least three major pandemics in human
history: the Justinianic plague (6%-8" cent. AD), the Medieval plague (14"-18" cent. AD) and
the Modern plague (end of 19— mid 20™ cent. AD) [1-3]. Nowadays, Y. pestis still persists in
environmental reservoirs around the globe [4] remaining a major threat to public health, as

evidenced by the recent outbreaks of plague in Africa [5-7] and Asia [8].
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Y. pestis evolved from Yersinia pseudotuberculosis approximately 7000 years ago [9] and
achieved its remarkably high virulence by a number of genomic alterations. These changes
include the inactivation of genes and the acquisition of additional virulence genes [10-12]. The
impact of those genetic alterations on disease is most drastically demonstrated by their effect
on the transmission routes of Y. pestis and the affected organs in human infection. Acquiring
Yersinia murine toxin (ymt), together with inactivating several other genes (pde2, pde3, ureD,
rcsA, flhD), enabled efficient transmission of the pathogen via fleas from rodents to humans
and resulted in infection of the lymphatic system [12,13]. The acquisition of the plasminogen
activator pla enabled the bacterium to be transmitted by droplets from humans to humans
resulting in airway infections and pneumonic plague [14,15]. Taken together, these findings
describe the early stages of Y. pestis evolution — dating all the way back to the Neolithic period
(approx. 3300 — 1200 BC) [9, 12, 13, 16]. As much as genetic alterations can aid the rise of
pandemics, they might contribute to their fall and the extinction of strains. We recently reported
depletion of pla in medieval post-Black Death strains that have no modern descendants and

seem to have gone extinct [17].

Unlike the genetic changes that contributed to the early evolution of the pathogen [18], recent
genome alterations affecting the virulence of Y. pestis are little understood. Among multiple
diverse biovars of modern Y. pestis, only strains of the orientalis biovar are thought to have
caused the Modern plague pandemic [4]. Here, we applied a comparative genomics approach
to identify putative virulence factors of modern Y. pestis that might have contributed to the
rise of the Modern pandemic. Over 300 modern and ancient strains were systematically
analysed, representing a timespan of over 5000 years. We report that a virulence-associated
filamentous phage (Ypf®), previously found in modern orientalis strains [19-21], was absent
in all ancient strains. The phage was likely stably inserted into the chromosome after the
Medieval pandemic. Homology of a phage-encoded protein with the widespread virulence
factor zonula occludens toxin could suggest differences in pathogenicity of Y. pestis and

clinical manifestation of plague between the pandemics.
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Results

Ancient and medieval Y. pestis strains lack a prophage carrying a toxin-encoding gene

To explore genomic differences between modern and medieval Y. pestis isolates, sequencing
reads of one randomly chosen medieval strain (G488) [17] (approx. 1550-1650 AD) were
mapped to the sequence of the modern reference strain CO92 (end of the 20 cent. AD). An
8734bp-long genomic region was found in the modern strain that was not covered by any reads
of the medieval strain (Fig. 1A). This region encompasses 13 genes (Tab. S1) and was
previously identified as Y. pestis phage Ypf® [21]. Interestingly, one of the Ypfd genes (zot)
encodes zonula occludens toxin (Zot), which had recently been detected in Y. pestis CO92

strain independently [22]. Zot is a known virulence factor in Vibrio cholerae [23].

To test if the lack of Ypf®d is specific to strain G488 or common among medieval and ancient
strains, available sequencing reads of 45 medieval (6™ — 17" cent. AD, Tab. S2) and nine
ancient (Neolithic and Bronze Age, Tab. S3) strains were additionally analysed. None of the
ancient and medieval strains carry Ypf® in their genomes (Fig. 1B). This finding indicates that
the absence of the phage seems to be a generalizable pattern among isolates spanning over five

thousand years, including the first two plague pandemics.
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Figure 1. Ypf® of the modern strain CO92 is absent from ancient and medieval Y. pestis
strains.

A - Ypf® of modern Y. pestis strain CO92. Sequencing reads of the medieval strain G488 (as
a representative strain) map to adjacent genes (coloured in grey) but not to the phage (coloured
in orange) of the modern reference strain. Individual genes are labelled with their names or
locus tags. The positions of the visualized genomic region are indicated. Shown G+C ratio was
calculated using the online GC Content Calculator [24].

B — Ancient and medieval strains lack Ypf® (empty circles). Individual strains are indicated

along a timeline based on their estimated dating. BP before present, ¢ century, AD anno domini.

143



A subset of modern Y. pestis strains stably integrated Ypf® in their genome

To examine the prevalence of Ypf® among modern Y. pestis strains, 255 published genomes
were screened for the phage. The screening revealed Ypf® in the chromosomes of a subset of
strains (N = 46, Tab. S4), which clustered together in one subbranch of branch 1 in the
phylogenetic tree (Fig. 2 and S1). All of the isolates with Ypfd belonged to the orientalis
biovar that is thought to be responsible for the Modern plague pandemic. All remaining branch
1 strains belong to the antiqua biovar and did not carry the phage. Although two previous
studies suggested an extrachromosomal presence of Ypf® in several modern non-orientalis
strains with a PCR approach [21, 25], this finding could not be confirmed for our larger dataset
using whole genome sequencing (WGS) that provides higher resolution. This discrepancy
could be explained by differences in the applied methods and the strains examined, as no Y pf®-

positive non-orientalis strains from previous studies were included in this analysis.

To further characterise the phage among the Ypfd-positive strains, the intraspecific diversity
of Ypfd® was analysed. Genome sequences of the phage were aligned and compared. Our
results revealed the existence of multiple Ypf® variants (Fig. S2, Tab. S5). Some strains
encoded two copies of the phage in a row whereas other strains encoded one copy of the entire
phage followed by an incomplete second copy. Moreover, pseudogenes in the Ypf® of several
strains were observed. In strains with two copies of Ypf®d, one copy often contained a
pseudogene whereas the other copy was marked as functional. This observation might indicate

selection for one fully functional Ypf®d.
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Figure 2. Maximum likelihood phylogeny of 255 modern and 46 medieval Y. pestis strains.
Strains carrying Ypf® in their genome are marked in orange and all belong to the orientalis
biovar. Remaining modern branch 1 strains represent the biovar antiqua. The tree is based on
the SNP alignment of 13638 positions with a bootstrap of 500 replicates and includes Y.

pseudotuberculosis as an outgroup. Full tree with uncollapsed branches and bootstrap values

can be found in the supplementary material (Fig. S1).
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Common ancestry of Ypf® in Y. pestis and other Enterobacteria

To determine a possible origin of Ypf® in Y. pestis, the NCBI database was screened for
bacterial strains carrying analogous sequences. We found a highly similar genetic region in the
E. coli strain MOD1-EC6770 (Fig. 3A). Unlike in previous observations [20], sequencing reads
and contigs of the here identified E. coli isolate aligned to full-length Ypf® of Y. pestis CO92
at high nucleotide identities (Fig. 3A, S3). This finding suggests a common ancestry of the
phages in E. coli and Y. pestis.

A
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Figure 3. Ypf® is encoded by other Enterobacteria.

A — Alignment of Ypf® from E.coli MODI1-EC6770 (three contigs) and Y. pestis CO92
(NC_003143.1). SNPs are marked in colours along the contings. A graphical depiction of the
phage is shown above the alignment in orange.

B -S. enterica PNUSAS053175 carries a putative phage with a similar genetic architecture to
Ypf®. A graphical depiction of the respective genes and annotation is shown. Genes in the
phage of S. enterica that encode proteins exhibiting at least 30% amino acid identity in pairwise
alignments with the respective proteins of Y. pestis are marked in orange. Amino acid sequence

identities (AAI [%]) are indicated. HP stands for hypothetical protein.
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Slightly truncated forms of Ypf® are also found in other Enterobacteria such as Enterobacter
ludwigii and hormarcheri, Morganella morganii, Klebsiella aerogenes, Salmonella enterica,
Citrobacter amalonaticus, koseri, and portucalensis as well as Escherichia coli and Cedecea
davisiae. Those truncated forms encode 11 genes and lack equivalents to the two open reading
frames at the 5’ end of Y. pestis Ypf®, namely YPO_RS12355 and YPO_RS12360. In
Citrobacter freundi, Enterobacter cloacae and Shigella sonnei strains, we also found multiple
copies of the phage. An alignment of the Ypf®s of various species reveals over 98.7%
nucleotide identity over the 11 conserved genes (Tab. S6) and suggests high conservation

across a wide range of enterobacterial isolates of mostly human origin.

The Ypf® of Y. pestis might belong to a large family of phages with a modular genomic
architecture. The Ypf®-like phage in S. enterica PNUSAS053175 encodes common and
distinct features to Ypf® of Y. pestis (Fig. 3B). Whereas the first five genes (supposedly
involved in phage regulation and replication) share high homology between the two phages,
the proteins encoded in the remaining eight predicted open reading frames (mediating phage
morphogenesis and secretion) differ strongly and share less than 30% amino acid identity.
Interestingly, the S. enterica strain does not encode a homologue to zot and future work will
need to resolve whether the proteins encoded by the Ypfd-like phages also act as toxins. The
potential role of Ypf® in Y. pestis could be better understood by examination of its genomic

architecture and other proteins encoded by the phage.

Ypf® encodes a protein with structural homology to the T2SS secretin

In addition to Zot, Ypf® encodes a gene for a protein that is annotated as a type II secretion
system (T2SS) secretin and that we call GspD2 (Fig. 1A, 4A). The chromosome of Y. pestis
already encodes a protein called GspD in a gene outside of Ypfd (Fig. 4A). To assess the
difference between the two proteins, their size was compared and an alignment of the amino
acid sequences of GspD and GspD2 was performed. Whilst GspD is built of 640 amino acids
(aa), GspD2 is smaller (414 aa). Only 26% amino acid identity was detected between the two

proteins in the alignment, suggesting that they are unrelated.
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Figure 4. Ypf®-encoded GspD2 shows structural similarity to GspD

A — Y. pestis CO92 carries two gspD genes (gspD and gspD2). GspD?2 is part of Ypfd
(coloured in orange) whilst gspD (coloured in grey) is not. The bacterial chromosome is
indicated as a horizontal line. B — Amino-acid alignment of GspD and GspD2; C — Predicted
3D protein structures reveal differences in the protein core as well as in the periplasmic domain,

which is relevant for substrate specificity. Helices (Hx) and domains (Nx and S) are labelled.
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To further test if they share similar 3D structures despite sequence dissimilarities, the structure
of the two Y. pestis proteins was modelled with 100% confidence (90% and 84% coverage for
GspD and GspD2, respectively) onto the existing crystal structure of the T2SS secretin of
Klebsiella pneumoniae (template cohcgF) [26]. The 3D models of GspD and GspD2 look more
similar than expected based on the amino acid sequences (Fig. 4). Both proteins form a core
with an inner and outer barrel as well as the N-terminal extensions of alpha helices. Several
minor differences were noted. The N1 and N2 domains, elements of the core domain (S16, H9,
H11 and H12) and elements of the S domain (H14 and H15) were absent in GspD2 but present
in GspD. Moreover, an additional 3-strand between the bends S19 and S20 was noted in GspD2
(Fig. S4). In sum, the high similarity in structure suggests that GspD and GspD2 both function
as secretins, although with different substrate specificities as determined by the N-terminal
domains in the periplasm. Based on a possible role of Zot (in reference 27 - YPO2279) in phage
assembly and release [27], GspD2 might form a complex with Zot to facilitate the secretion of

Ypfd.

Y. pestis strains with and without Ypf® differ in their host spectrum

To better understand the potential impact of Ypfd-encoded proteins on bacteria and their
behaviour, we determined features that are associated with Ypfd-positive modern strains (of
the biovar orientalis) and are absent from Ypf®-negative modern branch 1 strains (of the
biovar antiqua). Of particular interest is the source of the analysed isolates, as Y. pestis is found
in multiple animal hosts besides humans. These animal hosts serve as natural reservoirs of this
pathogenic bacterium and play a key role during transmission. When comparing the host
spectrum between strains with and without the phage, we found Ypfd-positive strains
(orientalis) predominantly among animals associated with human habitats, like rodents,
whereas Ypf®-negative isolates are found among more diverse animals in the wild (Fig. 5).
Furthermore, the proportion of the human host was higher for the Ypf®-positive strains relative
to the Ypf®-negative strains (Fig. 5). Here, it is imperative to mention that the proportion of
human isolates among Ypfd-positive bacteria that is seen here is likely an underestimate,
considering that the analysed isolates were chosen to represent maximal host diversity.
Although a possible influence of the sampling bias cannot be excluded, based on available data,

we observe an altered host range among isolates with and without the phage. Another feature
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of the Ypfd-positive strains is that they all belong to the orientalis biovar which has been

linked with the Modern plague pandemic and subsequent disease outbreaks.
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Figure S. Different host spectrum between Y pfd-negative strains of the biovar antigua (n=31)
and Ypf®-positive strains of the biovar orientalis (n=46). Isolation sources are indicated with

respective colours.

Discussion

In this study, we confirm previous indications that Ypfd® was associated with Y. pestis
responsible for the Modern plague pandemic (orientalis biovar) [21] and was absent in strains
which caused the Medieval and Justinianic pandemics (Fig. 6A). Our results suggest that the
phage-encoded Zot has a dual function: for Ypfd assembly and as a putative virulence factor
that permeabilizes epithelial barriers (Fig. 6B). Together with experimental studies that show
an enhanced virulence of Ypf®-positive strains in mammals [21], our bioinformatic analysis
suggests differences in pathogenicity of modern and ancient Y. pestis, pointing to possible
changes in clinical manifestation and/or course of plague between the pandemics. The presence
of Ypf® and zot in modern Y. pestis strains of the orientalis biovar correlates with their
seemingly altered host spectrum, global spread and pandemic potential relative to other branch

1 modern Y. pestis (antiqua, Y pf®-negative) (Fig. 6C).
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Zot, as we find it here in Ypfd, is a homologue of the endogenous human zonulin [28].
Elevated levels of zonulin are linked with functional loss of the intestinal barrier resulting in
uncontrolled antigen trafficking that triggers the innate and eventually the adaptive immune
responses, leading to chronic inflammation [29]. The role of zonulin in various inflammatory
diseases, such as celiac disease (e.g., [30]), diabetes (e.g., [31]), inflammatory bowel disease

(IBD) (e.g., [32]) and multiple sclerosis (e.g., [30]) has been widely documented.
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Figure 6. Genomic acquisition of Ypf® by modern Y. pestis might enable pandemic strains to
secret Zot and permeabilize host membranes.

A — Chromosomal insertion of Ypf® in the context of virulence-associated genetic changes in
Y. pestis’ evolution and known plague pandemics. Ypf® is present as a prophage among strains
of the modern orientalis biovar, which is thought to be responsible for the Modern plague
pandemic.

B — Dual role of Zot in assembly of the filamentous phage and as virulence factor that
permeabilizes epithelial barriers

C — Differences between the analyzed here Ypfd®-positive and Ypf®-negative Y. pestis strains
with regards to the host spectrum, geographic distribution and pathogenicity. Animal

depictions originate from http://phylopic.org.

Apart from Y. pestis, a wide variety of bacterial pathogens harbour Zot has a virulence factor.
Among them are Neisseria meningitidis, Acinetobacter baumanii, Salmonella enterica,
Burkholderia cenocepacia, and Vibrio cholerae, in which it had first been identified [22,23].

Zot was shown to increase permeability of the gut epithelia [23] as well as the mucosa [33] and
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the endothelial cells in the brain [34]. In addition to typical bacterial pathogens, Zot has been
detected in various Enterobacterial species of the microbiome, some of which were linked to
chronic inflammation. For instance, Zot-harbouring Campylobacter concisus was isolated from

saliva samples of inflammatory bowel disease patients [35].

For Y. pestis, chromosomal acquisition of Ypfd® and subsequent release of Zot might have
provided the pathogen with a new virulence mechanism inducing damage of the host barriers.
A previous functional study done on mice showed that Ypf® allows better colonisation of the
host, conferring increased fitness during infection of mammals [21]. Ypf® could thus affect
the pathogenicity of Y. pestis and the clinical manifestation of plague, suggesting possible
differences between the ancient (Justinianic and Medieval) and Modern pandemics. This
highlights the introduction of potential bias when interpreting various historical sources on
plague epidemiology in the past based on the inference from knowledge about modern plague.
Differences in pathogenicity do not necessarily have to be reflected in the estimated mortality
rates of the pandemics, as various factors, such as proximity to zoonotic reservoirs, climate,
settlement type/crowding, health status and behaviour-related exposure, can influence the
outbreak outcomes [e.g. 36-40]. Based on our current knowledge on Y. pestis’ pathogenesis
and Ypf®, the phage may be advantageous for the pathogen during the initial phase of infection
when the bacterium enters the macrophages and acquires resistance to phagocytosis [18,41,42].
It was shown that not only the free-floating (armed with resistance to phagocytosis) but also
cell-borne (still hidden within the host cells) Y. pestis are involved in pathogen’s migration
through the lymphatic system [43]. As examination of the Zot function in Camplylobacter
concisus revealed Zot-enhanced response of macrophages to E. coli [44], it is possible that
Ypf® is involved the initial entry of Y. pestis into macrophages. This could facilitate the
protection against phagocytosis as well as the “silent” spread of the pathogen, resulting in more
efficient colonisation of various organs. This hypothesis, however, would have to be further
explored by functional studies. The Ypfd-induced damage to the epithelial layer may also be
advantageous for the oral route of infection. Oral administration of an attenuated Y. pestis strain
EV76 (Ypfd-positive) to a group of vervet monkeys resulted in gastrointestinal disturbance in
several of the animals [45], as it would be expected from Zot activity. Instances of
gastroenteritis and pharyngeal plague in humans, following consumption of Y. pestis-
contaminated meat, were also reported [46]. Unfortunately, it is not known if the causative

strains were Ypf®-positive. Nevertheless, Ypf® may affect Y. pestis pathogenicity [21] and
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has the potential to reflect a recent evolutionary change in the species that could be comparable,
however likely to a lesser extent, to the previously known High Pathogenicity Island (HPI) —
characteristic for highly pathogenic Yersinia [47].

Our analysis demonstrated that Ypfd® was absent in all strains responsible for previous
pandemics and other ancient strains. A lack of coverage of Ypf® genes in medieval strains can
also be seen in the data published by Seguin-Orlando and colleagues (Figure 4A in Seguin-
Orlando et al., 2021 [48]. Published molecular dating of the splits in the phylogeny of Y. pestis
suggests that stabilisation of the phage in the bacterium’s chromosome occurred relatively
recently, approx. 500 years ago [9]. Presence of the complete phage in E. coli may suggest this
species as a possible source of the Ypfd in Y. pestis. Based on the spread of Ypf® among
various Enterobacteria (Tab. S6) [20,22], it is possible that the human host represents an

environment, that is shared by various bacteria, in which the acquisition occurred.

A better knowledge on the recent evolution of Y. pestis’ virulence is key to the understanding
of the bacterium’s pathogenicity, as plague begins to occur in unusual and thus challenging to
diagnose clinical forms. For instance, during the plague-related outbreak of gastroenteritis in
Afghanistan, 20.5 % of the infected individuals (17/83) died before the appropriate treatment
was applied [46]. Although neural involvement in plague is very rare, cases of Y. pestis-induced
meningitis were previously described [49]. Identifying Ypfd-encoded Zot as a potential
virulence factor that breaches host epithelial barriers should make us rethink these clinical cases

and work on developing new therapeutic targets for the future.

Material

The data analysed here comprised of 255 previously published modern and 55 ancient (46
medieval, 8 Bronze Age and 1 Neolithic) Y. pestis strains downloaded from online repositories
such as the European Nucleotide Archive (ENA) and the National Center for Biotechnology
Information (NCBI) (Tab. S1 and S2).
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Methods

Alignment and detection of the Ypf®

Preprocessed sequencing data from all Y. pestis strains (Tab. S1 and S2) were mapped against
the CO92 reference genome (NC_003143.1,NC003131.1,NC_003132.1,NC_003134.1,) with
Burrows-Wheeler Aligner (BWA) v0.7.12 (n =0.01,1=300) [50]. Regions with zero coverage
were identified and the samples with no reads mapping to the NC_003143.1:2554178-2562912
region were classified as strains without the Ypfd. Moreover, sequencing data of a randomly
chosen example strain CMCC10012 (not carrying the phage) was mapped in a competitive
mapping against the CO92 reference genome and the CO92 chromosome without the 2554178-
2562912 region. This way, unique gap-bridging reads were identified for the CMCC10012
(Fig. S5), confirming the lack of Ypf®.

Analysis of Ypf®

Reads mapping to the CO92 Ypfd region were extracted from a randomly chosen example
strain (EV76). The phage reads were then mapped against previously published genome
assemblies and contigs of the Ypfd-positive Y. pestis strains (Tab. S3) with Burrows-Wheeler
Aligner (BWA) v0.7.12 (n = 0.01, 1 = 300) [45] to locate the position of Ypfd within the
chromosome of each strain. Knowing the phage locus for the strains, genome annotation was
inspected in the graphic view panel of the sequences in NCBI to identify the Ypf® variants.
Association with a particular biovar was made based on available data [51] or the position in
the phylogeny (Fig. 2). To identify similar sequences in other bacterial species, the extracted
phage reads were blasted with the BLASTn online tool (default parameters) against the

Nucleotide collection (nt).

Comparative analysis of Y. pestis secretins

Three-dimensional (3D) structure of CO92 Y. pestis secretins (GspD and GspD2) was predicted
with the Protein Homology/analogY Recognition Engine V 2.0 (Phyre2) [52]. BLASTn and
BLASTp online tools (default parameters) were used to compare nucleotide and amino-acid

sequences of the two secretins in Y. pestis.
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Phylogenetic analysis

Phylogenetic analysis was performed with RAXML [53] using the GTRGAMMA model with

500 bootstrap replicates. MultiVCFAnalyzer [54] was used to generate a SNP-based multiple
alignment of 255 previously published modern and 46 medieval Y. pestis strains with Y.
pseudotuberculosis (NZ_CP008943.1) as an outgroup (Tab. S1). The input VCF files were
generated with the UnifiedGenotyper module from the Genome Analysis Toolkit (GATK) v3.6
[55]. A SNP was called if the position was covered by at least 3 reads, the genotype quality

was at least 30 and the fraction of mapped reads containing the SNP was at least 90 %.
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Chapter 6: Genomic and phylogenetic analysis

of medieval Yersinia pestis

The chapter was prepared as a hybrid of a manuscript and a dissertation chapter.

Supplementary material can be found here: https://doi.org/10.57892/100-4
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Genomic and phylogenetic analysis of medieval Yersinia pestis

Abstract

Yersinia pestis (Y. pestis) is a highly virulent pathogen whose beginnings can be traced back to
approximately 7000 years ago. Since then, the bacterium has evolved its remarkable ability to
utilize various transmission modes and complex infectious mechanisms. Several previous
studies on ancient and modern Y. pestis genomes reported on the important genetic changes
that shaped the pathogen’s virulence and highlighted the value of ancient genomes in the study
of pathogenicity and evolution. Pathogen screening of 526 samples from 392 medieval
individuals revealed presence of Y. pestis DNA in 17 individuals. This finding presented an
opportunity to explore the bacterium’s diversity and identify recent genomic alterations
associated with virulence. Two Y. pestis genomes were successfully reconstructed and
analyzed, confirming previous findings presented in chapters 4 (pla depletion) and 5 (Ypfd
phage). Furthermore, for one strain, deletions of genes potentially involved in virulence was
observed. This may possibly reflect local microevolutionary changes that could have
contributed to the disappearance of plague from Europe in the late Middle Ages. The frequency
of Y. pestis infection was estimated to be 4.3-7.2%, which suggests a high prevalence of plague
across medieval parish cemeteries. In the future, not only plague-associated mass burials but
also individual graves can aid the study of Y. pestis diversity, evolution and plague

epidemiology.

Introduction

Yersinia pestis (Y. pestis) is the causative agent of plague — a deadly disease that is known to
have decimated human populations in three pandemics (Justinianic plague (6"-8" cent. AD),
the Medieval plague (14"-18" cent. AD) and the Modern plague (19%-20" cent. AD). The
remarkably high virulence of Y. pestis stems from several genomic alterations that occurred at
the early stages of the pathogen’s evolution — the earliest of them dating all the way back to the
Neolithic/Bronze Age period (approx. 3300 — 1200 BC) (Demeure et al., 2019; Rascovan et
al., 2019; Susat et al., 2021). These changes enabled the pathogen to utilize various

transmission modes (vector borne, respiratory and oral infection routes) and pathogeneses
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(bubonic, pneumonic and septicemic forms). Although Y. pestis continues to pose a major
threat to public health, it is unclear whether more recent genome alterations also significantly
affected the virulence of Y. pestis. The findings presented in previous chapters (4 and 5) of this
dissertation highlight the importance of medieval genomes in the research of Y. pestis

pathogenicity and evolution.

In the study described in this chapter, metagenomic samples of 392 individuals buried at 17
medieval cemeteries (~6" to 18" cent. AD) across Denmark and Germany were screened for
the presence of Y. pestis DNA. Molecular evidence of plague was detected in samples from 17
individuals. Genomic and phylogenetic analysis of the reconstructed genomes were performed
to 1) explore the genetic diversity of medieval Y. pestis and to 2) possibly identify recent
genomic changes related to virulence. This analysis will also serve as a validation of the

findings from chapters 4 and 5.

Material

The material comprised 526 samples (215 teeth, 289 petrous bones and 22 postcranial
elements) belonging to 392 individuals. The skeletal remains were excavated from 17
cemeteries (Denmark and Germany) dating to approx. 6" — 18" cent. AD (Boldsen, 2018;
Prescher & Wagner, 2016; Siegfried, 2018). A detailed description of the archaeological sites
and the samples used for pathogen screening can be found in the material section and the

supplement of chapter 2.

For the analysis of the Y. pestis isolates, additional data from a total of 228 previously published

modern (Tab. S1) and 48 ancient Y. pestis strains was used (Tab. S2).

Methods

The methods used for the DNA extraction, library preparation and shotgun sequencing as well

as the genomic and phylogenetic analyses of the detected Y. pestis strains were described in the

methods section of the previous chapters (3 - wet lab; 4 and 5 - bioinformatics).
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Y. pestis-specific reads were obtained in competitive mapping against Y. pestis (NC_003143.1,
NC_003131.1, NC_003134.1, NC_003132.1) and Yersinia pseudotuberculosis
(NC_006155.1) reference genomes, using Burrows-Wheeler Aligner (BWA) v0.7.12 (n=0.01,
1 = 300) (Li & Durbin, 2009). Output BAM files were then filtered for quality 30 with
SAMtools (Li et al., 2009) (samtools view -bq 30 input.bam > output.bam). Subsequently, the

number of Y. pestis-specific reads was noted with samtools idxstats.

To determine the genetic sex of the individuals, the metagenomic reads were mapped to the

human genome (build hg19) and the ratio of sequences aligning to the X and Y chromosomes

compared to the autosomes was assessed (Fu et al., 2016).

Results

Evidence of plague was detected in four parish cemeteries from medieval Denmark

Pathogen screening revealed the presence of Y. pestis DNA in 17 metagenomes from four sites
(St. Trinitatis in Viborg, Ole Worm Gade in Horsens, Sejet and Ribe). The “positive” status of
each sample was confirmed based on the presence of unique Y. pestis-specific sequences,
including reads aligning to the pPCP1 plasmid (plasmid that is exclusively present in Y. pestis)
(Tab. 1). For three samples (A5465/X3003, G52 and G27), the number of Y. pestis reads was

sufficient for further analysis (> 50% of the genome covered by at least one read) (Tab. 2).

For three out of 17 Y. pestis-positive skeletal remains (G89, A5465/X3003 and A16/X3013),
only a foot bone or a tooth sample were screened for pathogen DNA. In the case of the
remaining 14 skeletons, metagenomes isolated from both teeth and petrous bones were
analyzed. For these individuals, evidence of Y. pestis infection was detected only in DNA
material extracted from teeth and no trace of the pathogen was found in the petrous bone

samples.
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Table 1. List of Y. pestis-positive samples.

) Sample Genetic N of Y. pestis-specific reads
Site Grave N type sex chr  pPCPI pMT1 pCDI
St. Trinitatis -, tooth 33516 9451 14924 17006
(Viborg)

G&9 foot bone M 53 4 9 0
%‘:};‘)rkegard A5465/X3003 tooth M 607783 36459 71360 131045
A569/X569 tooth M 140 20 36 48
Al46/X146  tooth M 95 8 31 30
A106/X106  tooth M 159 26 91 114
A146/X3011  tooth M 500 100 272 148
A196/X196  tooth M 77 7 34 18
A16/X3013 tooth M 60 10 30 18
A407/X407 tooth F 19 6 12 2
Ole Worm Gade , 1563/%1063.1 tooth  F 52 6 6 0
(Horsens)
A1513/X1513.1 tooth M 101 22 28 26
A1643/X1643.1 tooth  F 327 29 209 148
A1513/X15132 tooth M 174 42 88 69
A1248/X1248.1 tooth M 38 2 14 6
A1209/X1209.1 tooth M 155 19 75 74
Lindegarden 5, tooth ——y 4931 3016 984 1733
(Ribe)

chr — chromosome; F — female; M — male; N — number;

Genomic and phylogenetic analyses of Y. pestis isolates

To examine the diversity of the three strains (A5465/X3003, G52 and G27) with sufficient
coverage, genomic analysis was performed. This included evaluation of the previously reported
pla depletion in the pPCP1 plasmid (chapter 4 — Susat et al., 2020) and presence of the Y. pestis
prophage (Ypf®) (chapter 5; Derbise et al., 2007). Additionally, coverage gaps in the
alignment between the medieval strains and the modern CO92 reference genome were

explored.
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Table 2. Mapping statistics for three Y. pestis isolates from medieval Denmark (Viborg and

Sejet) with a quality filter set to 30.

Strain / Site Genomic N of Mean Coverage Coverage Coverage

region aligned coverage >1x[%] =2x[%] = 3x[%]
reads

St. Trinitatis  chromosome 516891 7.0 94.8 93.1 89.6

(Viborg) G52 pCD1 20202  18.6 94.0 93.3 92.9
pPCP1 10707 72.7 80.9 80.8 80.8
pMT1 17892 11.6 94.0 94.0 93.3

Odekirkegard chromosome 1215553 17.42 95.2 94.9 94.7

(Sejet)

A5465/X3003
pCDl1 53758 52.04 95.3 94.9 94 4
pPCP1 14843 103.82 81.3 80.9 80.9
pMT1 24813 16.79 94.2 94.1 94.1

Lindegarden chromosome 68304 0.7 49.1 17.2 4.8

(Ribe) G27 pCDI1 3062 22 80.2 59.6 39.0
pPCP1 977 52 79.5 76.9 71.5
pMT1 1726 0.9 56.0 22.5 6.9

Analysis of the pPCP1 plasmid revealed that, similarly to the strains responsible for the post-
Black Death outbreaks, two plasmid variants were present in the Viborg strain. Via competitive
mapping, the gap-bridging reads were identified in the pla-negative plasmid, which together
with reads mapping specifically to the pla region are shown in Figure S1. The pla-negative to
pla-positive plasmid ratio was 8.6:1. On the contrary, the Y. pestis isolates from Sejet and Ribe

did not exhibit the depletion of the pla region in the pPCP1 plasmid.

After mapping the Y. pestis reads of the samples from Viborg, Sejet and Ribe against the CO92
genome, a careful examination of the alignments revealed the presence of several coverage
gaps in the medieval strains in relation to the modern reference. All three genomes lacked the
8734 bp-long region in the chromosome (CO92, NC_003143.1:2554178-2562912)
corresponding to Ypf®. Moreover, three additional gaps in coverage were observed in the near
proximity to the phage locus for the Sejet isolate, suggesting that this strain lacked several
genes in comparison to the CO92 reference strain (Tab. 3, Fig. 1). The missing genes are
involved in the bacterium’s virulence, response to stress and biosynthesis (Ackermann et al.,
2008; Boin et al., 2004; Chain et al., 2004). These gaps in coverage were interpreted as

deletions as these regions were covered in the alignment of all other medieval strains.
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Table 3. Deletions observed in the chromosome of the Black Death strain from Sejet, Denmark.

Gap start
position

Gap end
position

Gene

Annotated protein

1917182 1925454

cheZ
YPO_RS09385

YPO_RS09390
YPO_RS09395
YPO_RS09400
YPO_RS09405
YPO_RS09410

protein phosphatase CheZ
N-acetylmuramoyl-L-alanine amidase

cell surface protein / coiled stalk of trimeric
autotransporter adhesin family protein

YadA family autotransporter adhesin
putative exported protein

alanine racemase

hypothetical protein

2568948 2572633

YPO_RS12445

YPO_RS12450
YPO_RS12455

AMP nucleosidase

hypothetical protein / virulence factor
(transmembrane protein)

putative virulence factor SrfB

2579140 2582342

ilvB
ilvN
WG
YPO RS12490

acetolactate synthase large subunit
acetolactate synthase small subunit
pyrimidine 5'-nucleotidase

erB-C domain protein

(A) NC_003143.1: 1917182-1925454

(B) NC_003143.1: 2568948-2572633

(C) NC_003143.1: 2579140-2582342

- partially deleted
- deleted

Figure 1. Gene content of the three chromosomal regions (A-C) missing in the Sejet strain.

Based on the mean genome coverage, only two strains (Viborg (G52) and Sejet

(A5465/X3003)) (Tab. 2) were included in the phylogenetic analysis. The two medieval Danish

strains were included in a phylogenetic analysis with 276 previously published Y. pestis

genomes (228 modern and 48 medieval) (Fig. 2). The isolate from Viborg clustered with the

Latvian strain G701 within the known diversity of the post-Black Death Y. pestis strains. The
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genome from Sejet positioned itself in close proximity to the Black Death strains from

Germany (MANOO8) and Italy (COL0OO1).

BRANCH 1 (CN, CG, IN, MG, MN, UG, US)
Bolgar 1362-1400 AD (RU) o
London EastSmithfield 6330 1348-1350 AD (GB)

T London EastSmithfield 1348-1350 AD (GB)
Barcelona 1300-1420 AD (ES)
Laishevo LAI009 1300-1400 AD (RU) — Black Death
L Nabburg NAB003 1292-1392 AD (DE)
Manching-Pichl MAN008 1283-1390 AD (DE)
L Sejet 1150-1550 AD (DK)
— Collalto Sabino COL001 14th cent. AD (IT)
St. Gertrude G488 1550-1650 AD (LV)
{Cambridge NMS002 1433-1523 AD (GB)
r Ellwangen 1485-1627 AD (DE)
—— Rostov2039 1762-1773 AD (RU)
) Gdansk8 1425-1469 AD (PL)
Marseille LObservance 1770-1772 AD (FR)
Maist Chechenya CHE1 1720+ AD (RU)
Rostov2033 1762-1773 AD (RU)
Pestbacken PEB10 1710-1711 AD (SE)
Azov38 1400-1600 AD (RU) B pOSt_BlaCk Death
New Churchyard London 1530-1635 AD (GB)
New Churchyard London 1530-1635 AD (GB)

STNs 1485-1635 AD (CH)
Brandenburg an der Havel BRAOO1 1618-1648 AD (DE)

San Procolo a Naturno ~1636 AD (IT)

St. Gertrude G701 1550-1650 AD (LV)
{Viborg G52 1150-1550 AD (DK)
Starnberg STAOO1 1433-1523 AD (DE) B
BRANCH 4 (FSU, MG)
BRANCH 3 (CN, MN)

BRANCH 2 (CG, CN, IN, MG, MM, UG, US)

0 ANT3 (CN, FSU)
——— 0.ANT2 (CN)
< Justinianic Plague 400-730 AD (DE, ES, FR, GB, KG)
0.ANT1 (CN)
0.PE5 (MG)

0.PE4 (CN, FSU, MG)

— [
% L 0.PE7b_620024

Y. pseudotuberculosis

0.01

Figure 2. Maximum likelihood Y. pestis phylogeny based on the SNP alignment of 14900
positions with a bootstrap of 500 replicates. The tree includes 278 strains (228 modern and 50
ancient) with Y. pseudotuberculosis as an outgroup. The genomes from Viborg and Sejet are

shown in blue. Dates are provided for the ancient strains. Country codes can be found in Table

S3.
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Discussion

The pathogen screening of 526 metagenomic samples (392 individuals) revealed that 17
individuals (4.3%) were infected with Y. pestis, making plague the likely cause of their death.
Evidence of plague was detected in the metagenomes extracted from 16 teeth and one
postcranial element. No traces of the pathogen were found in the petrous bone samples
belonging to the same individuals. These results are in accordance with previous findings of
Margaryan and colleagues (Margaryan et al., 2018) who detected Y. pestis DNA in teeth of five
individuals from Bronze Age and Iron Age (Rasmussen et al., 2015) with no evidence of plague
found in the corresponding petrous bones. Although the petrous portion exhibits high levels of
endogenous DNA content (Gamba et al., 2014; Pinhasi et al., 2015), it does not prove to be
particularly useful in ancient microbial genetics, as it usually carries insufficient amounts of
exogenous DNA (Margaryan et al., 2018). Interestingly, all previously published ancient Y.
pestis genomes were reconstructed from teeth samples (Bos et al., 2016; Bos et al., 2011;
Morozova et al., 2020; Rascovan et al., 2019; Seguin-Orlando et al., 2021; Spyrou et al., 2016,
2018; Susat et al., 2020; Valtuefia et al.,2017; Wagner et al., 2014) with a few studies screening
various bones (Morozova et al., 2020; Seguin-Orlando et al., 2021; Valtuena et al.,2017). Thus,
it would be sensible to assume that metagenomes extracted from petrous bones could present
as false negatives in pathogen screening. In this study, only the petrous bone was analyzed for
157 individuals. For the remaining 235 individuals, 215 teeth and 22 postcranial elements were
screened for the presence of Y. pestis (17/235,7.2%). Moreover, preservation of the pathogen’s
DNA in the human skeleton is relatively poor, as only a small fraction of samples from plague-
associated mass burials showed evidence of Y. pestis’ DNA in previous studies (e.g., Seguin-
Orlando et al., 2021; Spyrou et al., 2016; Susat et al., 2020). With all that in mind, it is possible

that the true prevalence rate of plague in the examined sample was higher than reported.

All Y. pestis-positive individuals were buried in singular graves across four parish cemeteries,
with the majority of cases (eight (47.1%) and six (35.3%)) detected at two sites (Sejet and
Horsens, respectively). It is possible that these two cemeteries were dedicated, at least partially,
for burials of plague victims. However, no historical evidence corroborating this scenario was
discovered. A large proportion of previous Y. pestis findings dating to the Middle Ages were
made based on pathogen screening of skeletal remains buried in mass graves, for which plague

was already suspected a priori. In medieval Europe, outbreaks of deadly diseases often resulted
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in mass inhumations (e.g., Haller et al., 2021; Willmott et al., 2020). Thus, in an instance when
a medieval mass grave is excavated, plague is often suspected as the likely culprit — which is
not always the case (Haller et al., 2021). Here, the aDNA-based crude period prevalence (CPP)
of plague across common cemeteries is reported. The time frame of the Y. pestis-positive
burials can be narrowed down to 1346-18" cent. AD, assuming that the infection occurred
during the Medieval plague pandemic. Thus, the CPP (4.3-7.2%) does not relate to a specific
point in time, but rather indicates the prevalence over approx. 400 years. A similar analysis
was previously done for 191 individuals buried across five medieval graveyards in England
(Cessford et al., 2021). In their study, Cessford and colleagues reported a Y. pestis’ prevalence
of 4.2-5.2%, which is comparable to the CPP noted in this study. When burials dating to the
time period of known plague epidemics in the area were exclusively considered, the prevalence
increased to 12-16% (Cessford et al., 2021). Our findings and those of Cessford and colleagues
highlight the importance of pathogen screening of common cemeteries and individual graves.
It has long been thought that many plague victims were buried at parish cemeteries (Grainger
et al., 2008). With the use of aDNA methods, at least part of these otherwise indistinguishable
plague burials, can be detected. Furthermore, such analyses could shed light on the genetic
diversity of Y. pestis strains responsible for sporadic plague outbreaks of a relatively limited
scale — possibly zoonotic events (chapter 4; Bos et al., 2016; Spyrou et al., 2016). These
outbreaks, which did not result in mass inhumations, could have possibly been caused by
strains less virulent for humans. The isolate from Viborg exhibited the pla depletion in the
pPCP1 plasmid that is thought to be associated with reduced transmission of the pathogen
(Susat et al., 2020). Although the Sejet genome carried only pla-positive pPCP1 plasmids, it
lacked several seemingly useful genes (YPO_RS09395, YPO_RSI12445, YPO_RS1245)5)
involved in virulence (Ackermann et al., 2008; Chain et al., 2004) and chemotaxis (Boin et al.,
2004) (Tab. 3, Fig. 1). It cannot, however, be excluded that the preventive measures used in
Denmark at the time (Christensen, 2003) were effective in containing the outbreaks. Together
with historical data, detection of Y. pestis-positive cases in singular graves followed by analysis
of the reconstructed genomes can provide us with a better understanding of plague

epidemiology and the bacterium’s micro-evolution during the medieval pandemic.
The Y. pestis-positive samples belonged to four females and 13 males. Various literature and

bioarcheological studies explored the potential sex selectivity of plague in the Middle Ages.

Whilst the Black Death was known as the “universal killer” (e.g., DeWitte, 2009; Castex &
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Kacki, 2016), studies of the post Black Death outbreaks suggested that the mortality rates were
mostly skewed against females (e.g., Ell, 1989; Jimenez-Brobeil, 2020; Signoli et al., 2002). A
consensus on this matter, however, has not been reached, as more studies reported conflicting
results (e.g., Alexander, 1980; Bramanti et al., 2018; Curtis & Roosen, 2017; Hollingsworth &
Hollingsworth, 1971; Whittles & Didelot, 2016). This inconsistent pattern of sex distribution
among plague victims suggests that the underlying reason for these observations is likely of an
extrinsic nature (unrelated to physiological sexual dimorphism), resulting from increased
exposure or health status. For instance, the landmark study of 299 individuals from the Black
Death cemetery (East Smithfield, London, UK) revealed an increased mortality associated with
osteological stress markers in males relative to females. This suggests that previous
physiological stress elevated the risk of death for men. However, higher mortality of generally
healthy females in comparison to healthy males cannot be excluded (DeWitte, 2010). In a series
of plague outbreaks in the Italian city of Milan (1452-1523 AD), mortality rates were skewed
towards females. The authors proposed poor and overcrowded living conditions of female
immigrants as a possible explanation for this observation (Cohn & Alfani, 2007). Data
collected from modern plague outbreaks also seem to support the considerable influence of the
environment on plague infection rates in males and females. In the United States, certain
activities that are more common for men today, such as hunting and ranching, lead to increased
exposure to infection (Butler, 1989; Cleri et al., 1997). Conversely, differences in sleeping
conditions, and thus exposure to fleas, in Tanzania were shown to result in higher infection
rates in women — who often sleep on the floor (Davis et al., 2006; Kamugisha et al., 2007). It
is possible that the larger number of infected males reported here in comparison to females
represents gender differences in behavior, for instance — occupational exposure. In the Middle
Ages, the female role was often limited to household chores, while males provided sustenance
for the family leading to an increased contact with contaminated sources. Historical records
suggest that although preventive measures were applied during plague outbreaks in medieval
Denmark, a large proportion of the population could not afford to abandon work and

quarantine, which led to continuous disease spread (Christensen, 2003).

Archeological dating of the Y. pestis-positive burials included in this study (Boldsen, 2018)
provided us with wide time frames of at least 1000 years (6 — 18™ cent. AD). Detection of Y.
pestis’ DNA, followed by the genomic and phylogenetic analyses of the three genomes

(Viborg, Sejet and Ribe) allowed us to narrow down the time frame for each strain, assigning
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them to two separate periods: the Black Death (Sejet and Ribe: 1346-1353 AD) and the post-
Black Death (Viborg: 1354 — 1550 AD) (Fig. 2). As the Y. pestis phylogeny reflects a temporal
distribution of the medieval strains, together with the pPCP1 pla depletion (associated with the
post-Black Death medieval strains), phylogenetic analysis of medieval Y. pestis genomes may

serve as an additional source of information on burial dating.
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Infectious diseases were an every-day threat in medieval Europe

The Justinianic plague (541-549 AD) is the only infectious disease outbreak of an epidemic
scale known from the Early Middle Ages (6"-10"" cent. AD) (Wagner et al., 2014) and little
attention has been given to pathogens other than Y. pestis in the existing literature. Although
historical sources and paleopathological studies indicate presence of various infectious diseases
at the time, such as measles, malaria and leprosy (e.g., Belcastro et al., 2005; Newfield, 2017;
Retief & Cilliers, 2010), only a few cases of single infections from this period have been
detected with molecular analyses until now (Plasmodium falciparum, Mycobacterium leprae
(M. leprae) and variola virus (VARV)) (Marciniak et al., 2016; Miihlemann et al., 2020;
Pfrengle et al., 2021; Schuenemann et al., 2018). Thus, the diversity and prevalence of
infectious diseases in early medieval Europe remains unexplored. With the aim of addressing
this issue, a systematic screening of skeletal remains buried within the borders of the
Lauchheim settlement (7"-8® cent. AD, Germany) was performed in chapter 3. Estimation of
disease prevalence in past populations is, however, a challenging task, mainly due to missing
data. Firstly, pathogen screening of metagenomic samples allows for discovery of blood-borne
DNA pathogens. Thus, localized infections and RNA viruses will not be detected. Secondly,
the degree of DNA preservation may also affect the results of pathogen screening, leading to
underestimated rates of infection. Moreover, the examined burials cannot be ascribed to the
same moment in time. Although it was not possible to overcome the existing technological
limitations, the concept of crude period prevalence (CPP) was introduced in an effort to account
for the type of data available. In CPP, the period prevalence refers to the total number of
infected individuals over a specified period of time and the crude prevalence reflects the rate
of infection in the total population (without accounting for the age and sex structure) (Waldron,
1991). The systematic pathogen screening of Lauchheim revealed that over 30% of inhabitants
(CPP =31.4%, over a period of about a century) were infected with minimum of one pathogen
and at least four different infectious agents circulated within the settlement (hepatitis B virus
(HBV), parvovirus B19, VARV and M. leprae). These findings represent the first evidence of
a high burden of infectious diseases in the Early Middle Ages. As there is no comparable data
in the existing literature, interpretation of these results in a wider context is difficult. It is not
known whether the reported number is high, average or low for that particular time period.
Nevertheless, considering that the CPP is likely an underestimate, the difference between the

infectious disease prevalence in the early medieval Lauchheim and present-day Europe is stark.
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Not only both leprosy and smallpox are absent in Europe today, the current prevalence of HBV
(<2%) (Schmit et al., 2021) is nowhere near the endemic level noted for Lauchheim (HBV
CPP=11.4%). Additional information provided by osteological analysis indicated that the
inhabitants of the Lauchheim settlement suffered from a substantial amount of physiological
stress. It is possible that the overall poor health was a consequence of the high infection
prevalence. However, it is also possible that other factors, e.g., malnutrition, contributed to the

health decline that was further exacerbated by the relatively easy transmission of pathogens.

Interestingly, Europe experienced a major climate decline between the 5" and 7" cent. AD,
known as the Late Antique Little Ice Age (LALIA). LALIA was likely an environmental driver
of crop failure, famine, and disease (Biintgen et al., 2016), which could have possibly
contributed to the high disease burden at the time. As seen today, climate change is an eminent
driver of emergence, re-emergence and transmission of infectious diseases (e.g., Caminade et
al.,2018; Mora et al., 2022). The ecological context of that time together with the demographic
and economic changes might have allowed for persistent outbreaks with the potential to set the
stage for severe epidemics in the Late Middle Ages and early Modern Europe. For instance,
although leprosy was already present in early medieval Europe (Belcastro et al., 2005; Pfrengle
et al.,2021; Schuenemann et al., 2018), including Lauchheim, it reached epidemic proportions
only hundreds of years later (between the 11" and 14™ cent. AD) (Schuenemann et al., 2018).
The medieval leprosy epidemic was dominated by strains belonging to the phylogenetic branch
3 — the same branch that contains a low-diversity cluster of the oldest European M. leprae
genomes dating to the LALIA period (5%-8" cent. AD): Lauchheim G83 (chapter 3), GC96
(Schuenemann et al., 2018) and EDIO06 (Pfrengle et al., 2021). Moreover, the phylogenetic
position and gene inactivation pattern of the VARV G31 strain detected in Lauchheim were
intermediate in relation to ancient VARV strains from the same period (7*-8" cent. AD) and
strains dating to between the 9" and 11" cent. AD (Miihlemann et al., 2020). VARV went
through reductive evolution over time, which is thought to be a consequence of the pathogen’s
adaptation to the human host (Hendrickson et al., 2010). The gene inactivation pattern noted
for the G31 strain from Lauchheim could represent a step in VARV ’s adaptation to humans. It
is, however, necessary to gather more evidence in order to evaluate the hypothesis on LALIA’s

influence on the infectious disease landscape and pathogen evolution.
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The concept of CPP was also applied in chapter 6, in which pathogen screening of 17
graveyards (392 individuals) was performed with the aim of assessing the prevalence of plague
in medieval Danish (N=15) and German (N=2) cemeteries. Y. pestis’ DNA was detected at four
different sites across Denmark (Viborg, Horsens, Sejet and Ribe) and the CPP was estimated
to be between 4.3-7.2% over a period of 400 years. These results are comparable to the plague
frequency of 4.2-5.2% that was reported for parish cemeteries in medieval England (Cessford
et al., 2021). Although it had been previously hypothesized that that plague victims were not
exclusively buried in mass graves (Grainger et al., 2008), there was no clear evidence of their
presence at parish cemeteries due to the lack of osteological lesions. Together with the study
of Cessford and colleagues (Cessford et al., 2021), the findings from chapter 6 provided
molecular evidence of Y. pestis in individual burials. It is possible that the plague victims buried
in such graves died in plague outbreaks of a limited scale that did not result in emergency mass
inhumations. Such sporadic and possibly zoonotic events (chapter 4; Bos et al., 2016; Spyrou
et al., 2016) suggest an ever-present threat of disease in the Middle Ages. Interestingly, all
three genomes from medieval Denmark that were successfully reconstructed in chapter 6
exhibited either a depletion of the virulence factor pla (chapter 4; see the following discussion
section) or a deletion of genes seemingly useful for the pathogen’s virulence (chapter 6;
Ackermann et al., 2008; Chain et al., 2004). These findings highlight the potential of parish
cemeteries as a source of data on genetic diversity of Y. pestis, the bacterium’s micro-evolution
during the Medieval pandemic and genomic alterations which might have contributed to the

disappearance of plague from Europe in the 18" cent. AD.

Genomic changes in Y. pestis’ genome might have contributed to the end of the Black

Death and the outbreak of the Modern pandemic

Deadly outbreaks of plague in the Middle Ages often resulted in emergency mass burials
(Grainger et al., 2008; Hartle, 2017; Pfizenmaier, 2016; Stoakley, 2019; Willmott et al., 2020).
Thus, in an instance when a medieval mass grave is excavated, plague is often presumed as the
likely culprit. As Y. pestis infection is acute, it does not leave skeletal lesions and detection of
plague victims is only possible with reliable historical records or molecular methods. A large
proportion of previous Y. pestis findings from that time period were made based on pathogen

screening of skeletal remains buried in mass graves, for which plague was suspected a priori
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(Bos et al., 2011; Spyrou et al., 2016). In some instances, however, Y. pestis could not be
confirmed as responsible for the mass burials or a completely different infectious agent was
detected (Haller et al., 2021). In chapter 4, pathogen screening of mass burials excavated on
the grounds of the Riga Dome Church and the St. Gertrude’s Church in Riga, Latvia was
performed with the aim to determine whether these burials were a result of plague epidemics.
Molecular analysis allowed to confirm that the graves associated with the St. Gertrude’s
Church were a resting place of plague victims (chapter 4). Two Y. pestis genomes from Riga
were reconstructed and genomic analysis of the isolates together with previously published
medieval strains revealed a substantial difference in the pPCP1 plasmids of the strains
responsible for the Black Death (BD) and the post-Black Death (pBD) outbreaks. Contrary to
the BD strains, the pBD strains exhibited a depletion of the pla gene, which is an important
factor involved in the dissemination of the bacteria in the lymphatic system and the lower
airways (Lathem et al., 2007). Interestingly, determination of the presence/absence of the pla-
negative pPCP1 plasmids in medieval strains allows to assign them either to the BD or the pBD
period. Thus, genomic and phylogenetic analysis of Y. pestis can be useful when estimating the
archaeological date of burials (chapter 6). pla encodes the plasminogen activator protease (Pla)
that is necessary for the full virulence of the pathogen in both the bubonic and pneumonic
plague (Lathem et al., 2007; Smiley et al., 2019; Sodeinde et al., 1992). It is, however not
required for bloodstream infection (Sodeinde et al., 1992). The reasons which might have
driven the pla loss are speculative. It is possible that establishment of the pathogen in local
rodent reservoirs led to the pla depletion over time. Y. pestis strains which do not carry the
pPCP1 plasmid (Pestoides) were previously isolated from environmental reservoirs located in
the former Soviet Union (Garcia et al., 2007). Pestoides can infect rodents via the flea vector
(Rajanna et al., 2010). They are, however, unable to proliferate in the lungs (Zimbler et al.,
2015) and rarely infect humans (Rajanna et al., 2010). Although little is known about natural
plague reservoirs in medieval Europe, even a minor sylvatic focus with a small exposure is
sufficient to cause an outbreak (Keeling & Giligan, 2000). It could be hypothesized that after
the introduction of Y. pestis in the 14" cent. AD, the pathogen established in local rodent
reservoirs and the sporadic pBD outbreaks were a result of environmental spillovers (chapter
4; Bos et al., 2016; Spyrou et al., 2016). Long circulation of the bacterium among rodent
populations, where pla was not necessary for effective transmission, could then lead to the pla
depletion. Virulence of the pla-depleted pBD strains was possibly limited relative to the BD

strains, which in turn might have contributed to plague disappearance in the 18 cent. AD.
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Whilst the pBD lineage went extinct, the BD strains are thought to have travelled back to Asia
and become the source of the Modern pandemic (Spyrou et al., 2016). The Modern pandemic
outbreaks are associated with one group of Y. pestis strains, i.e., the orientalis biovar (Vogler
et al., 2013) that, unlike any ancient, medieval and other modern isolates, carries a
chromosomal phage (Ypf®) (chapter 5; Derbise et al., 2007). Genomic analysis of the Ypfd
performed in chapter 5 revealed that the phage encodes zonula occludens toxin (Zot), which is
a known virulence factor in Vibrio cholerae (Fasano et al., 1991). It was shown to increase
permeability of the gut epithelia (Fasano et al., 1991), mucosa (Gopalakrishnan et al., 2009)
and endothelial cells in the brain (Karyekar et al., 2003). The acquisition of Ypf® and
subsequent release of Zot might have provided Y. pestis with a new virulence mechanism
inducing damage to the host barriers. Moreover, a previous functional study done on mice
showed that Ypf® allows better colonisation of the host, conferring increased fitness during
the infection of mammals (Debrise et al., 2007). Ypf® could thus affect the pathogenicity of
Y. pestis and the clinical manifestation of plague. Instances of rare plague forms and symptoms
were previously reported, including the pharyngeal plague as well as Y. pestis-induced
gastroenteritis and meningitis (Arbaji et al., 2005; Becker et al., 1987; Leslie et al.,2011). Such
uncommon disease manifestations often delay a proper diagnosis, which can lead to fatal
outcomes. For instance, during the plague-related outbreak of gastroenteritis in Afghanistan,
20.5 % of the infected individuals (17/83) died before the appropriate treatment was applied
(Leslie et al., 2011). Although it is not known whether in these instances the causative strains
were Ypfd-positive, identification of the Ypfd-encoded Zot as a potential virulence factor
that breaches host epithelial barriers should make us rethink these clinical cases. Functional
studies are necessary to determine the role of Zot in Y. pestis pathogenesis. As evidenced by
recent plague outbreaks (Dutt et al., 1994; Leslie et al., 2011; Nguyen et al., 2018; Vogler et
al., 2013), the disease remains a major public health concern. The relatively recent acquisitions
of zot (chapter 5) and additional plasmids which confer antibiotic resistance (Lei & Kumar,
2022) reflect the evolution of the pathogen towards increased virulence. These genomic
alterations of Y. pestis together with the ongoing climate change may present the bacterium
with conditions that are conductive for large-scale plague outbreaks. It was estimated that a
temperature rise of 1°C would increase the prevalence of Y. pestis infection by 50% (Stenseth
et al., 2006). It is thus imperative to study the recent evolution of Y. pestis, especially in times

of emerging and re-emerging infectious diseases.
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Ancient DNA technology allows to study genetic predisposition to infectious diseases

which disappeared from Europe hundreds of years ago

Nowadays, Europe is free of many infectious diseases which used to be common in the Middle
Ages, such as leprosy, plague and enteric fever. Therefore, the genetic predisposition to these
diseases in present-day Europeans cannot be investigated via case-control association studies,
due to the virtual lack of cases. Development of the aDNA technology, however, allowed for
such analyses to be performed on past populations. The first such study was conducted on the
medieval sample of Danish and German individuals in which the association between the HLA-
DRB1*15:01 and leprosy was tested (Krause-Kyora et al., 2018). DRB1*15:01 was the focus
of the analysis as it is the most consistently leprosy-associated allele across various non-
European populations, (Gorodezky et al., 2004; Joko et al., 2000; Vanderborght et al., 2007,
Zerva et al., 1996; Zhang et al., 2009). In their work, Krause-Kyora and colleagues confirmed
the association between DRB1*15:01 and leprosy in Europeans (Krause-Kyora et al., 2018).
A similar approach was implemented in chapter 1, which describes a case-control association
analysis between HLA-DRB1*03 and paratyphoid fever (caused by S. enterica Paratyphi C) in
medieval Germans. This allele was previously linked to an increased risk of S. enterica Typhi
infection (typhoid fever) in present-day Vietnamese (Dunstan et al., 2001). Therefore, the
analysis performed in chapter 1 was a replication of the study linking DRB1*03 with
Salmonella infection. It is the first analysis which investigated genetic predisposition to
paratyphoid fever in Europeans and the only such study on Paratyphi C infection up to now.
Such a focused approach was implemented due to the small sample size (29 medieval cases
and 24 contemporaneous controls) and thus, the limited statistical power of the study which
did not allow for testing of multiple alleles. On the other hand, a relatively large sample size in
the case-control association study described in chapter 2 allowed for an exploratory analysis.
In this chapter, the complete HLA profiles of 300 medieval Europeans (Danish and Germans)
were analyzed in the context of leprosy susceptibility for the first time. This approach would
potentially enable detection of novel associations. Indeed, a nominally significant association
was noted for three alleles (A*23, A*26 and DRB1*13) which had not been linked to leprosy
before. Moreover, the results obtained in chapter 2 support previous reports on B*38 and C*06
and leprosy susceptibility in Brazil and India, respectively (Franceschi et al., 2011;
Shankankumar et al., 2003). Although the association between DRB1*15 and leprosy risk

reported previously for medieval Europeans (Krause-Kyora et al., 2018) could not be
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confirmed because of the limited statistical power, a strong trend was noted. Due to the
exploratory nature of this study, the p-values were not corrected for multiple testing. Thus,
these findings must be confirmed in a large independent sample. A similar exploratory
approach was implemented in a case-control association study performed on medieval plague
victims and contemporaneous controls (Immel et al., 2021). In their study, Immel and
colleagues reported an association between the HLA-B*51:01 allele and plague risk. Although,
multiple testing correction was applied, the sample size was modest (36 cases and 50 controls)
(Immel et al., 2021) and no replication of this finding was performed. These four aDNA studies
(chapters 1 and 2, Immel et al., 2021; Krause-Kyora et al., 2018) demonstrate the tremendous
potential of the aDNA methodology in identification of genetic variants involved in
predisposition to infectious diseases that are no longer present in Europe, but remain endemic
in other parts of the world. Identification of such variants can improve our understanding
concerning the contribution of specific HLA alleles to the disease under study and potentially

allow to harness this knowledge to improve patient care.

Modern-day scourges: are chronic inflammation and autoimmunity the legacy of past

epidemics?

Based on historical documentation, archaeological sources and molecular data, it is evident that
medieval Europeans struggled with the high disease burden and the ever-present threat of
infections (e.g., chapter 3, 4 and 6; Grainger et al., 2008; Haller et al., 2021; Hartle, 2017,
Snellgrove, 1954). At the time, increasing population density, limited medical knowledge and
poor hygiene fueled the spread of pathogens (O’Neil, 1993). Whilst some infections might have
been relatively mild, others were deadly. It is known that the clinical outcome of infectious
diseases may depend on various factors, including the nutritional status, co-occurrence of
infections, stress level, previous exposure to the pathogen, strain type of the infectious agent
as well as host genetics (Fava et al., 2012; Jia et al., 2017; Krawinkel, 2012; Verbrugghe et al.,
2012). Leprosy is an epitome of the substantial influence of the host’s immune response on
disease manifestation. Depending on the degree of the immunological reaction, M. leprae
infection can lead to severe disability, mild disfigurement, painful chronic inflammation or a
complete lack of symptoms (Joyce, 2012; Sales et al., 2011; Walker & Lockwood, 2007). The

HLA system bears strong signs of pathogen-driven selection (Penn et al., 2002; Prugnolle et
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al., 2005) and represents a genetic complex that is most often associated with various infectious
diseases, including leprosy, typhoid fever, tuberculosis, malaria, acquired immunodeficiency
syndrome (AIDS), hepatitis B and C, leishmaniasis and schistosomiasis (Blackwell et al., 2009;
Sanchez-Mazas, 2020). aDNA case-control studies of the association between HLA alleles and
leprosy, paratyphoid fever and plague confirmed the existence of a genetic component related
to these infections in medieval Europeans (chapter 1 and 2; Immel et al., 2021; Krause-Kyora
et al., 2018). Both plague and paratyphoid fever represent acute and deadly infections that do
not discriminate based on demographic characteristics, such as age or sex (Castex & Kacki,
2016; Prechel, 1996). Whilst leprosy is a chronic disease that is not deadly per se (Bryceson
and Pfaltzgraff, 1990), it presumably hindered the reproductive success of the affected
individuals due to their stigmatization and isolation (Raffcliffe, 2006), leprosy-related
hormonal disturbances (Gunawan et al., 2020; Khanna et al., 2014; Saporta & Yuksel, 1994)
and occasional fatal complications (Klioze & Ramos-Caro, 2000). It is thus likely that large-
scale epidemics of infectious diseases in the Middle Ages influenced the diversity of HLA

alleles in the European population.

Many HLA alleles associated with genetic predisposition to infectious diseases were also
shown to be linked to chronic inflammation and autoimmunity, which highlights the pleiotropy
of the HLA complex. Existing data suggests an evolutionary trade-off between the decreased
susceptibility to infectious diseases and increased risk of autoimmunity and/or inflammation
(Brinkworth & Barreiro, 2014; Corona et al., 2010; Sironi & Clerici, 2010). Whilst a large
repertoire of the recognized antigens provides a more efficient protection against infectious
diseases, it also raises the risk of autoimmunity (Shevyrev et al., 2021). It was previously
proposed that past epidemics of infectious diseases affected the frequency of variants
associated with autoimmune and inflammatory conditions today (Karlsson et al., 2014). It
could be hypothesized that alleles protective against various infections were favored in
medieval Europe, where the burden of infectious disease was substantial, and vice versa. These
same alleles that protected medieval Europeans from infections may predispose the present-
day population to chronic inflammation and autoimmune conditions. For instance, the case-
control association study described in chapter 2 identified the HLA-C*06 allele as a protective
factor for leprosy, confirming the findings reported for Indians (Shankankumar et al., 2003).
In addition, C*06 was previously linked to an increased risk of psoriasis in Finland (Haapasalo

et al., 2018). This pattern, however, was not clear for the remaining alleles which were
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associated with leprosy in chapter 2 (A*23, A*26,B*38 and DRB1*13) (Tab. 10 in chapter 2).
This could be explained by the lack of known associations for these alleles as well as the
existence of genetic differences in the populations examined across studies. Moreover, the
complexity of the pathophysiological mechanisms underlying various diseases makes it
challenging to interpret the HLA association patterns across different pathological conditions.
For instance, DRB1*15:01 was found to be a susceptibility factor for leprosy (Krause-Kyora
et al., 2018) and a protective factor for type I diabetes (DRB1*15:01-DQB1*06:02 haplotype)
Hu et al., 2015). Although DRB1*15:01 has decreased in the European population since the
Middle Ages (from 18.4% to 13.8%) (Krause-Kyora et al., 2018), it remains a common allele
that is linked to an increased risk of other autoimmune conditions, such as multiple sclerosis
(Kular et al., 2018) and sarcoidosis (Rossman et al., 2003). Genetic variants that exhibit
opposite risk profiles were also found in genes located outside of the HLA region and were
suggested to be under balancing selection due to the antagonistic pleiotropic effects (Wang et
al., 2010). A similar observation concerning the association pattern was made in in chapter 1,
where the link between DRB1*03 and an increased susceptibility to paratyphoid fever in
medieval Germans (14" cent. AD) was reported. DRB1*03 was previously shown to be
associated with protection against tuberculosis (Malkova et al., 2020), which was a highly
prevalent disease in the 18-19" cent. AD (Barberis et al., 2017) and severe acute respiratory
syndrome (SARS) in present-day Chinese (Ng et al., 2004; Wang et al., 2011). Moreover, the
allele is a risk factor for various autoimmune conditions in modern populations across the globe
(Chen et al., 1999; Cruz-Tapias et al., 2012; Fernando et al., 2007; Kwon et al., 1999; Malkova
et al., 2020; Morris et al., 2012; Nakken et al., 2001; Shankarkumar et al., 2003; van Gerven et
al., 2015). Like DRB1*15:01, the frequency of DRB1*03 has slightly decreased since the
Middle Ages (by 2.8%), whilst remaining a prevalent allele (chapter 1). This finding indicates
that DRB1*03 has been under balancing selection. Due to the temporal changes in the pathogen
landscape, opposing selective pressures might have influenced the allele’s frequency. It is also
possible that DRB1*03 has been maintained due to its pleiotropy. Although seven HLA alleles
(Tab. 11 in chapter 2) were shown to substantially shift in frequency (>5%) in the European
population since the Middle Ages (chapter 2), the exact reasons for the changes are not clear
based on the known disease associations. The prevalence of these alleles could have been
influenced by changes in the pathogen diversity. However, the HLA system was also shown to
be involved in other aspects of human physiology, such as pregnancy maintenance (Hviid &

Christiansen, 2005; Kiseleva et al., 2019), development of the central nervous system
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(Morimoto & Nakajima, 2019) and possibly mate choice (Havlicek & Roberts, 2009). Whilst
identification of the associations between HLA variants and disease susceptibility can improve
our understanding of how specific alleles contribute to various diseases, the action mode
between the HLA molecules, relevant antigens and the receptors that bind them (T-cell
receptors, TCRs) remains unknown. This leaves the exact mechanisms that are associated with
the disease, and mediated by the HLA , unexplored, making the interpretation of the association
patterns challenging. Thus, further studies characterizing the interactions between the HLA
molecules, presented peptides and TCRs are necessary to harness the knowledge on disease
associations for more in depth analyses of the mechanisms underlying the associations,

interpretation of the frequency shifts and consequences of past epidemics.

Although there is a genetic component in autoimmune and chronic inflammatory diseases, it is
believed that in many cases an environmental trigger is necessary for the onset of symptoms to
occur (Khan & Wang, 2020). For instance, Epstein-Barr virus was identified as a leading cause
of multiple sclerosis (Bjornevik et al., 2022). It has been also hypothesized that Crohn’s disease
(CD) is possibly caused by Mycobacterium avium spp. paratuberculosis (MAP) (Behr &
Kapur, 2008; Schurr & Gros, 2009), as a chronic disease of the intestines in cattle and non-
human primates that resembles CD was shown to be caused by MAP (McClure et al., 1987;
Pérez et al., 1996). Another example of the connection between infectious disease and
autoimmunity is the high clinical similarity between sarcoidosis and tuberculosis. Interestingly,
certain HLA genotypes were shown to exhibit opposite effects on the predisposition to both
diseases (Malkova et a., 2020). In chapter 5, a Ypfd-encoded zor was discovered in various
pathogenic and non-pathogenic Enterobacteria, such as Y. pestis, Salmonella enterica,
Escherichia coli and Citrobacter koseri (chapter 5). Zot is a homologue of the endogenous
human zonulin (Fasano et al., 2000). Elevated levels of zonulin play an important role in a wide
variety of inflammatory diseases, such as such as celiac disease, diabetes, inflammatory bowel
disease (IBD) and multiple sclerosis (e.g., Arrieta et al., 2009; Fasano, 2011; Sapone et al.,
2006). Moreover, importance of the bacterial Zot for gastrointestinal pathogenesis was
previously suggested as Zot-harboring Campylobacter concisus was isolated from saliva
samples of IBD patients (Mahendran et al., 2013). Detection of Ypfd, and thus zot, in strains
from various Enterobacterial species provides further insight into the role of bacteria in chronic

inflammation.
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As evidenced above, autoimmunity and chronic inflammation seem to be intertwined with
infectious diseases at various levels, including genetic susceptibility, etiology and
pathophysiological mechanisms. It is possible that the HLA profiles that were advantageous a
few centuries ago, when the frequency of infections was high, today contribute to the increasing
prevalence of chronic inflammation in the regions with a relatively low pathogen burden.
Further studies are necessary to investigate the complex interactions between autoimmune as

well as chronic inflammation and infections.
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