
A phylogeography of the second plague pandemic revealed through 1	

the analysis of historical Y. pestis genomes 2	
 3	
Maria A. Spyrou1,2,#,*, Marcel Keller1,3,#, Rezeda I. Tukhbatova1,4, Elizabeth A. Nelson1,2, Aida 4	
Andrades Valtueña1, Don Walker5, Amelie Alterauge6, Niamh Carty5, Hermann Fetz7, Michaël 5	
Gourvennec8, Robert Hartle5, Michael Henderson5, Kristin von Heyking3, Sacha Kacki9,10, 6	
Elizabeth L. Knox5, Christian Later11, Joris Peters3,12, Jürgen Schreiber13, Dominique Castex10, 7	
Sandra Lösch6, Michaela Harbeck3, Alexander Herbig1, Kirsten I. Bos1* and Johannes 8	
Krause1,2*  9	

#Maria A. Spyrou and Marcel Keller contributed equally to this work 10	
*Address correspondence to M.A.S: spyrou@shh.mpg.de; K.I.B: bos@shh.mpg.de; J.K: krause@shh.mpg.de  11	
 12	
Affiliations: 13	
1Max Planck Institute for the Science of Human History, Jena 07745, Germany 14	
2Institute for Archaeological Sciences, University of Tübingen, Tübingen 72070, Germany 15	
3SNSB, State Collection for Anthropology and Paleoanatomy Munich, Munich 80333, Germany 16	
4Center of Excellence “Archaeometry", Kazan Federal University, Kazan 420008, Russian Federation 17	
5MOLA (Museum of London Archaeology), London N1 7ED, United Kingdom 18	
6Department of Physical Anthropology, Institute for Forensic Medicine, University of Bern, Bern 3007, 19	
Switzerland 20	
7Archaeological Service, State Archive Nidwalden, Nidwalden 6371, Switzerland 21	
8Archeodunum SAS, Agency Toulouse, 8 allée Michel de Montaigne, 31770 Colomiers 22	
9Department of Archaeology, Durham University, South Rd, Durham DH1 3LE, United Kingdom  23	
10PACEA, CNRS Institute, Université de Bordeaux, Pessac 33615, France 24	
11Bavarian State Department of Monuments and Sites, 80539 Munich, Germany 25	
12ArchaeoBioCenter and Department of Veterinary Sciences, Institute of Palaeoanatomy, Domestication 26	
Research and the History of Veterinary Medicine, Ludwig Maximilian University Munich, Kaulbachstr. 27	
37/III, 80539 Munich, Germany 28	
13Dig it! Company GbR, Peiting, 86971, Germany 29	
 30	
 31	
 32	
 33	
 34	
 35	
 36	

.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/481242doi: bioRxiv preprint first posted online Nov. 30, 2018; 

http://dx.doi.org/10.1101/481242
http://creativecommons.org/licenses/by/4.0/


Abstract 37	
The second plague pandemic (14th - 18th century AD), caused by the bacterium Yersinia pestis, is 38	
infamous for its initial wave, the Black Death (1346-1353 AD), and its repeated scourges in 39	
Europe and the vicinity until the Early Modern Era. Here, we report 32 ancient Y. pestis 40	
genomes spanning the 14th to 17th century AD through the analysis of human remains from nine 41	
European archaeological sites. Our data support an initial entry of the bacterium from Eastern 42	
Europe and the absence of genetic diversity during the Black Death as well as low diversity 43	
during local outbreaks thereafter. Moreover, analysis of post-Black Death genomes shows the 44	
diversification of a Y. pestis lineage into multiple genetically distinct clades that may have given 45	
rise to more than one disease reservoir in, or close to, Europe. Finally, we show the loss of a 46	
genomic region that includes virulence-associated genes in strains associated with late stages of 47	
the second plague pandemic (17th - 18th century AD). This deletion could not be detected in 48	
extant strains within our modern dataset, though it was identified in a today-extinct lineage 49	
associated with the first plague pandemic (6th - 8th century AD), suggesting convergent evolution 50	
during both pandemic events.    51	
 52	
Introduction 53	
One of the most devastating pandemics of human history was the second plague pandemic, 54	
which began with the infamous Black Death (BD, 1346-1353 AD) and subsequently continued 55	
with recurrent outbreaks in Europe until the 18th century AD1,2. Its causative agent, Yersinia 56	
pestis3, is a highly virulent bacterium that causes bubonic, pneumonic, and septicaemic plague 57	
and today is maintained among wild rodent populations in Eastern Europe, Asia, Africa and the 58	
Americas4-6. The source of the second pandemic, as well as the route that plague followed prior 59	
to its entry into Europe, remains hypothetical. Genetic characterisation of BD genomes analysed 60	
alongside modern diversity has associated its initiation with a star-like diversification of Y. pestis 61	
lineages7, and has led to the proposal of an East Asian origin, as modern strains that are directly 62	
ancestral to this event have been identified in China near historical trade routes7,8. However, the 63	
fact that until today the majority of Y. pestis strains have been isolated from China7 and to a 64	
lesser extent from Central Asia−which is also known to harbour a variety of disease 65	
foci9,10−creates a sampling bias in the data and questions the accuracy of such conclusions. The 66	
view of an East Asian origin for the BD is also supported by certain historical interpretations 67	
suggesting that the bacterium travelled westward either via the Mongol army or via Silk Road 68	
traders during the early 14th century11. Such claims, however, can not yet be verified given the 69	
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scarcity of documentary sources from China describing precise disease symptoms12, as well as 70	
the lack of molecular evidence from Central and East Asia dating to the early 14th century.  71	
The first clearly documented outbreaks of the second pandemic occurred in 1346 in the Lower 72	
Volga and Black Sea regions1,13. From there, the bacterium dispersed through the rest of Europe 73	
within the next five years, causing reductions in the human population estimated to be as high as 74	
60%1. At present, the only ancient genetic evidence from Eastern Europe is from the city of 75	
Bolgar in the Middle Volga region and stems from the time period shortly after the BD (1362-76	
1400 AD)14, during which Y. pestis seems to have expanded eastward to later become a 77	
precursor of the third plague pandemic that spread worldwide from China during the 19th 78	
century14-16. Thus, it has been difficult to genetically assess whether this region also contributed 79	
to the disease’s introduction to Europe, since supporting genomic evidence from the earliest 80	
phases of the second pandemic have thus far been elusive. 81	
After the BD, plague was a common scourge in Europe as evidenced by the thousands of 82	
recorded epidemics it supposedly caused between 1353 and the late 18th century2,17. Whether 83	
these were caused by multiple introductions of the disease from an Asian source or rather by its 84	
local persistence in Europe is an on-going subject of scientific debate14,18-20. While data from 85	
climatic proxies are interpreted to support the former hypothesis18, genetic evidence currently 86	
favours the latter14,19. Analysis of Y. pestis genomes from 16th-century Ellwangen, Germany14 87	
and the Great Plague of Marseille in France (L’Observance, 1720-22 AD)20 revealed the 88	
existence of a previously unidentified Y. pestis lineage that was responsible for both of these 89	
post-Black Death (post-BD) outbreaks. This lineage descends from the strain associated with the 90	
BD thus far identified in both London and Barcelona, and, therefore, likely represents plagues’ 91	
legacy and persistence in or around Europe after 1353. The limited number of published ancient 92	
Y. pestis genomes8,14,20, however, challenges our ability to construct hypotheses of whether this 93	
lineage was solely responsible for the numerous post-BD outbreaks in Europe and whether it 94	
derived from a single or multiple reservoirs.  95	
Here, we take steps to overcome these limitations by greatly expanding the number of available 96	
Y. pestis genomes from multiple time periods and locations, in order to gain additional 97	
knowledge on the early stages of the second pandemic, and to study the genetic diversity of the 98	
bacterium present in Europe after the BD. We analyse material recovered from nine 99	
archaeological sites located in Russia, Germany, Switzerland, England and France from which 100	
we reconstruct 32 Y. pestis genomes. Our data supports the entrance of Y. pestis into Europe 101	
through the East during the initial wave of the pandemic and consistently demonstrates an 102	
absence of genetic diversity in the bacterium during the BD. In addition, our genomic analysis of 103	
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post-BD outbreaks from Central and Western Europe suggests the local diversification of a 104	
single plague lineage between the 14th and 18th centuries that may have resided in more than one 105	
reservoir.  106	

Results 107	
Y. pestis qPCR screening 108	
Human archaeological material was screened for the presence of the Y. pestis-specific gene, pla, 109	
located on the pPCP1 plasmid, using a previously described qPCR approach21. A total of 181 110	
teeth were retrieved and tested from archaeological sites in the cities of Nabburg (n=12), 111	
Manching-Pichl19 (n=28), Starnberg (n=3), Landsberg am Lech (n=10) and Brandenburg an der 112	
Havel19 (n=3) in Germany; Stans (n=32) in Switzerland, London (n=40) in England, Toulouse 113	
(n=39) in France and the city of Laishevo (n=10) in the Volga region of Russia (Figure 1 and 114	
Supplementary Information). Extracts from 41 teeth across all sites tested positive for pla 115	
(Supplementary table 1). All extraction negative controls were free of amplification products. 116	
Amplification products from putatively positive individuals were not sequenced, as the presence 117	
of Y. pestis was subsequently assessed through whole-genome capture and high-throughput 118	
Illumina sequencing.  119	
 120	
Y. pestis capture and whole genome reconstruction 121	
We prepared UDG-treated libraries22,23 from putatively positive extracts and used a Y. pestis in-122	
solution capture approach24 combined with high-throughput sequencing for the retrieval of 123	
1,299,105 to 79,055,317 raw reads per sequenced library. All data were mapped against the Y. 124	
pestis CO92 reference genome (NC_003143.1)3. This resulted in 86,278 to 3,822,030 unique 125	
mapping reads yielding 1.1 to 80.1-fold coverage across 32 individuals that span the time 126	
transect between the 14th and 17th century in Europe (Supplementary table 2). More specifically, 127	
we could retrieve three Y. pestis genomes from Nabburg, two from Manching-Pichl19, one from 128	
Starnberg, one from Landsberg am Lech, two from Brandenburg an der Havel19 (all from 129	
Germany), 15 from Stans (Switzerland), five from London (England), one from Toulouse 130	
(France) and two from Laishevo (Russia). Of those, 23 isolates showed at least 50% of the 131	
reference genome covered at 5-fold (Supplementary table 2), which allowed for their confident 132	
inclusion in phylogenetic analysis. In addition, we nearly tripled the genomic coverage of the 133	
published “549_O” isolate from Ellwangen, Germany, (now reaching 14.1-fold) which was 134	
previously processed by array-based capture (using immobilized probes)14 (Supplementary table 135	
2).  136	
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Y. pestis phylogenetic reconstruction 137	
To infer genetic relationships between the new and previously published Y. pestis isolates we 138	
constructed phylogenies using the maximum likelihood method, allowing for up to 3% missing 139	
data (97% partial deletion) to accommodate lower coverage genomes. As a reference dataset we 140	
used 233 modern isolates7,9,10,25,26, which represent most of the published Y. pestis genetic 141	
diversity. In addition, we included all previously published second pandemic isolates 142	
(n=12)8,14,20, a 6th-century AD isolate from Germany27, a 2nd- to 3rd-century AD isolate from the 143	
Tian Shan mountains in Kyrgyzstan28, as well as three Bronze Age isolates from the Altai and 144	
Volga regions29,30 (Supplementary fig. 1).  145	
All newly reconstructed genomes appear on Branch 1 and are closely related to the previously 146	
published second pandemic isolates from Europe (Figure 2), thus confirming their authenticity. 147	
In addition, they seem to represent a diverse group of strains that were present across Europe 148	
between the 14th and 18th century AD (Supplementary data 1). A number of genomes were 149	
excluded from the phylogeny (NAB005, BRA003, STN011 and STN004) as they showed an 150	
excess amount of heterozygous SNP calls in comparison to other contemporaneous isolates from 151	
the same archaeological contexts (Supplementary fig. 2). Such calls potentially arise from 152	
enrichment of non-target DNA stemming from closely related organisms, an effect frequently 153	
identified in ancient metagenomic datasets27,31,32 that can result in false branch elongation 154	
(Supplementary fig. 3) and misinterpretation of phylogeographic inferences.  155	
Our phylogenetic reconstruction shows that the LAI009 isolate from Laishevo is ancestral to the 156	
BD isolates from Central, Western and Southern Europe, as well as to the previously published 157	
late 14th-century isolates from London (6330)8 and Bolgar City14 (Figure 2). This genome 158	
possesses only one derived SNP distinguishing it from the N07 polytomy that gives rise to 159	
Branches 1 to 4 (Figure 2; Supplementary data 1)7. Since all other second pandemic genomes 160	
share an additional derived SNP on Branch 1, we interpret LAI009 as the most ancestral thus far 161	
identified form of the strain that entered Europe during the initial wave of the second pandemic. 162	
Regarding the Central and Western European genomes, NAB003 from Nabburg does not show 163	
differences compared to previously published BD genomes from London and Barcelona8,14, 164	
whereas TRP002 from Toulouse, which dates to 1347-1350 based on archaeological evidence, is 165	
seemingly distinct from other isolates and forms its own unique branch (Figure 2; 166	
Supplementary data 1). Although this isolate shows indications of high heterozygosity 167	
(Supplemental fig. 2) and suffers from comparatively lower coverage, we nevertheless 168	
considered it further in our analysis, as it is the sole genome available from this site. To 169	
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investigate whether its branch arose from true unique variants or contaminant reads that resulted 170	
in erroneous SNP calling, the genome alignment was evaluated in greater detail. After visual 171	
inspection, all eight SNPs unique to TRP002 appear in regions of the genome where reads from 172	
diverse sources seem to be mapping (Supplementary fig. 4). In addition, these variants exhibit all 173	
previously defined characteristics of problematic SNP assignments in low coverage genomes27 174	
and, therefore, were considered to be of exogenous origin. We, hence, conclude that apart from 175	
LAI009 all other reconstructed genomes that date to the Black Death period have identical 176	
genotypes.  177	

We find a number of genomes grouping with the previously described ‘post-BD’ lineage 178	
together with published strains from Ellwangen (ELW098/549_O), Germany (1486-1630)14, and 179	
Marseille, France (1720-1722)20, which are descended from the European BD isolates (Figure 2; 180	
Supplementary data 1). Here, we identify the earliest evidence of this lineage in a 14th-century 181	
isolate from Manching-Pichl (MAN)19 (see Supplementary Information), which is followed by 182	
the more derived 15th- to 17th-century isolates from Landsberg (LBG), Stans (STN) and 183	
Starnberg (STA), as well as the 17th-century Brandenburg an der Havel (BRA)19 and London 184	
(BED), all of which provide further evidence for plague’s continuous presence in Europe after 185	
the BD. Of note, we retrieved eight nearly identical genomes from Stans (STN, maximum one 186	
SNP difference in two of eight genomes, mean SNP distance d=0), and together with the four 187	
identical genomes from 17th-century London (BED) (d=0), the five previously published nearly 188	
identical genomes from Marseille (OBS, maximum one SNP difference in one of five genomes, 189	
d=0), and the seven identical BD isolates from various regions in Europe (d=0), our results 190	
demonstrate low genetic diversity of the bacterium within local outbreaks and/or major 191	
epidemics of the second pandemic. In addition, we find that this “post-BD lineage” gave rise to 192	
(at least) two distinct clades within Europe, with the Ellwangen isolate being positioned closest 193	
to an apparent population split (Figure 2). From this divergence, one clade gives rise to the 194	
strains associated with outbreaks in Germany and Switzerland, and the second encompasses 195	
strains from 17th-century London (BED) and 18th-century Marseille (OBS). Notably, these two 196	
clades show dissimilar rates of substitution accumulation. For example, the mean SNP distance 197	
between the Ellwangen genome (ELW098/549_O) and the London (BED) genomes (d=45) is 198	
double than that observed between Ellwangen and Brandenburg (BRA, d=22), despite an 199	
assumption of them being contemporaneous (early 17th century AD) based on their 200	
archaeological dating (Figure 2; Supplementary Information; Supplementary table 1).  201	
 202	
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Analysis of substitution rate variation in Y. pestis 203	
We used the Bayesian framework BEAST v1.8 in order to make an assessment of substitution 204	
rate variations across the genealogy of Branch 1 (n=76), which contains all second pandemic Y. 205	
pestis genomes, using available calibration points in our modern and ancient datasets 206	
(Supplementary data 2). Previous studies have demonstrated that overdispersion among Y. pestis 207	
branch lengths is unlikely a result of natural selection, and have rather suggested a link between 208	
rate acceleration and geographic expansion of certain lineages during epidemic spread7,16. Our 209	
analysis suggests an over 40-fold difference between the fastest and slowest mutation rates 210	
observed in Branch 1 (Figure 3). In particular, we observe the fastest rates in three internal 211	
branches (Figure 3). The first spans the genetic distance between the strains from Ellwangen 212	
(549_O) and London (BED), and supports the conflicting branch lengths of BED and BRA 213	
strains described earlier (Figure 3 and Supplementary data 3). The second is the branch leading 214	
to the 1.ANT strains isolated from Africa (Congo and Uganda) (Figure 3 and Supplementary 215	
data 4). The broad history of 1.ANT and the time period associated with its establishment in 216	
Africa are unknown, though an introduction from Eurasia has been hypothesized14. The third, 217	
which displays the fastest rate within the entire Branch 1, is the branch leading to 1.ORI isolates 218	
(Figure 3 and Supplementary data 5), which is associated with the global spread of Y. pestis via 219	
maritime routes during the third plague pandemic (1894 - 1950s)15,16. Our results, therefore, 220	
support the idea of faster substitution rates during epidemic spread, here particularly noticeable 221	
for lineages known to have expanded over wide geographic areas.  222	
 223	
Virulence factor analysis 224	
To investigate the virulence profiles of all newly reconstructed genomes, we analysed the 225	
presence or absence of virulence-associated genes located on the Y. pestis chromosome (Figure 226	
4a) and plasmids (Supplementary fig. 5)33,34, in comparison to representatives of published 227	
ancient and modern strains. We find that the genetic profiles of some of the previously 228	
characterised historical strains are influenced by the capture design used for their retrieval. 229	
Specifically, the second pandemic genomes ‘Bolgar 2370’ and ‘Barcelona 3031’14, and the first 230	
pandemic genome ‘Altenerding 2148’27 seem to lack coverage in certain Y. pestis-specific 231	
regions, since Y. pseudotuberculosis was used as a probe-design template for enrichment of 232	
these genomes (Figure 4a). Regarding the newly reconstructed strains, we find that most possess 233	
all analysed virulence determinants with the exception of the New Churchyard (BED) and 234	
Marseille (OBS) strains that lack the magnesium transporter genes mgtB and mgtC  (Figure 4). 235	
Magnesium transporters are considered vital for bacterial intracellular survival under low Mg2+ 236	
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conditions35, such as those encountered within macrophage phagosomes. Specifically for Y. 237	
pestis, mgtB disruption has been associated with a decreased ability for macrophage invasion 238	
resulting in its attenuated virulence in mice36. Both mgtB and mgtC are present in all 233 modern 239	
Y. pestis genomes used in our comparative dataset. We explored these gene deletions in greater 240	
detail using BWA-MEM and identified them as part of a 49 kb missing region within the BED 241	
and OBS genomes (1,879,467 – 1,928,869 on CO92) (Figure 4b) flanked by an IS100 element 242	
immediately following its downstream end, which is consistent with previously characterised 243	
disruptions or losses of Y. pestis genomic regions via insertion elements37. Apart from mgtB and 244	
mgtC, this region encompasses a set of 34 additional genes that code for both characterised and 245	
hypothetical proteins, most of which seem to be associated with phenotypic characteristics that 246	
appear inactivated in Y. pestis such as motility and chemotaxis as well as few genes associated 247	
with metabolism, structure synthesis and environmental stress response (Supplementary table 3). 248	
In addition, the clade encompassing this deletion is associated with some of the late outbreaks of 249	
the second plague pandemic, i.e. during the 17th century in London, England, (BED) (see 250	
Supplementary Information) and during the 18th-century Plague of Marseille, in France, (OBS - 251	
1720-1722)20, which was one of the last major epidemics that occurred in continental Europe38. 252	
Intriguingly, a nearly identical genomic deletion (45 kb), also including the mgtB and mgtC 253	
virulence-associated genes, was recently identified in an ancient isolate from France (LVC)39 254	
sequenced from a victim of the first plague pandemic (6th – 8th centuries AD)39. This genome is 255	
described elsewhere and dates within a wide temporal interval (550-650 AD), though based on 256	
the existing genomic data it seems to be the most derived isolate on the first pandemic lineage 257	
sequenced to date39. Therefore, the identified deletion, which includes potential virulence 258	
factors, seems to be specific to derived isolates of two lineages within the Y. pestis phylogeny 259	
that seem to be today extinct. 260	

Discussion  261	
A series of studies have sufficiently demonstrated the preservation of Y. pestis in ancient human 262	
remains from a wide temporal transect8,14,20,24,27,29,40. In this study, this has given a great 263	
opportunity for the extensive sampling of multiple European epidemic burials from the time 264	
period between the 14th and 17th century, in order to gain a more complete picture of Y. pestis’ 265	
genetic history during the second plague pandemic. As a result, we nearly quadruple the amount 266	
of genomic data available from that time period (Figure 1 and Supplementary tables 1, 2) and 267	
their integration in existing datasets reveals key aspects regarding the initiation and progression 268	
of the second plague pandemic in Europe.  269	
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Based on historical sources alone, it has been difficult to determine the time at which Y. pestis 270	
first reached different parts of western Russia13. A commonly accepted view dates its arrival in 271	
the southwest, particularly in cities of Astrakhan and Sarai, in 13461,41 with subsequent spread 272	
into southern Europe from the Crimean peninsula. On the other hand, the dispersal of plague into 273	
northwestern Russia (i.e. in the cities of Pskov and Novgorod13,41) may have followed an 274	
alternative route, occurring at the end of the BD, between 1351-1353, via the Baltic Sea1,13,41. 275	
Such a notion of plague’s expansion from northern Europe towards the East is also supported by 276	
published ancient genomic data from the late 14th-century Middle Volga region of Russia14, 277	
though other employable scenarios may come to light with incorporation of additional genomic 278	
and historical data. Importantly, through analysis of our new strain from Laishevo (LAI009), 279	
which is phylogenetically ancestral to all second pandemic strains sequenced to date (Figure 2), 280	
we provide evidence for the bacterium’s presence in the same region, ~2,000 km northeast of the 281	
Crimean peninsula, prior to reaching Southern Europe in 1347 – 1348 (here represented by 282	
strains from Barcelona and Toulouse)1. These results lead us to propose that the N07 derived 283	
SNP previously termed “p1”14 (Figure 2, Supplementary fig. 1) that is common to all other 284	
second pandemic strains, was likely acquired within Europe during the onset of the BD. In 285	
addition, given the proximity of the LAI009 genome to the N07 node often associated with the 286	
initiation of the BD (Figure 2, Supplementary fig. 1)7 and the apparent East Asian sampling bias 287	
of modern isolates7, additional data will be necessary for an accurate re-evaluation of the 288	
geographic origin of Branch 1. 289	

Such insights of low genomic diversity during the initial pandemic wave (BD) become valuable 290	
when attempting to reconstruct the spread of plague after 1353. Previous research based on 291	
climatic proxies18 and PCR data42 have proposed multiple introductory waves of Y. pestis into 292	
Europe as the main source for the post-BD outbreaks recorded until the 18th century. Here, using 293	
previously published8,14,20 and new whole genome data from 15 archaeological sites, we identify 294	
that all genomes associated with post-BD outbreaks in Europe derived from a single ancestral 295	
strain that was present in Southern, Central and Western Europe during the BD. We, therefore, 296	
interpret our data as supporting a single entry of Y. pestis during the BD, though additional 297	
interpretations may be revealed through the discovery of un-sampled diversity in Western 298	
Eurasia. Subsequent to its entry, we observe the formation of two sister lineages (Figure 2). The 299	
first lineage is responsible for the bacterium’s possible eastward expansion after the BD. It 300	
contains strains from late-14th-century London (6330)8 and Bolgar City (2370)14, as well as 301	
extant strains from Africa (1.ANT)43, and, most importantly, a worldwide set of isolates 302	
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associated with the third pandemic (1.ORI, 19th – 20th centuries)7,15,16 (Figure 2). The second, 303	
here termed the “post-BD lineage” is characterised by a profound genomic diversity identified 304	
within Europe that seems to have been restricted to the second pandemic, as no modern 305	
descendants have been identified for this lineage to date. It is represented by historical genomes 306	
isolated from 14th- to 18th-century Germany (MAN, STA, ELW, LBG, and BRA), Switzerland 307	
(STN), England (BED) and France (OBS) (Figure 2), suggesting that it persisted in Europe and 308	
caused infections over a wide geographic range. The fact that this lineage has no identified 309	
modern descendants is likely related to the disappearance of plague from Europe in the 18th 310	
century, possibly due to extinction of local reservoirs, as previously suggested14.  311	

We find that the “post-BD lineage” gave rise to (at least) two distinct clades within Europe that 312	
separate the strains identified in Central Europe during the 15th - 17th centuries, and those 313	
identified in 17th- to 18th-century England and France. Their distinction is corroborated not only 314	
by their genetic and geographic separation (Figure 2), but also by potential differences in their 315	
virulence profiles (Figure 4a) and substitution rates (Figure 3). The clade that exhibits a slower 316	
substitution rate is mainly represented by temporally and genetically closely related isolates 317	
from Germany and Switzerland (Figure 2), which could indicate endemic circulation of the 318	
bacterium in that region. Such an observation may be compatible with the hypothesis of an 319	
Alpine rodent reservoir facilitating the spread of plague in Central Europe after the BD44, 320	
although a possible sampling bias should be noted since the majority of our data points derive 321	
primarily from this region. On the other hand, the clade that exhibits a faster substitution rate 322	
(Figure 3) seems to have had a wider geographic distribution. Given that both Marseille and 323	
London were among the main maritime trade centres in Europe during that time it is plausible 324	
that introduction of the disease in these areas occurred via ships45, although sources favouring 325	
local epidemic eruptions also exist46. Published research has demonstrated that transmission of 326	
Y. pestis via steamships during the 19th-century third pandemic played a significant role in initial 327	
introduction of the bacterium to several regions worldwide, such as in Madagascar where it 328	
persists until today15,16,47,48. Although the possibility of maritime introductions of plague into 329	
London and Marseille during the second pandemic vastly expand the location of its potential 330	
geographic source(s), the phylogenetic positioning of the BED and OBS genomes within the 331	
“post-BD lineage” and in relation to other second pandemic isolates suggests it likely arose 332	
within Europe or the vicinity.  333	

We identified a 49 kb deletion within both BED and OBS genomes (Figure 4b), which results in 334	
the loss of two virulence-associated genes, mgtB and mgtC (Figure 4a). This deletion could not 335	
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be identified in any other second pandemic or modern strain within our dataset. The inferred 336	
virulence importance of mgtB and mgtC genes is associated with intracellular survival of Y. 337	
pestis within macrophages36,49. Their co-expression has been shown to affect the virulence 338	
exerted by other pathogenic enterobacteria under laboratory conditions50,51 and both genes have 339	
been proposed as potential drug targets36,52. Moreover, the function of mgtB was shown to be 340	
temperature-dependent, being active at 37°C but not at 20°C53, which suggests that its loss may 341	
primarily affect warm-blooded hosts. Intriguingly, a 45 kb deletion within the same region was 342	
identified in a genome likely associated with a late outbreak of the first plague pandemic (6th - 343	
8th century AD)39, which sets it as a candidate for convergent evolution and raises a question 344	
regarding its functional importance. Given that all the genomes that contain this deletion were 345	
isolated from historical plague victims, it is plausible it may not have affected the bacterium’s 346	
virulence, particularly since genome decay is a well known mode of evolution in Y. pestis54,55. 347	
Nevertheless, since both lineages that harbour it are thought to be today extinct, a full functional 348	
characterisation will be of importance to evaluate its potential significance in survival across 349	
different mammalian hosts and arthropod vectors, which may have affected the bacterium’s 350	
maintenance in Europe during the first and second pandemics. 351	

The second plague pandemic has arguably caused the highest levels of mortality of the three 352	
recorded plague pandemics1,56. It serves as a classic historical example of rapid infectious 353	
disease emergence in Europe, long-term local persistence and eventual extinction for reasons 354	
that are currently not understood. We have shown that extensive sampling of ancient Y. pestis 355	
genomic data can provide direct molecular evidence on the genealogical relationships of strains 356	
present in Europe during that time. In addition, we provide relevant information regarding the 357	
initiation and progression of the second pandemic and suggest that a single source reservoir may 358	
be insufficient to explain the breadth of epidemics and Y. pestis’ genetic diversity in Europe 359	
during the 400-year course of the pandemic. Although certain key regions in Europe remain 360	
under-sampled for ancient DNA, namely the Eastern Mediterranean, Scandinavia and the 361	
Baltics, vast amounts of high-quality genomic data are becoming increasingly available. Their 362	
integration into disease modelling efforts, which consider vector transmission dynamics57,58, 363	
climatic18,59,60 and epidemiological data61, as well as a critical re-evaluation of historical 364	
records62 will become increasingly important for better understanding the second plague 365	
pandemic.  366	

 367	
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Methods 368	

Tooth sampling, DNA extraction and Y. pestis qPCR screening 369	

Laboratory work was primarily performed in the dedicated aDNA facilities of the Max Planck 370	
Institute for the Science of Human History in Jena and part of the sampling and DNA extractions 371	
were performed at aDNA facilities of the ArchaeoBioCenter of the Ludwig Maximilian 372	
University of Munich. 373	
181 teeth from nine sites located in Germany, Switzerland, England, France and Russia spanning 374	
the 14th – 17th centuries (see Supplementary Information) were sectioned in the cementoenamel 375	
junction, and 30-70 mg of powder were removed from the surface of the pulp chamber using a 376	
dentist drill. This powder was then used for DNA extraction, using a protocol optimised for the 377	
retrieval of short fragments that are characteristic of ancient DNA63. Tooth powder was 378	
incubated in 1 ml lysis buffer (0.45M EDTA, pH 8.0, and 0.25 mg/ml proteinase K) overnight 379	
(12-16 h) at 37°C. After, DNA was bound to the silica membrane of spin columns using 10 ml 380	
of GuHCl-based binding buffer as described before63, followed by a purification that was 381	
performed using either the MinElute purification kit (Qiagen) or the Viral Nucleic Acid Kit 382	
(Roche). DNA was eluted in 100 µl TET (10mM Tris-HCl, 1mM EDTA pH 8.0, 0.05% 383	
Tween20). Extraction blanks and a positive extraction control (cave bear specimen) were taken 384	
along for every extraction batch. All extracts were then evaluated for PCR inhibition, by spiking 385	
2 µl of each extract in a qPCR reaction containing a standard of known concentration21. None of 386	
the extracts showed signs of PCR inhibitions and, therefore, all were tested by qPCR for the 387	
presence of the plasminogen activator gene (pla), located on the Y.pestis-specific pPCP1 plasmid 388	
using a published protocol21. PCR products were not sequenced as all putatively positive 389	
samples were subsequently evaluated through whole genome enrichment and next generation 390	
sequencing. All extraction and PCR blanks were free of amplification products. 391	

UDG library preparation and Y. pestis whole genome capture 392	
After pla screening, DNA extracts yielding an amplification product were considered as 393	
putatively positive for Y. pestis and were subsequently converted into Illumina double-stranded 394	
DNA libraries as described before23, using a starting volume of 50-60 µl, with an initial USER 395	
(New England Biolabs) treatment step, where uracil-DNA-glycosylase (UDG) was used in 396	
combination with endonuclease VIII to excise uracil nucleotides that result from post-mortem 397	
DNA damage22,64. Subsequently, full UDG-treated and partially UDG-treated libraries were 398	
quantified on a qPCR using the IS7/IS8 primer combination. Following, a double-indexing step 399	
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was performed where libraries were split into multiple PCR reactions based on their initial 400	
quantification65, in order to ensure maximal amplification efficiency. Every reaction was 401	
assigned a maximum input of 2×1010 DNA molecules. A unique index combination (index 402	
primer containing a unique 8 bp identifier) was assigned to every library, and a 10-cycle 403	
amplification reaction was used to attach index combinations to DNA library molecules using 404	
Pfu Turbo Cx Hotstart DNA Polymerase (Agilent). PCR products were purified using the 405	
MinElute DNA purification kit (Qiagen), and eluted in TET (10mM Tris-HCl, 1mM EDTA pH 406	
8.0, 0.05% Tween20). After indexing all libraries were amplified using Herculase II Fusion 407	
DNA Polymerase (Agilent) to a concentration of 200-300 ng/µl, in order to achieve 1-2 µg of 408	
DNA in a total of 7 µl. Products were again purified using the MinElute DNA purification kit 409	
(Qiagen), and eluted in TET (10mM Tris-HCl, 1 mM EDTA pH 8.0, 0.05% Tween20). In-410	
solution Y. pestis capture was then performed as described previously24, where the following 411	
genomes were used as templates for probe design: CO92 chromosome (NC_003143.1), CO92 412	
plasmid pMT1 (NC_003134.1), CO92 plasmid pCD1 (NC_003131.1), KIM 10 chromosome 413	
(NC_004088.1), Pestoides F chromosome (NC_009381.1) and Y. pseudotuberculosis IP 32953 414	
chromosome (NC_006155.1). DNA captures were carried out on 96-well plates. Each sample 415	
was either captured in its individual well, or pooled with maximum one more sample from the 416	
same site. Blanks with non-overlapping index combinations were captured together. 417	

Sequencing and read processing 418	
After capture all products were sequenced on an Illumina NextSeq500 platform using 419	
(1x151+8+8 cycles or 1x76+8+8 cycles) or on a HiSeq4000 (using 1x76+8+8 cycles or 420	
2x76+8+8 cycles). Preprocessing of de-multiplexed reads was performed on the automated 421	
pipeline EAGER66 and involved removal of Illumina adapters and read merging by 422	
AdapterRemoval v267, as well as filtering for sequencing quality (minimum base quality of 20) 423	
and read length (to retrieve only reads ≥ 30 bp). Subsequently, reads were mapped with BWA 424	
(version 0.7.12)68, implemented in EAGER, against the CO92 reference genomes 425	
(NC_003143.1)3 using stringent parameters (-n 0.1, -l 32) for genome reconstruction and more 426	
lenient parameters (-n 0.01, -l 32) for SNP inspection. Reads with mapping quality lower than 37 427	
(-q) were removed using SAMtools (http://samtools.sourceforge.net/), and PCR duplicates were 428	
removed using the MarkDuplicates tool (http://broadinstitute.github.io/picard/).  429	

 430	
 431	
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SNP calling and phylogenetic analysis  432	
SNP calling was performed using the UnifiedGenotyper of the Genome Analysis Toolkit 433	
(GATK)69. Our newly reconstructed genomes were analysed alongside previously published Y. 434	
pestis genomes, which included a modern-day dataset of 233 genomes7,9,10,25,26,43, one Justinianic 435	
strain (Altenerding)27, three Bronze Age strains29, 12 previously published historical genomes 436	
from the second plague pandemic and a Y. pseudotuberculosis strain (IP32953) which was used 437	
as outgroup. A vfc file was produced for every genome using the ‘EMIT_ALL_SITES’ option, 438	
which generated a call for every position present in the reference genome. Furthermore, we used 439	
the custom java tool MultiVCFAnalyzer v0.8532 440	
(https://github.com/alexherbig/MultiVCFAnalyzer) to produce a SNP table of variant positions 441	
across all genomes analysed, using the following parameters: for homozygous alleles, a SNP 442	
would be called when covered at least 3-fold with a minimum genotyping quality of 30 and for 443	
heterozygous alleles a variant would be called when 90% of reads would support it. In cases 444	
where none of the parameters would be met an “N” would be inserted in the respective genomic 445	
position. In addition, we omitted previously defined noncore regions, as well as annotated 446	
repetitive elements, homoplasies, tRNAs, rRNAs, and tmRNAs from our SNP analysis7,16. In the 447	
present dataset, a total of 7,251 variant positions were identified. Subsequently, the annotation as 448	
well as the effect of each SNP was determined through the program SnpEff70. 449	
For the phylogenetic analysis, we used a SNP alignment produced by MultiVCFAnalyzer v0.85 450	
to construct phylogenetic trees using the maximum likelihood (ML) and maximum parsimony 451	
(MP) methods. Up to 3% missing data was included in the analysis (97% partial deletion), 452	
resulting in a total amount of 6,353 SNPs used for phylogenetic reconstruction. The MP 453	
phylogeny was produced in MEGA771 in order to make a first assessment of genome topologies. 454	
The ML phylogenies were reconstructed with the program RAxML (version 8.2.9)72 using the 455	
Generalised Time Reversible (GTR)73 model with four gamma rate categories and 1000 456	
bootstrap replicates to assess tree topology support.  457	

Heterozygosity estimates 458	
Heterozygous variant calls in all genomes were investigated given the disparity of branch 459	
lengths observed in isolates from the same archaeological sites (see Supplementary figure 2). 460	
Our approach takes into account the “haploid” nature of prokaryotic genomes, suggesting that 461	
“heterozygous” SNPs could either arise as a result of mixed infections or from erroneous 462	
mapping of DNA reads that belong to closely related bacterial contaminants. We subsampled all 463	
newly reconstructed genomes to ~5-fold coverage, and performed SNP calling using GATK69, 464	
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as described above. We then compiled a SNP table of all variant positions across our dataset 465	
using MultiVCFAnalyzer v0.8532 accounting for all heterozygous positions. Histograms of allele 466	
frequencies for all SNPs with <100% read support were constructed with R v3.4.174 using 467	
representative genomes from all sites. 468	
 469	
Estimates of substitution rate variation in Y. pestis 470	
In order to calculate the substitution rate variation across Y. pestis isolates associated with the 471	
second pandemic, we first assessed the temporal signal across Branch 1 that includes all 472	
genomes from both the second and third plague pandemics. For this, we computed a maximum 473	
likelihood phylogeny in RaxML72 using all Branch 1 genomes (modern + ancient n=76), with 474	
the exception of the low coverage TRP002 genome that showed possible environmental 475	
contamination in its SNP calls. In addition, we used the strain 2.MED KIM10 (Branch 2) as 476	
outgroup for rooting the tree. Variant positions across this set of genomes were used for the 477	
analysis, allowing for up to 3% missing data (545 SNPs). We used TempEst v1.5 478	
(http://tree.bio.ed.ac.uk/software/tempest/) for calculating the root-to-tip regression in relation to 479	
specimen or sampling ages. The calculated correlation coefficient (R) and R2 values were 0.53 480	
and 0.28 respectively, which permitted the proceeding with molecular dating analysis. 481	
The Bayesian framework BEASTv1.875 was used to assess the substitution rate variation across 482	
the Y. pestis Branch 1 using the 2.MED KIM10 as outgroup. Our BEAUti set-up took into 483	
consideration all archaeological, radiocarbon, and sampling dates of both ancient and modern 484	
genomes (Supplementary data 2) that were used as calibration points for the Bayesian 485	
phylogeny. Divergence dates for each node in the tree were estimated as years before the 486	
present, where the year 2005 was set as the present since it represents the most recently isolated 487	
modern Y. pestis strain on Branch 1 (1.ORI MG05). All genomes within this Branch 1 were 488	
constrained as a monophyletic clade. The Generalised Time Reversible (GTR)73 substitution 489	
model (6 gamma rate categories) and a lognormal relaxed clock (clock rate tested and strict 490	
clock rejected in MEGA771) were used to set up two separate analyses using the Coalescent 491	
Constant Size76 and Coalescent Bayesian Skyline77 demographic models.  For each analysis, 492	
three independent chains of 50,000,000 states each were carried out and then combined using 493	
LogCombiner to ensure run convergence, with 10% burn-in. In addition, we estimated marginal 494	
likelihoods to determine the best-fitted demographic model for our dataset using path sampling 495	
and stepping stone sampling (PS/SS) implemented in BEAST v1.875. For this, each of the 496	
described runs was carried out for an additional 50,000,000 states (500,000 states divided into 497	
100 steps) using an alpha parameter of 0.3, which determined the Coalescent Bayesian Skyline 498	
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model as better fit for the current dataset. The results produced by the run considering this 499	
demographic model were then viewed in Tracer v1.6 (http://tree.bio.ed.ac.uk/software/tracer/) to 500	
ensure all relevant expected sample sizes (ESS) were > 200. We used TreeAnnotator75, to 501	
produce a maximum clade credibility (MCC) phylogeny using the best-fit model with 10% burn-502	
in, which resulted in the processing of 13,503 trees. The MCC tree was viewed and modified in 503	
FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/) where branch lengths were represented 504	
as a function of age and mean rates were used to colour individual branches.  505	

Virulence factor presence/absence and deletion analysis 506	
In order to investigate the virulence profiles of the newly reconstructed second pandemic 507	
genomes, the highest quality (coverage) genome from every site (LAI009, NAB003, TRP002, 508	
MAN008, STA001, LBG002, STN014, BRA001, BED030) was used for comparison with each 509	
other and with previously published representatives of ancient (London ES, Bolgar 2370, 510	
Barcelona 3031, Ellwangen 549_O, OBS137, RISE509, RT5, Altenerding 2148) and modern 511	
(1.ORI-CO92, 0.PE2-PESTF, 0.PE4-Microtus 91001) Y. pestis isolates. The newly reconstructed 512	
TRP002 and the published London 6330 genomes were excluded from this analysis due to their 513	
low coverage. All other listed genomes were re-mapped against the CO92 chromosomal 514	
reference genome (NC_003143.1) using a mapping quality (-q) filter of 0. The coverage across 515	
80 chromosomal and 43 plasmid virulence-associated genes that were previously define33, was 516	
calculated using bedtools78. The results are plotted in the form of a heatmap of using the 517	
ggplot279 package in R version 3.4.180 and can be viewed in Figure 4. In addition, we used 518	
BWA-MEM81 to explore the precise coordinates of observed gene or region losses in all affected 519	
genomes using default parameters. For a visualisation of the identified deletion we computed 520	
average coverages across 2,000-bp windows in representative Y. pestis genomes from all 521	
analysed time periods of the second pandemic, and subsequently used the program Circos82 to 522	
produce coverage plots of a 20-fold maximum coverage for all genomes (LAI009, London BD 523	
8124/8291/11972, Bolgar 2370, MAN008, STA001, ELW098, LBG002, STN014, BRA002, 524	
BED030, OBS137 and the reference genomes CO92).  525	

Data availability  526	
Raw sequencing data of the deep-sequenced genomes will become available on the European 527	
Nucleotide Archive under project accession number PRJEB29990 upon publication. Other data 528	
supporting the findings of the study are available in this article and its Supplementary 529	
Information files, or from the corresponding authors upon request. 530	
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Figures & Tables 531	

 532	

Figure 1 – Archaeological site locations  533	
(a) Archaeological/radiocarbon dates of previously published and new second plague pandemic isolates 534	
(see Supplementary Information). 535	
(b) Map showing geographic locations of the archaeological sites from which second pandemic (14th- to 536	
18th-century AD) Y. pestis genomes have been reconstructed. The number (n) of whole genomes obtained 537	
from each site is shown in brackets. Locations of previously published genomes appear in triangles, 538	
whereas genomes that are newly described in this study appear in circles.  539	
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 549	
 550	
Figure 2 – Phylogenetic positioning of second pandemic strains 551	
A maximum likelihood phylogeny was generated allowing for up to 3% missing data (97% partial 552	
deletion) and considering a total of 6,353 SNP positions. The image shows a graphical representation of 553	
Branches 1 - 4 (see Supplementary fig. 1 for a complete phylogeny), to emphasize the phylogenetic 554	
positioning of the new and previously published second pandemic strains (14th -18th centuries). Sub-555	
clades of published genomes are collapsed to enhance tree visibility. Numbers (n) in brackets indicate the 556	
amount of strains represented in each collapsed branch. Nodes that have bootstrap values of ≥ 95 are 557	
indicated by asterisks (*). Geographic abbreviations of modern strain isolation locations are as follows: 558	
China (CHN), United States of America (USA), Madagascar (MDG), India (IND), Myanmar (MNM), 559	
Congo (COG), Uganda (UGA), Mongolia (MNG), Nepal (NPL), Iran (IRN), Kazakhstan (KAZ), 560	
Kyrgyzstan (KGZ), Armenia (ARM), Georgia (GEO), Azerbaijan (AZE), Uzbekistan (UZB), 561	
Turkmenistan (TKM), Russia (RUS), and unspecified regions of the Former Soviet Union (FSU).  562	
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 567	
Figure 3 – Substitution rate variation across the Y. pestis phylogeny 568	
The figure presents a maximum clade credibility (MCC) phylogenetic tree generated using BEAST v1.875 569	
(rooted with 2.MED KIM10 - outgroup not shown). The tree was viewed in FigTree v1.4, and modified 570	
so that branch colours represent mean substitution rates (substitution/site/year). The tree depicts the 571	
substitution rate variation across Branch 1 of the Y. pestis phylogeny, which ranges from 2.12E-7 572	
(highest) to 5.10E-9 (lowest) substitutions/site/year (see rate key). The isolates used for this analysis 573	
overlap with the ones used for the SNP and maximum likelihood phylogenetic analysis (see 574	
Supplementary figure 1), with the exception of the TRP002 genome since its SNP calls were likely 575	
affected by a possible environmental contamination. The mean substitution rate across Branch 1 576	
(including 2.MED KIM10) was calculated to 2.67E-8 substitutions/site/year. Lengths of branches are 577	
scaled to represent sample ages, and the depicted Branch 1 sequences are estimated to represent 756 578	
years (95% HPD: 671 - 887) of Y. pestis evolution. The time scale is shown in years before the present 579	
(BP), where present denotes the most recently isolated modern Y. pestis strain (year 2005). 580	
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 581	
Figure 4 – Presence/absence analysis of virulence-associated genes and chromosomal coverage 582	
assessment  583	
(a) A comparison of virulence genetic profiles was performed across newly reconstructed and previously 584	
published second pandemic genomes (in red, orange, green and blue). An assessment of the presence or 585	
absence of 80 previously defined33 chromosomal virulence-associated genes was used for this 586	
characterisation. Published Y. pestis representative strains from the Bronze Age period29,30 (RISE509 and 587	
RT5), from the first pandemic27 (6th-century Altenerding 2148), from modern-day isolates (0.PE2, 0.PE4 588	
& 1.ORI)7, as well as a Y. pseudotuberculosis (IP32953) strain55, are also shown for comparative 589	
purposes. The colour scale ranges from 0 (not covered - yellow) to 1 (entirely covered - blue) according 590	
to the relative proportion of gene/locus covered. The heatmap was plotted in R version 3.4.180 using the 591	
ggplot2 package83. Refer to Supplementary fig. 5 for presence/absence of virulence genes across the 592	
pMT1, pPCP1 and pCD1 plasmids.  593	
(b) Chromosomal coverage plots made with the Circos82 software. The plots were constructed to a 594	
maximum coverage of 20-fold, and the average coverage was calculated over 2,000-bp windows. 595	
Genomes are shown in order according to their age from oldest (innermost circle) to youngest (outermost 596	
circle) as follows: LAI009, London BD 8124/8291/11972, Bolgar 2370, MAN008, STA001, 597	
ELW098/549_O, LBG002, STN014, BRA002, BED030, OBS137 and the reference genome CO92. 598	
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Table 1 – Post-capture sequencing statistics of all new Yersinia pestis genomes that passed quality tests for inclusion in phylogenetic analysis 

Sample Name Site name Date (AD) Uniquely 
mapping reads 

Endogenous DNA post 
enrichment (%) 

Mean fold 
coverage 

Genome covered  
≥ 5-fold (%) 

Average fragment 
length (bp) 

GC content 
(%) 

BED030.A0102 New Churchyard, London 1560–1635a 3,624,482 36.2 80.1 93.6 102.9 48.5 
BED028.A0102 New Churchyard, London 1560–1635a 2,665,238 22.2 37.2 91.4 65.0 49.0 
BED034.A0102 New Churchyard, London 1560–1635a 1,371,698 10.5 18.3 89.1 62.2 49.2 
BED024.A0102 New Churchyard, London 1560–1635a 1,000,524 18.1 12.6 84.7 58.5 49.1 
         
BRA001.A0101 Domlinden 12, Brandenburg 1618-1648b 2,387,557 23.2 23.8 92.0 46.4 47.5 
         
LAI009.A0101 Laishevo III, Laishevo 1300-1400b 2,549,926 23.9 28.4 92.1 51.8 48.0 
         

LBG002.A0101 Kirchhof St. Johannis, 
Landsberg 1455-1632a 621,713 27.9 7.2 66.4 54.2 49.9 

         
MAN008.B0101 St. Leonhardi, Manching-Pichl 1283-1390a 1,974,399 44.9 25.8 88.7 60.8 50.8 
         

NAB003.B0101 Sankt Johans Friedhof, 
Nabburg 1292-1392a 684,029 33.5 8.1 70.2 54.8 49.7 

         
STA001.A0101 Possenhofener str. 3, Starnberg 1433-1523a,b 1,110,049 9.9 11.7 84.3 49.0 44.7 
         
STN014.A0101 Nägeligasse, Stans 1485-1635a  3,822,030 48.2 55.3 93.0 67.3 48.9 
STN020.A0101 Nägeligasse, Stans 1485-1635a  2,020,769 44.3 28.2 90.3 64.8 48.5 
STN021.A0101 Nägeligasse, Stans 1485-1635a  1,588,442 35.1 21.7 88.6 63.7 48.5 
STN019.A0101 Nägeligasse, Stans 1485-1635a  1,325,076 35.3 18.7 87.1 65.8 49.1 
STN007.A0101 Nägeligasse, Stans 1485-1635a  1,293,507 32.8 18.0 86.7 64.8 49.4 
STN002.A0101 Nägeligasse, Stans 1485-1635a  935,795 27.6 12.7 83.3 63.0 48.4 
STN008.A0101 Nägeligasse, Stans 1485-1635a  875,153 30.2 11.7 77.7 62.5 50.1 
STN013.A0101 Nägeligasse, Stans 1485-1635a  714,482 24.5 9.2 73.8 59.9 49.0 
         
TRP002.A0101 Trente-Six Ponts 16, Toulouse 1347-1350b 632,303 19.8 5.9 50.9 43.2 48.7 
aDates based on radiocarbon dating of collagen 
bDates based on archaeological context information 
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