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Abstract

Extinct lineages of Yersinia pestis, the causative agent of the plague, have been identified in
several individuals from Central Europe and Asia between 5,000 and 3,500 years before
present (BP). One of these, the 'LNBA lineage' (Late Neolithic and Bronze Age), has been
suggested to have spread into Central Europe with human groups expanding from the Eurasian
steppes. Here, we show that LNBA plague was spread to Europe’s northwestern periphery by
sequencing Yersinia pestis genomes from two individuals dating to ~4,000 cal BP from an
unusual mass burial context in Somerset, England, UK. This represents the earliest evidence of
plague in Britain documented to date. These British Yersinia pestis genomes belong to a
sublineage previously observed in two Bronze Age individuals from Central Europe that had lost
the putative virulence factor yapC. This sublineage is later found in Central Asia ~3,600 BP.
While the severity of disease is currently unclear, the wide geographic distribution within a few
centuries suggests substantial transmissibility.

Introduction

Yersinia pestis, the causative agent of the plague, is a zoonotic bacteria which can be
transmitted via the bite of an infected flea vector, causing either bubonic or septicemic plague,
or via respiratory droplets through human-to-human contact causing pneumonic plague. Ancient
DNA analysis has identified Yersinia pestis as the causative agent of not only the Late Neolithic
and Bronze Age (LNBA) plague=®, but also of historic pandemics such as the Justinianic
plague®® and the Black Death®1°. The LNBA lineages lack the ymt virulence factor which
enables survival of the bacteria in the midgut of fleas?, and are therefore likely to have been
spread via the respiratory route. The first known evidence of the ymt gene dates to ~3,800 BP in
Samara, Russia*. The LNBA lineage was likely brought to Europe in the Late Neolithic by
human expansions originating in the Eurasian steppes®!'!2 and it has been hypothesised that
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this lineage contributed to the decline of certain Late Neolithic European societies!?. However, it
has been unclear how far the LNBA plague spread throughout Europe, with the most westward
findings so far coming from present-day southern Germany ~3,500 BP3. The burials in Germany
were associated with the Bell Beaker archaeological complex which linked continental Europe
with Britain, opening the possibility that Bell Beaker groups from western Europe were also
affected by outbreaks of plague, although this has yet to be observed directly. The extent to
which plague spread across Bronze Age Europe is uncertain, due to the questions around
virulence, but also heterogeneity in genetic ancestry of Bell Beaker burials across Europe?®?,
suggesting variability in levels of human interaction and dynamics of any disease spread.

Results

We identified Yersinia pestis in 2 out of 16 individuals which were screened for pathogen DNA
from a mass burial assemblage of disarticulated human remains recovered from a natural shaft
near Charterhouse Warren Farm in Somerset, England (Figure 1A). More than 40 men, women
and children are represented at the site. Modifications found on a significant proportion of bones
suggests that these individuals had been subject to fatal perimortem trauma and subsequent
processing before disarticulated bones were deposited together in the shaft in what is likely to
have been a single event, though archaeological work is still ongoing. A number of objects
associated with the Beaker culture were also found!*. The two sampled teeth derived from
separate individuals, children aged 10 £ 3 yr and 12 = 3 yr. The mandible associated with one of
the teeth has been directly radiocarbon dated to 4,145-3,910 cal BP (95.4% confidence; OxA-
37840: 3,685 + 30 BP). This date is consistent with two previously published radiocarbon dates
on human bones from this assemblage®.

Ancient DNA retrieval

All samples were processed in a dedicated ancient DNA facility at the Francis Crick Institute.
Dentine samples were taken from the cementum enamel junction and single-stranded DNA
libraries were prepared from extracts made from the resulting powder!® (Methods). Among the
individuals screened, we identified two samples (C10091 and C10098) that had an excess
number of observed sequence matches to Yersinia pestis compared to Yersinia
pseudotuberculosis. In addition, 764 million reads were obtained for individual C10098 with
direct shotgun sequencing, after size selection to enrich for molecules at least 35 bp in length®
(Methods). Additionally, libraries underwent one round of hybridization with an in-solution target
enrichment approach using Yersinia pestis RNA baits, resulting in an average 2-fold and 1.5-
fold coverage of the Yersinia pestis genome for C10091 and C10098, respectively (Table 1).
Both genomes showed evidence of authenticity by three central criteria: postmortem damage;
the distribution of edit distances among sequences; and breadth of coverage across the
genome (Supplementary Figure 1).

Phylogenetic and functional analysis

In a phylogeny with 25 ancient and modern Yersinia pestis strains and Yersinia
pseudotuberculosis outgroups, the Charterhouse Warren Yersinia pestis genomes form a clade
with previously identified Bronze Age strains from Augsburg, Germany? (Figure 1B). A 34.2kb
region found to be deleted in the youngest representatives of the LNBA lineages was also
absent in the Charterhouse Warren genomes. The yapC virulence factor, which has been
shown in vitro to mediate adhesion in cultured cells and could thus have enhanced colonisation
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91  of Yersinia pestis during infection!’, and which was absent in the youngest LNBA genomes, was
92 also absentin the Charterhouse Warren genomes (Figure 1C). A separate 36.4kb region that is
93 absentin RISE505 (Central Russia), but present in Post6é (Germany), was also present in both
94  C10091 and C10098 individuals®. As with all previous LNBA genomes, all virulence factors on
95 the plasmids were present, with the exception of the ymt gene. UreD, associated with increased
96 flea toxicity and pde-2 which is involved in the downregulating mechanism for biofilm formation
97 and flhD, the inactivation of which is associated with immune invasion, are all functional in the
98 Charterhouse Warren genomes, which is congruent with previous LNBA genomes* suggesting
99 flea-mediated transmission was less likely. Additionally, we compared the two Charterhouse
100 Warren Yersinia pestis genomes and identified three transversions SNPs between them with
101 a minimum coverage of three; a synonymous mutation in the tufA gene, a non-synonymous
102  mutation in the pgm gene and a mutation in the rnpB gene (Methods).
103

104 Discussion

105 Previous individuals from Bronze Age and Neolithic Europe showing Yersinia pestis infections of
106 the LNBA lineage all came from single or multiple rather than mass burials**2, The LNBA

107  Yersinia pestis genomes we present from Britain are the first to come from a mass burial

108 context. Moreover, mass burials of disarticulated human remains in caves are rare in Bronze
109  Age Britain and could represent a non-normative form of treatment. However, the striking

110 evidence for fatal trauma amongst the Charterhouse Warren assemblage’* makes it unlikely
111  that this mass burial was due to a deadly outbreak of plague.

112

113  Considered alongside other available genomes, our results show that in the period 4,100-3,800
114  BP Yersinia pestis was widespread from Britain in the West, to Central Asia in the East. The
115 earliest known Yersinia pestis strain carrying the ymt gene has been found in Central Asia and
116  dates to 3800 BP“. This is close in time to our two Yersinia genomes from Britain, providing

117  further evidence for differential contemporary frequencies of the ymt gene in Europe and Central
118 Asia. Yersinia pestis lineages in Britain had close affinities with Bronze Age genomes in

119 present-day Germany, and a later lineage in Asia (RISE505) which may have arrived from

120  Europe with Srubnaya-associated expansions®. Our results reveal that LNBA Yersinia pestis
121  lineages were not confined to Bronze Age Central Europe, but were spread westward to Britain,
122  and were thus present in the western Bell Beaker archaeological horizon.

123
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Figure 1. Yersinia pestis genomes from Bronze Age Britain.

A) Map of prehistoric Yersinia pestis genomes. Genomes representing the monophyletic young
LNBA lineages are highlighted in red. B) Phylogeny reconstructed with two Charterhouse
Warren genomes and 23 previously published ancient Yersinia pestis genomes'® (branches
with tip circles represented in Figure 1A, one modern-day genome (C092) and two collapsed
Yersinia pseudotuberculosis outgroups in RaXML. Neolithic lineages are highlighted in blue,
LNBA lineages in yellow and Justinianic plague lineages in pink. Individuals from this study are
outlined with a dashed box. Individuals with tip lables are also present in Figure 1A, with red tip
lables representing the monopyhyletic young LNBA lineage. Node labels indicate bootstrap
support values. C) Heatmap of inferred presence/absence of virulence assessed by depth-of-
coverage across Yersinia pestis Chromosome and plasmids pCD1, pMT1 and pPCP1
(Methods).
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138 Table 1. Sequencing statistics for different libraries and experiments
Sequence X
s aligned Mean fold
to Cover Cove X fold
Sequence Yersinia Proportio age rage Cove
Total s aligned  pestis n post (post rage X fold
sequences to after Yersinia dedup Breadth Breadth dedu (post Covera
(after Yersinia | duplicate  pestis (X of of p) dedu ge (post
Individu AdapterRemo pestis (g1, removal (pre- fold) coverage coverage pCD p)  dedup)
Lims ID al Description | val, 135bp) 135) (91, 135)  dedup) gl >1x >2X 1 pMT1 pPCP1
: Serimag | T : : T T T . :
SKO719A100 C10091 Screening 2,301,406 345 316 0.01%  0.02 0.52% 0.18% 0.00 0.00 0.01
Dentine 1
SKO719A222 C10091 Screening 1,769,213 2,471 2,239 0.14% @ 0.25 2.28% 0.26% | 0.05 0.03 0.17
Dentine 1
SWA3304A16 C10091 Capture 1,199,893 323,352 172,355 26.95% 1.60 55.87% 34.69% 4.23 150 11.88
Dentine 2
SWA3304A17 C10091 Capture 2,554,511 47,392 41,711 1.86% 039 22.71% 8.60% | 093 0.30 2.28
Merged data C10091 merged 7,825,023 373,560 215,168 4.77% @ 2.00 59.55% @ 38.85% 5.16 1.79 14.11
v [Em— T T : . T T . :
SKO719A22 C10098 Screening 3,812,079 843 825 0.02% @ 0.01 1.09% 0.15% 0.02 0.01 0.04
Dentine
SWA3304A15 C10098 Capture 1,100,218 69,126 60,581 6.28%  0.67 35.00% 15.84% 2.03 0.57 5.11
Dentine
SKO3305A4 C10098 production 763,935,875 171,257 86,848 0.02% 0.84 55.84% 21.86% 2.75 117 7.17
Merged data C10098 merged 768,848,172 241,226 146,053 0.03% 152 69.82% 39.60%  4.74 1.72 12.12

139
140
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141  Methods

142

143  Archaeological context

144 Charterhouse Warren is a natural shaft in the limestone of the Mendip Hills, Somerset. Initial
145  excavations in the 1970s were instigated in order to determine whether the shaft led to a cave
146  system, as no archaeological remains from the site were known at that time!4. The assemblage
147  of human remains sampled for aDNA was encountered in a distinct layer at ca. 15m depth,

148 together with faunal remains and a small number of artefacts, including sherds of a Beaker

149  vessel. At least 40 men, women and children are represented by fragmentary and disarticulated
150 remains. Culturally and chronologically, the assemblage dates to the late Beaker period/Early
151 Bronze Age, ca. 2200-2000 cal BC (ca. 4150-3950 cal BP). This is a non-normative burial

152  context for this period, which is dominated by articulated burials under round barrows. While
153 disarticulated remains are sometimes encountered, the scale of deposition at Charterhouse

154  Warren is unique in a British context, suggesting that a very unusual event is represented.

155  Modelling of the radiocarbon dates is ongoing, but it is possible that the remains were deposited
156 as a single event. The evidence for blunt force perimortem trauma to a number of crania

157  together with evidence for dismemberment suggests that this may relate to an episode of

158 extreme violence.

159

160 Sampling, DNA extraction and library preparation

161  Samples were processed at the Francis Crick Institute in a dedicated cleanroom facility. We
162 used a EV410-230 EMAX Evolution Dentistry drill to clean the surface of the teeth and sampled
163  both the cementum and multiple fractions of the dentine, resulting in 7-25mg of powder from the
164  dentine. Dentine powders were then lysed with 300ul (<10mg of powder) or 1000ul (>10mg of
165  powder) of lysis buffer (0.5 EDTA pH 8.0, 0.05% Tween-20, 0.25mg/ml Proteinase K8) and

166 incubated overnight at 37°C. Lysates were centrifuged at 2 min at maximum speed (13,200 rpm)
167 in a table centrifuge and 140ul of the lysate was transferred into FluidX tubes for automated
168 extraction on an Agilent Bravo Workstation'®. Extracts were turned into single-stranded DNA
169 libraries® (with no treatment to remove uracils), and were then double-indexed?® and underwent
170 paired-end sequencing on the HiSeg4000 to 5 million reads per sample for initial screening. All
171  samples were processed alongside negative lysate and extraction controls as well as positive
172  and negative library controls.

173

174  Target enrichment

175  Following initial pathogen detection, libraries were taken forward for target enrichment using
176  Yersinia pestis baits designed by myBaits Arbor Biosciences, following myBaits custom RNA
177  seqv5.1 (March 2021) High Sensitivity protocol?t. We used 7ul of the initial library for one round
178  of hybridization at 55°C with 23-hour overnight incubation and 20 PCR cycles, followed by a

179  heteroduplex removal using a one cycle PCR and MinElute Purification (Qiagen) clean up.

180 These enriched libraries were sequenced to ~3 million reads per library on the Illumina MiSeq.
181

182  Size selection for shotgun sequencing

183  Before production sequencing, fragments smaller than 35bp and larger than 150bp were

184 removed from the library, as in Gansauge et al. 2020%6. Specifically, 100ng of the initial library
185  were biotinylated and streptavidin beads were used to isolate the non-biotinylated strand and
186  obtain a single-stranded library. This sample (pooled with 3 others) was then loaded on a


https://paperpile.com/c/dgAqem/55Jq
https://paperpile.com/c/dgAqem/pnvT
https://paperpile.com/c/dgAqem/i5Cy
https://paperpile.com/c/dgAqem/wq8O
https://paperpile.com/c/dgAqem/NG0d
https://paperpile.com/c/dgAqem/SlG3
https://paperpile.com/c/dgAqem/wq8O
https://doi.org/10.1101/2022.01.26.477195
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.26.477195; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

187  denaturing polyacrylamide gel along with 35bp and 150bp insert markers and fragments within
188 the desired sequence length were physically excised and eluted from the gel, after an overnight
189 incubation. The resulting size-selected library was further amplified and 764 million reads were
190 sequenced on the lllumina NovaSeq.

191

192  Bioinformatic processing

193  Samples were processed via the nf-core/eager v2 pipeline?2. First, adapters were removed,
194  paired-end reads were merged and bases with a quality below 20 were trimmed using

195 AdapterRemoval v22 with —trimns —trimqualities —collapse —minadapteroverlap 1 and —

196 preservebp. Merged reads with a minimum length of 35bp were mapped to the hs37d5 human
197 reference genome with Burrows-Wheeler Aligner (BWA-0.7.17 aln)?* using the following

198  parameters “-| 16500 -n 0.01 -0 2 -t 1”7 2>2% and unmapped reads were then processed in

199  Kraken2?’ to detect k-mers matching Yersinia pestis.

200

201  Sequence data from capture and shotgun libraries were merged and aligned to the CO92

202  Yersinia pestis reference genome (NC_003143.1) and the CO92 plasmids, pMT1

203 (NC_003134.1), pCD1 (NC_003131.1) and pPCP1 (NC_003132.1) with BWA aln?* with

204  parameters as above. Duplicates were removed by keeping only the first sequence out of any
205  set of sequences with the same start position and length

206  (https://github.com/pontussk/samremovedup). Aligned BAM files were authenticated using the
207  following three criteria®: the observation of postmortem damage via PMDtools?°, a majority of
208 reads showing an edit distance of 1 or less from the reference genome, and an even breadth of
209 coverage across the reference genome (Figure S1).

210

211  Analysis of functional elements and virulence factors

212  We used previously identified virulence genes on the Yersinia pestis chromosome, pCD1, pMT1
213  and pPCP1 plasmids, and analysed the coverage of these genes with BEDTools v2.29.2

214  (Quinlan & Hall 2010) (Figure 1C). The ggplot2* package in R was then used to make a

215 heatmap of the percentage of positions in each virulence gene covered by at least one

216  sequence. Additionally, we inspected previously identified indels to check whether they were
217  present or absent in C10091 and C10098. Comparison of both Charterhouse strains was done
218  using HTSbox (http://bit.ly/HTSBox) pileup and filtering for minimum coverage of 3 sequences
219  per site on both strains, excluding all transitions.

220

221 Phylogenetic reconstruction

222  External data from Bronze age and Neolithic plague genomes were downloaded from the

223  European Nucleotide Archive (ENA) and processed using the same parameters as data

224  generated in this study, described above (Bioinformatic processing). Additionally, two strains
225  of Yersinia pseudotuberculosis (IP32881 and 1P32953) were aligned to the CO92 reference
226  genome. For IP32953 which was in a fasta format, MiniMap2-2.173! was used.

227

228  After duplicate read removal, BAMs were filtered and converted to majority-call (i.e. the base
229 thatis observed in the majority of overlapping reads is taken as the consensus) fasta format via
230  HTSbox (https://github.com/Ih3/htsbox) pileup using the following parameters: -M -q 30 -Q 30 -I
231 35, with a minimum majority base count of -s 2 for ancient genomes and -s 1 for modern-day
232 genomes. We then filtered these fasta files to keep only polymorphic sites with transversions
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233 only, exclude individuals with more than 70% missingness and removing sites that were missing
234  in more than 70% of the remaining individuals, resulting in 13,474 sites that were taken forward
235 to RAXML*. We used a GTRGAMMA substitution model with rapid bootstrapping parameters,
236  with 100 bootstraps; The maximum likelihood phylogeny was rooted in FigTree?, and the two
237  Yersinia pseudotuberculosis outgroups (IP32881 and IP32953) were collapsed for the final

238 display in Figure 1B.

239
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