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SUMMARY

A 5,000-year-old Yersinia pestis genome (RV 2039) is reconstructed from a hunter-fisher-gatherer (5300-5050
cal BP) buried at Rinnukalns, Latvia. RV 2039 is the first in a series of ancient strains that evolved shortly after
the split of Y. pestis from its antecessor Y. pseudotuberculosis ~7,000 years ago. The genomic and phyloge-
netic characteristics of RV 2039 are consistent with the hypothesis that this very early Y. pestis form was most
likely less transmissible and maybe even less virulent than later strains. Our data do not support the scenario
of a prehistoric pneumonic plague pandemic, as suggested previously for the Neolithic decline. The
geographical and temporal distribution of the few prehistoric Y. pestis cases reported so far is more in agree-

ment with single zoonotic events.

INTRODUCTION

The archaeological shell midden site of Rinnukalns is located in
Latvia, next to the River Salaca, which flows into the Baltic Sea
(Figure 1A). The shell midden itself consists of alternating layers
of unburnt freshwater mussel shells, burnt mussel shells, and fish
bones that were deposited by human activity in a short period of
100-200 years in the early 6 millennium before present (BP)
(Berzins et al., 2014; Brinker et al., 2020). In 1875, amateur
archaeologist Carl Georg Count Sievers (1814-1879) conducted
the first systematic excavation of Rinnukalns. Sievers detected
in two single graves the skeletal remains of a 12- to 18-year-
old woman (RV 1852) and a 20- to 30-year-old man (RV 2039;
Figures 1B and 1C; Table 1), covered by intact midden layers.
Due to the stratigraphic position, he assumed a prehistoric
context of these burials (Sievers, 1875). This interpretation was
considered wrong at the time and therefore met with fierce resis-
tance (Grewingk, 1878; Brinker et al., 2018). For confirmation of
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his hypothesis and osteological investigations, Sievers sent the
crania of the specimens RV 1852 and RV 2039, among other hu-
man remains from Rinnukalns, to his future mentor and friend,
the already world-famous German physician Rudolf Virchow
(1821-1902) in Berlin (Virchow, 1877). Virchow is still highly
renowned for establishing the fields of cellular pathology, the ba-
sis of modern medicine, and social medicine. In 1869, because
of his avid interest in pre- and protohistory, he became the
founder of the Berlin Society of Anthropology (today known as
Berliner Gesellschaft fiir Anthropologie, Ethnologie und Urge-
schichte [BGAEU]) (Andree, 1976). Despite his worldwide repu-
tation, Virchow lent amateur researchers such as Heinrich
Schliemann and Sievers his expertise for their archaeological
projects without being deterred by the opposing views of his
contemporaries. After being convinced by Sievers of the impor-
tance of his finds, Virchow examined the complete Rinnukalns
material and published a first report (Brinker et al., 2018;
Virchow, 1877). After World War I, the Rinnukalns crania seemed
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Figure 1. Site Rinnukalns

(A) Map with the site Rinnukalns from where the individuals presented in this study were recovered.
(B and C) Cranium (B) and mandible (C) of individual RV 2039 rediscovered in the Anthropological Rudolf Virchow Collection of the Berlin Society of Anthropology,
Ethnology and Prehistory (Berliner Gesellschaft fiir Anthropologie, Ethnologie und Urgeschichte [BGAEU]).

to have disappeared and their whereabouts were deemed un-
known, but in 2011, the skulls were rediscovered in the re-inven-
toried Anthropological Rudolf Virchow Collection of the BGAEU,
where they had apparently been kept (Lubke et al., 2016). Con-
current with the search for the crania, new field work on the
Rinnukalns site led to the detection of two additional burials,
those of an adult male (2017/1) and a neonate (2018/1) (Table
1; Brinker et al., 2020). Also, for these skeletal remains, the
archaeological stratigraphy indicated a prehistoric origin. All
four specimens, including RV 1852 and RV 2039 from the
Virchow Collection, were subsequently radiocarbon dated to
5300-5050 cal (calibrated years) BP, thus confirming Sievers’
original assessment (Brinker et al., 2020). The individuals buried
in the midden belonged to a group of complex hunter-fisher-
gatherers (Ames, 2014). They most probably lived in semi-per-
manent or permanent settlements on the banks of the River
Salaca. The valuable aquatic food resources certainly provided
enough food for year-round habitation (Brinker et al., 2020).
Because not much is known about the genomic composition
of hunter-gatherers who lived in northeastern Europe 5,000
years ago or about their infectious disease burden, we subjected
the four Rinnukalns individuals to an ancient DNA (aDNA) anal-
ysis that also included a pathogen screening. Surprisingly, in
one male, we identified the genome of Yersinia pestis, the infec-
tious agent responsible for at least three historical plague epi-
demics (Wagner et al., 2014). Our finding presents evidence of
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this bacterium in a hunter-gatherer and sheds more light on the
very early phases of Y. pestis evolution and diversification.

RESULTS

We generated genome-wide shotgun sequences from various
skeletal elements (teeth, petrous bones) of the four Rinnukalns
individuals (Table 1). We screened the datasets for the presence
of known bacterial and viral pathogens by using an established
in-house pipeline (Krause-Kyora et al., 2018a, 2018b; Susat
et al., 2020). In sample RV 2039 (Figure 1; dated to 5300-5050
cal BP), we observed Y. pestis-specific reads that showed
typical aDNA damage patterns and length distributions, thus
supporting the ancient origin of the sequences (Table 1). The
other extracts did not yield signs of Y. pestis. For RV 2039, we
reconstructed the Y. pestis genome (i.e., chromosome, plasmids
pCD1 and pPCP1) at high coverage (Table 1). The plasmid pMT1
lacked a 20-kb region containing the virulence factor ymt; this
characteristic was reported previously for other ancient
Y. pestis strains (Andrades Valtuena et al., 2017). Phylogenetic
analysis with 278 genomes (including RV 2039, 276 previously
published ancient and modern Y. pestis genomes, and one
Y. pseudotuberculosis genome; Table S1) placed RV 2039 basal
to all known Y. pestis bacteria (Figure 2). The Rinnukalns strain
had its own clade and marked the first branching event after
the split from the bacterium Y. pseudotuberculosis. RV 2039
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Table 1. Overview of samples and mapping results

Human genome (hg19)

Sample Material Generated Clipped Reads Damage Damage No. SNPs Osteological Age Genetic Mt Y
reads in mill. and merged mapped 1st base 1st base fromthe sex at sex haplo haplo
(raw reads) reads in mill. against 5, % 3, % 1,240K death type type
hg19 in mill. panel
RV 1852 petrous 74.7 39.9 25.4 4.4 41 236,243  female 12-18 female U5aldl -
bone/ years
tooth
RV 2039 tooth 3,160 1,650 84.4 4.7 4.1 394,544  male 20-30 male U5a2b2 BT
years
2017/01 petrous 20.2 11.4 6.6 7.9 6.8 77,798 male 35-45 male U4al K
bone/ years
tooth
2018/1 petrous 2.9 1.4 1.0 7.9 7.3 11,509 - 38-40 male USaild1 CT
bone prenatal
weeks
Y. pestis, sample RV 2039
Reference Aligned Coverage Coverage Coverage  Mean coverage Damage Damage
reads >1%x, % >2%, % >3%, % whole reference 1t base 15! base
5, % 3, %
chromosome NC_003143.1 600,065 92.39 86.75 78.29 5.85%x 7.2 71
pMT1 NC_003134.1 2,144 46.62 21.28 8.88 0.83%x 6.8 6.3
pPCP1 NC_003132.1 1,050 78.05 72.24 66.14 5.10x 9.9 12.9
pCD1 NC_003131.1 18,005 92.04 90.31 87.88 12.00%x 10.3 10.2

was clearly separated from all later-dating Neolithic and Bronze
Age strains (Figure 3). A TempEst analysis based on 42 selected
genomes, including RV 2039, indicated a temporal signal in the
molecular phylogeny (Figure S1). To estimate divergence times,
we performed molecular clock analyses by using BEAST2
with two independent runs. The first run is based on a rooted
starting tree, which BEAST2 is allowed to alter; in the second
run, no starting tree was provided (Figures 3 and S2). The
results of both analyses were congruent and showed that RV
2039 diverged from all other Y. pestis bacteria ~7100 cal
BP (with starting tree, 8693-5669 cal BP; without starting
tree, 8895-5733 cal BP). The split between Y. pestis and
Y. pseudotuberculosis was dated to ~7400 cal BP (with starting
tree, 9069-5782 cal BP; without starting tree, 9223-5833 cal BP).

Investigation of the genomic structure of RV 2039 led to the
discovery of 106 exclusive SNPs that are not known to have an
effect on virulence factors (Table S2). Apart from the ymt gene,
whose absence is specific for the Neolithic/Bronze Age clade,
no other virulence factor was missing. The virulence-associated
genes ureD, flhD, and pde2 and the plasminogen activator pla
exhibited the ancestral states, as already shown for the Neolithic
and Bronze Age lineages (Andrades Valtuena et al., 2017; De-
meure et al., 2019). The results of the genomic and phylogenetic
analyses were supported by the archaeological age of RV 2039,
rendering it as one of the earliest lineages in Y. pestis evolution.

To confirm the presence of Y. pestis in RV 2039 at the protein
level, we performed a liquid chromatography-mass spectrom-
etry (LC-MS)-based proteomics analysis. We identified three
different peptides from three proteins that are specific for
Y. pestis (Figure S3), together with ~118 human proteins.

The human endogenous DNA content in the four datasets was
sufficient to perform kinship and population genomic analyses in
the four Rinnukalns individuals (Table 1). Kinship analysis did not
provide evidence of relatedness among the four individuals
buried in the shell midden. All four carried a large genomic
ancestry component that is specific for hunter-gatherers. In
particular, they had a high affinity to hunter-gatherers of eastern
Europe (Figure S4), who inhabited a large area stretching from
the Baltic Sea to the Pontic-Caspian steppe (Mathieson et al.,
2018).

DISCUSSION

We reconstructed a 5,000-year-old Y. pestis genome (RV 2039)
from the remains of an adult man (dated to 5300-5050 cal BP)
who was buried in the shell midden of Rinnukalns, Latvia. This
diagnosis was confirmed independently by the detection of three
Y. pestis-specific proteins in the sample. RV 2039 is basal to all
known ancient or modern Y. pestis bacteria. It represents a very
early, independent lineage that emerged ~7,000 years ago, only
a few hundred years after the split of the Y. pestis clade from its
antecessor Y. pseudotuberculosis. Our date of 7400 cal BP for
this split is ~1,000 years earlier than the previously reported es-
timates (Andrades Valtuena et al., 2017; Demeure et al., 2019;
Rascovan et al., 2019; Rasmussen et al., 2015; Spyrou et al.,
2018). The subsequent large-scale branching and geographic
radiation of Y. pestis occurred between 7,000 and 5,000 years
ago (Andrades Valtuefa et al., 2017; Demeure et al., 2019; Ras-
covan et al., 2019; Rasmussen et al., 2015; Spyrou et al., 2018).
This time range coincides with the beginning of the Neolithic
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Branch 1 (n=48; CN, CG, IN, MG, MM, UG, US)

Black Death (14th century AD)
Branch 2 (n=74; CN, FSU, IR, NP)

0.ANTS5 (n=3; FSU)

Justinian Plague (6th century AD)

0.PE4 (n=28; CN, FSU, MG)

Bronze Age strains

Neolithic strains

The tree is based on the SNP alignment (18,169 positions) of 228 modern Y. pestis genomes, 48 published ancient Y. pestis strains, 1 Y. pseudotuberculosis
genome, and the strain from Rinnukalns (RV 2039 in red). Country abbreviation is given in parentheses (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; HR, Croatia; EE, Estonia; LT, Lithuania; SE = Sweden). Neolithic strains are highlighted in green,
Bronze Age strains in gray, strains from the Justinian Plague in purple, and strains from the Black Death in yellow. Bootstrap values are shown on the nodes for 500

replicates, and an asterisk (*) represents a bootstrap support above 95.

period in Europe (~7500-5000 cal BP) rather than with its
decline, as suggested previously (Rascovan et al., 2019).

RV 2039 marks the beginning of Y. pestis evolution and is the
first in a series of ancient strains that eventually became extinct.
RV 2039 and its slightly younger relative, the Gok2 genome from
a Neolithic farmer in Sweden (dated to 5040-4867 cal BP), are on
separate branches and both are distinct from later-dating
Neolithic and Bronze Age strains (Rascovan et al., 2019). Apart
from RV 2039 and Gok2, four more very early Y. pestis genomes
have been identified in human remains from Estonia, Lithuania,
and Sweden, reflecting a noteworthy accumulation of
Y. pestis-positive finds in northeastern Europe (Andrades Val-
tuena et al., 2017; Rascovan et al., 2019; Rasmussen et al.,
2015; Spyrou et al., 2018).

Archaeological and isotope evidence clearly showed that the
infected individual from Rinnukalns followed a lifestyle and diet
(based on freshwater resources) that are typically associated
with hunter-gatherers of the Baltic region at that time (Meadows
et al., 2018). The human genomic data support this cultural affil-
iation and indicate a strong link with eastern hunter-gatherers
that roamed the forest steppe zone between the Black and Baltic
seas during the 6™ millennium cal BP (Mathieson et al., 2018).
Rinnukalns’ “gateway” location and archaeological artifacts
show that the site was an integral part of a long-distance ex-
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change via the river networks of the East European Plain (Loze,
2001; Nufez and Franzén, 2011; Kriiska, 2015). Such an ex-
change system was evidently maintained through intensive
and regular contacts between human groups.

Modern Y. pestis can be transmitted from animals (e.g., ro-
dents) to humans (Demeure et al., 2019). It is possible that
hunter-gatherers, who frequently killed rodents for food or per-
sonal decoration, contracted Y. pestis or its antecessor
Y. pseudotuberculosis directly from animals. Interestingly, at
the Rinnukalns site, beaver (Castor fiber) was the most frequently
recorded species among the archaeozoological finds excavated
by Sievers (Rutimeyer, 1877). Beavers are a common carrier of
Y. pseudotuberculosis, which directly precedes our early
Y. pestis strain (Gaydos et al., 2009). Despite this interesting
observation, it remains unknown to what degree hunter-gath-
erers may have played a role in the zoonotic emergence, early
evolution, or spread of Y. pestis.

Although the hunter-gatherer from Rinnukalns was infected
with Y. pestis, it is not clear whether or to what extent he was
actually affected by the plague. RV 2039 did not yet have the ge-
netic components for flea adaptation needed to transmit the
bacterium efficiently to the human host (bubonic plague). How-
ever, the genomic data suggest that it was theoretically capable
of spreading to the lungs (pneumonic plague) and of infecting
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other hosts via droplets. However, the pneumonic plague is rare
today and was also most likely rare in the past. In addition, the
absence of the 1259T mutation in the pla gene may have compro-
mised the dissemination capabilities of RV 2039, allowing only
localized outbreaks of pneumonic plague (Zimbler et al., 2015).
RV 2039 could also have been transmitted directly via a bite
from a rodent or a carnivore, leading to septicemic plague that
is usually restricted to the infected individual. Also, with regard
to other virulence factors, RV 2039 consistently showed the
ancestral alleles typical of Y. pseudotuberculosis, an enteric bac-
terium that is also known to cause disease (Bertelli et al., 2014).
RV 2039 shared many of its ancestral characteristics with the
other Neolithic/Bronze Age strains. It was only millennia later
(~3800 cal BP) that Y. pestis had acquired all of the mutations
for flea-based transmission (Demeure et al., 2019). This step is
considered crucial in Y. pestis evolution because it required
the death of the host to ensure perpetuation of the bacterium
via the flea vector (Brubaker, 1991). Thus, subsequent selective
pressures facilitated mechanisms promoting the invasion of hu-
man tissues, bacteremia, and lethality that turned the bubonic
plague into a highly deadly disease (Brubaker, 1991).
Interestingly, in the RV 2039 dataset, the Y. pestis-specific
reads were very frequent, although they had been generated
by shotgun sequencing without any prior enrichment. Many of
the other prehistoric Y. pestis genomes were also assembled
with only shotgun data (Andrades Valtuena et al., 2017; Rasco-
van et al., 2019; Rasmussen et al., 2015; Spyrou et al., 2018).
The abundance of Y. pestis reads in the aDNA extracts sug-

gests a high bacterial load in the bloodstreams of the diseased
at the time of death. Remarkably, infection experiments with
different Yersinia species in mice have shown a negative corre-
lation between the number of bacteria during the terminal stage
and their virulence (Brubaker, 1991). It is tempting to hypothe-
size that this correlation also holds for the different ancient
Y. pestis strains. If true, prehistoric strains with a high bacterial
load may have had a lower virulence. However, this does not
mean that these strains were harmless. Given their presence
in the blood of the infected, they could still have been poten-
tially deadly for the individual.

Admittedly, so far there is no experimental information avail-
able about the pathogenicity of the ancient Y. pestis strains.
Therefore, it is difficult to assess their ability to cause a disease
of epidemic proportions. The possible consequences of an
infection for a population in terms of disease burden are still un-
known. However, based on the genomic data, it cannot be
excluded that RV 2039 and the other early forms were less trans-
missible than the later strains, leading only to local outbreaks
(Zimbler et al., 2015). In this context, it is interesting to note
that almost all infected prehistoric individuals (apart from
Gok?2) represented sporadic cases and were regularly interred
in single or multiple burials. Also, the man from Rinnukalns was
carefully buried, as were the other three contemporaneous indi-
viduals in whom we did not find any evidence of Y. pestis. These
findings argue against an infestation of the whole group with a
bacterium that kills its hosts within a few days, as would be ex-
pected for the pneumonic plague. Thus, it is conceivable that
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the Y. pestis-positive individual contracted the bacterium via an
animal bite (zoonosis), resulting in the septicemic form of plague.
At this stage it seems premature to associate the presence of
early Y. pestis genomes in roughly a dozen human skeletons
across the vast Eurasian continent and over a period of about
2 millennia with a prehistoric pneumonic plague pandemic, as
has been done recently (Rascovan et al., 2019). Such a distribu-
tion pattern appears more consistent with the scenario of iso-
lated zoonotic events in sparsely populated areas.

Our study shows the power of modern aDNA sequencing
technology to detect ancient pathogens, especially bacteria
such as Y. pestis that do not leave telltale lesions on bone.
With the scientific toolkit available at the time, Virchow was
in no position to diagnose the plague on the Rinnukalns cra-
nium. However, thanks to Virchow’s progressive scientific
approach, the remains excavated by Sievers were stored in
his collection, where they survived the vicissitudes of time un-
scathed, so that a later diagnosis was still possible, even after
145 years.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human archaeological remains This study ENA: PRJEB42185, https://www.ebi.ac.uk/

ena/browser/view/PRJEB42185

Software and algorithms

Clip and Merge v1.7.7
MALT v0.4.1

BWA v0.7.15
MapDamage v2

GATK v3.4-0-g7e26428
MulitiVCFAnalyzer v0.85.1

RAXML v8.2.12
MrBayes v3.2.7a

TempEst v1.5.3
BEAST2 v2.6
Tracer v1.7.1
SnpEFF v3.1

Proteome Discoverer software 2.2.0.388

Peltzer et al., 2016
Herbig et al., 2016

Li and Durbin, 2009
Jonsson et al., 2013
McKenna et al., 2010
Bos et al., 2014

Stamatakis, 2014
Huelsenbeck and Ronquist, 2001

Rambaut et al., 2016
Bouckaert et al., 2019
Rambaut et al., 2018
Cingolani et al., 2012
Thermo Fischer

https://github.com/apeltzer/ClipAndMerge

https://software-ab.informatik.uni-tuebingen.
de/download/malt/welcome.html

https://sourceforge.net/projects/bio-bwa/files/
https://ginolhac.github.io/mapDamage/
https://github.com/broadinstitute/gatk/releases

https://github.com/alexherbig/
MultiVCFAnalyzer/releases

https://github.com/stamatak/standard-RAxML

https://github.com/NBISweden/
MrBayes/tree/v3.2.7a

http://tree.bio.ed.ac.uk/software/tempest/
https://www.beast2.org/
https://www.beast2.org/tracer-2/
https://pcingola.github.io/SnpEff/download/

https://www.thermofisher.com/us/en/home/
industrial/mass-spectrometry/liquid-
chromatography-mass-spectrometry-lc-ms/
Ic-ms-software/multi-omics-data-analysis/
proteome-discoverer-software.html

Deposited data

RV2039 Y.pestis aDNA data

This study

ENA: PRJEB42185, https://www.ebi.ac.uk/
ena/browser/view/PRJEB42185

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ben
Krause-Kyora (b.krause-kyora@ikmb.uni-kiel.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The datasets generated during this study are available at the European Nucleotide Archive under the accession PRJIEB42185.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Anthropological Rudolf Virchow Collection
This collection of prehistorical and historical human skulls, which Rudolf Virchow (RV) started to assemble in 1870, is preserved today

by the BGAEU. BGEAU-RV 1852 and BGEAU-RV 2039 are the official collection labels of the samples investigated in this study, here-
after referred to as RV 1852 and RV 2039.
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METHOD DETAILS

Anthropological analysis

The human remains were examined according to standard osteological methods (Brinker et al., 2018). For the genetic analyses, both
petrous bones and teeth were collected for the individuals RV 1852 and 2017/1; for 2018/1 a petrous bone and for RV 2039 a tooth
were sampled.

aDNA extraction and sequencing

All lab work was carried out in a dedicated aDNA facility. DNA extraction from bone/tooth powder, double-stranded half-UDG library
preparation with unique index combinations for each sample and sequencing (lllumina HiSeq4000 (2x75bp)) were performed
following established protocols (Krause-Kyora et al., 2018a; Rohland et al., 2015). The generated sequences were pre-processed
(adaptor clipping, merging, and trimming) using the software Clip and Merge with default parameters (Peltzer et al., 2016).

Yersinia pestis genetic analyses

Using the software MALT with the parameters described in Krause-Kyora et al. (2018b) and Susat et al. (2020), all samples were
screened for the presence of viral and bacterial pathogens (Herbig et al., 2016). The reads of the Y. pestis-positive sample RV
2039 were subsequently mapped to the Y. pestis genome and its three plasmids (NC_0031431.1; NC_003131.1; NC_003134.1;
NC_003132.1) with BWA (Li and Durbin, 2009). MapDamage 2.0 was used to rescale the terminal damage that remained after the
half-UDG library preparation (Jonsson et al., 2013). The subsequent generation of VCF files was done as described in Susat et al.
(2020; Table S1). VCFs were generated for RV 2039, one Y. pseudotuberculosis strain and 276 other Y. pestis strains (Bos et al.,
2011, 2016; Cui et al., 2013; Damgaard et al., 2018; Eppinger et al., 2010; Eroshenko et al., 2017; Feldman et al., 2016; Keller
et al., 2019; Kislichkina et al., 2015, 2017, 2018a, 2018b; Kutyrev et al., 2018; Parkhill et al., 2001; Spyrou et al., 2016, 2019; Zhgenti
et al., 2015). The MulitiVCFAnalyzer was used to generate an alignment containing only phylogenetically informative positions with at
least 3x coverage and an allele support of at least 90% of the sequences (Bos et al., 2014). To improve visual resolution, variants
specific to Y. pseudotuberculosis were filtered from the resulting file which was then used for phylogenetic analysis. RAXML was
executed with the GTRGAMMA model and 1,000 bootstraps (Stamatakis, 2014). MrBayes was executed with the GTR model and
5,000,000 generations (Huelsenbeck and Ronquist, 2001).

Molecular dating

A subset of 41 representative Y. pestis genomes and RV 2039 were used to generate a SNP-based alignment with the MultiVCF-
Analyzer (Table S1; Rascovan et al., 2019; Susat et al., 2020). Based on this alignment, we calculated a rooted maximum likelihood
(ML) tree with RAXML and 100 bootstraps and used TempEst for verification of a temporal signal (correlation coefficient 0.57 (R2 =
0.32) (Rambaut et al., 2016). R was used to plot the TempEst data and calculate the 95% confidence interval (Figure S1). The resulting
tree was utilized as a starting tree for BEAST2 version 2.6 (Bouckaert et al., 2019). Dating analysis followed previous work using an
uncorrelated relaxed clock with lognormal distribution and the GTR+G4 substitution model (Bouckaert et al., 2019; Rascovan et al.,
2019). Furthermore, a coalescent constant population size was assumed. The dates published for previous historical Y. pestis ge-
nomes were transformed to BP by setting the year 1950 as age 0 (with the mean as the age and the boundaries as an interval for
a prior uniform distribution). Two different runs were executed in BEAST2. One run in which the RAXML starting tree was provided
and BEAST2 was allowed to alter the tree, and another in which no starting tree was provided. Multiple versions from the same run
were combined and post burn-in data were visualized using Tracer version 1.7.1 (Rambaut et al., 2018). All effective sample size
(ESS) values were at least greater than 250 (Figure S2). LogCombiner and TreeAnnotator from BEAST2 were used to combine the
result files and to generate maximum clade credibility trees.

SNP effect and analysis of virulence factors
The vcf. file was used by SnpEFF for the annotation of SNPs (Cingolani et al., 2012). RV 2039 had 106 unique SNPs with a coverage
>3x and a support of 80% of the reads (Table S2). Coverage of virulence genes was calculated and plotted using Gnuplot version 5.2.

Human population genetic analyses
Mapping of reads, SNP genotyping, genetic sex determination, contamination estimation, principal component analysis, ADMIX-
TURE, f3 outgroup statistics and gpADM were conducted as described previously (Immel et al., 2020; Figure S4).

Proteomic analysis

Sample preparation for bottom-up LC-MS/MS analysis

After adding 500 pL of 0.5 M EDTA in MilliQ water, the powdered tooth sample (50 mg) was homogenized with a pellet pestle and
incubated overnight at 20°C to demineralize the bone matrix and extract the proteins. The sample was then centrifuged for 5 minutes
at 20°C and 14000 g to collect the supernatant (EDTA-fraction) which was stored on ice. The pellet was resuspended in 300 uL of a
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lysis buffer (4% SDS, 0.1 M dithiothreitol (DTT), 0.1 M Tris-HCI), homogenized with a pellet pestle and incubated for 10 minutes at
95°C for further demineralization and reduction. Subsequently, the sample was cooled down and centrifuged for 5 minutes at
20°C and 14000 g to collect the supernatant (SDS-fraction).

To reduce the disulfide bonds (EDTA and SDS-fraction), 75 uL of a reduction buffer (0.2 M DTT in 50 mM ammonium bicarbonate
(ABC), 5% acetonitrile (ACN)) was added and incubated for 30 minutes at 60°C, and the sample was cooled down prior to alkylation.
For alkylation, both fractions were incubated for 20 minutes in the dark with 75 pL 0.8 M iodoacetamide-solution (IAA) in 50 mM ABC,
5% ACN.

Tryptic digestion was performed using the single-pot, solid phase enhanced sample preparation (SP3) protocol. The bead stock
was prepared by adding 110 puL hydrophilic to the same number of hydrophobic beads which are delivered in 0.05% azide solution.
After washing three times with 1.1 mL MilliQ water and collecting the beads with the help of magnets, 550 uL MilliQ water was added
to obtain a final bead concentration of 20 mg/ml. 750 uL of ethanol (96%) and 50 pL of the bead solution were added to the EDTA-
fraction and 450 uL of ethanol (96%) and 50 pL of the bead solution were added to the SDS-fraction. Both were gently mixed by
swinging lightly and incubated for 18 minutes at room temperature. The supernatant was then removed carefully with a magnet
and the samples were washed 3 times with 150 uL 80% ethanol to remove contaminants and salts from the previous steps.
150 pL digestion buffer (50 mM ABC) and 10 pL of 40 ng/ul trypsin (sequencing grade, Promega) was added. Digestion took place
overnight at 37°C. The supernatant was collected with the help of a magnet and the peptide solution was cleaned with home-made
C18 stage tips. The stage tips were conditioned first with 150 L methanol, second with 150 uL 80% ACN, 0.5% acetic acid and third
with 150 pL 0.5% acetic acid. Subsequently, the samples were loaded on the stage tips and washed with 150 uL 0.5% acetic acid.
The elution took place by first adding 40 uL 40% ACN, 0.5% acetic acid, 40 uL 60% ACN, 0.5% acetic acid and two times with 40 uL
80% ACN, 0.5% acetic acid. The samples were dried in a Speed Vac and stored at —20°C.

LC-MS/MS analysis

The samples were resuspended in 15 pL loading buffer (3% ACN, 0.1% TFA). Chromatographic separation was performed on an
Ultimate 3000 UHPLC system (Thermo, Dreieich, Germany) equipped with an Acclaim PepMap C18 2UM 75UMx500MM NV FS col-
umn (Thermo, Dreieich, Germany) coupled online to a mass spectrometer. The following eluents were used A: 0.05% formic acid and
B: 80% ACN, 0.04% formic acid. Initial chromatographic conditions were isocratic 4% B for 2 minutes followed by different gradients
for the EDTA- and SDS-fractions, respectively, as the peaks in the EDTA run elute later than the peaks in the SDS run.

EDTA-fraction: from minute 2 to 92 (eluent B 5% to 50%), from minute 92 to 97 (eluent B 50% to 95%), from minute 97 to 107 (eluent
B 95%) and from minute 107 to 120 (eluent B 5%).

SDS-fraction: from minute 2 to 30 (eluent B 10% to 30%), from minute 30 to 92 (eluent B 30% to 55%) and from minute 92 to 97
(eluent B 55% to 95%).

A constant flow rate of 300 nL / minute was used and 5 uL of the sample was injected per run.

LC-separation was coupled online to an Orbitrap Fusion Lumos mass spectrometer (Thermo, Dreieich, Germany) utilizing HCD ion
activation at a collision energy of 30%. A full scan MS acquisition was performed (resolution 120000) with subsequent data depen-
dent MS/MS (resolution 30000) with a cycle time of 3 s. The MS data files were searched against a set of FASTA-databases contain-
ing human proteins (Uniprot download 2019/03/13), Y. pestis proteins (Uniprot download 2019/03/14) and a cRAP list of common
laboratory contaminants. The searches were performed using the Proteome Discoverer software (Version 2.2.0.388) and the
SequestHT search algorithm. A false discovery rate (FDR) for peptides and proteins from 0.01 (strict) to 0.05 (relaxed) was applied.
A maximum of two missed cleavage sites, a precursor mass tolerance of 10 ppm and a fragment mass tolerance of 0.02 Da were
allowed. Dynamic modifications: oxidation (M, P); deamidation (N, Q). Static Modification: Carbamidomethylation (C). Identified pep-
tides were additionally interrogated with the PepQuery-algorithm (Wen et al., 2019).
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