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Abstract

Several bacterial pathogens have transitioned from tick-borne to louse-borne transmission, often 

involving genome reduction and increasing virulence. However, the timing of such transitions 

remains unclear. We sequenced four ancient Borrelia recurrentis genomes, the agent of louse-

borne relapsing fever, dating from 2,300 to 600 years ago. We estimate the divergence from its 

closest tick-borne relative to 6,000–4,000 years ago, suggesting an emergence coinciding with 

human lifestyle changes such as the advent of wool-based textiles. Pan-genome analysis indicates 

that much of B. recurrentis’ characteristic evolution had occurred by ~2,300 years ago, though 

further gene turnover, particularly in plasmid partitioning, persisted until ~1,000 years ago. Our 

findings provide a direct genomic chronology of the evolution of this specialized vector-borne 

pathogen.
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Introduction

Several species of bacteria have undergone an evolutionary process of transitioning from 

tick-borne to louse-borne transmission, including the trench fever agent Bartonella quintana, 

the epidemic typhus agent Rickettsia prowazekii, and the agent of louse-borne relapsing 

fever (LBRF) Borrelia recurrentis. All species show a pattern of higher virulence in the 

louse-borne agent compared to their respective closest tick-borne relatives, and all show an 

evolutionary pattern of genome reduction (1), possibly facilitated by specialisation to the 

louse vector (1–3). However, the evolutionary time frame and genomic basis of the transition 

from tick-borne to louse-borne transmission, and the drivers of increased virulence, remain 

largely unknown.

Relapsing fever, named after the recurring fevers it induces, is caused by several species 

of Borrelia. These are mostly spread by soft-bodied ticks, with the exception of Borrelia 
miyamotoi which is spread by hard-bodied ticks (tick-borne relapsing fever; TBRF) (4) and 

B. recurrentis, which is transmitted from human to human via infected human body louse, 

Pediculus humanus (5). Pediculus humanus is not known to have an animal reservoir and 
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is closely adapted to the human lifestyle. Borrelia recurrentis establishes infection when the 

haemocoel of the infected louse is able to penetrate the mucosa membrane or skin barrier 

through scratching or infected faeces (6, 7). In contrast to LBRF, most species of TBRF are 

zoonotic, with multiple animal reservoir hosts, and can be found worldwide.

The present-day B. recurrentis genome has an unusual genome structure, comprising a ~930 

kb linear chromosome and seven linear plasmids ranging from 6-124 kb in length (8). 

Though the chromosome is fairly conserved over the Borrelia genus, the plasmids have 

potential to undergo extensive rearrangements (3). Borrelia recurrentis has previously been 

estimated to have lost approximately a fifth of its genome relative to its sister species B. 
duttonii, with prominent gene loss occurring on plasmids (3). It has been suggested that 

genome loss in the other louse-borne taxa in Rickettsia and Bartonella was primarily via 

elimination of inactivated genes (1, 3), which opens up the possibility of a similar process 

in the evolution of B. recurrentis. The exact genes involved in the mechanism for vector 

specification (louse or tick), and the evolutionary processes underlying genome degradation 

in Borrelia, remain unclear.

Major uncertainties surround the past and present epidemiology of B. recurrentis and 

hence the timeline over which genome reduction and vector/host specialisation occurred. 

Throughout European history, there have been numerous references to episodes of 

“epidemic fever”, and “fever lasting six or seven days, with multiple relapses” (9, 10); 

the earliest descriptions date back to ancient Greece in the 5th century BCE (10). It has 

been hypothesised that LBRF was the agent of the Yellow Plague which affected Europe 

in 550 CE, the episodic fevers which became known as sweating sickness in northwestern 

Europe between 1,485-1,551 CE (11, 12), as well as fevers that accompanied famines in 

Ireland through the 17th and 18th centuries CE. However, the specific agents of these 

historical outbreaks have not been confirmed. LBRF posed major challenges to public health 

during World War I and World War II, before mostly disappearing from Europe at the 

end of the 20th century CE (13). Today, LBRF remains a major cause of morbidity and 

mortality in Ethiopia (where it is endemic), Somalia and Sudan (13, 14). While some now 

consider LBRF as a neglected tropical disease (NTD), LBRF may have the potential to 

be reintroduced during times of overcrowding, poor access to sanitation and hygiene, and 

during times of conflict and disaster (3, 6, 15, 16).

Borrelia recurrentis is a challenging species to grow in culture, so limited genomic data 

are available from present-day infections (8, 17). As such, an archaeogenetic approach 

represents one of the most promising tools for characterising the pathogen’s wider 

diversity and long-term evolution. Previously, a ~550-year-old (1,430–1,465 cal. CE, 95% 

confidence) 6.4-fold B. recurrentis genome was recovered from a tooth taken from a human 

skeleton buried in medieval Oslo, Norway (OSL9) (18). However, we lack an understanding 

of the deeper genomic evolution of B. recurrentis, or its prevalence in Europe across time 

and space. Here we provide four new ancient B. recurrentis genomes from Britain spanning 

2,300-600 years ago, from the Iron Age to the later medieval period. Leveraging these 

observations, we confirm the contribution of B. recurrentis to disease in European history 

and document its complex evolutionary behaviour during the transition to louse-borne 

transmission.
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Results

Detection and authentication of four ancient B. recurrentis genomes

We used an ancient DNA approach, including single-stranded DNA library preparation (19), 

which optimises retrieval of short fragments and allows postmortem cytosine deamination-

derived errors to be removed in-silico, to generate whole B. recurrentis genomes from 

four human skeletons recovered from four archaeological sites in Britain (Figure 1A). 

We generated ~0.8–8.5 billion read pairs per sample, obtaining 0.8–29.4-fold coverage 

over the B. recurrentis A1 reference chromosome (Table 1). All libraries were sequenced 

to either more than 20-fold coverage or more than 40% clonality (the proportion of 

sequences identified as PCR duplicates, indicative of library saturation). These include 

two observations dating to the Iron Age ~2,000 years ago: an 11.2-fold genome (C10416, 

Burial 240) from the ‘Arras-Culture’-associated Iron Age cemetery at Wetwang Slack, 

East Yorkshire, contextually dated to 2,300-2,100 years ago (300-100 BCE) (20), and a 

3.5-fold B. recurrentis genome from Fishmonger’s Swallet (C13361, mandible G10-1.4), 

a cave in South Gloucestershire, UK. This latter individual has been directly radiocarbon 

dated to 2,185-2,033 years ago (162 cal BCE-10 CE; 95.4% confidence; 2063±28 BP, 

BRAMS-5059) (21). We also generated a 0.8-fold B. recurrentis genome from the tooth 

of a cranium (CW29) directly radiocarbon dated to 736-563 years ago (1288-1461 cal. 

CE; 95.4% confidence with marine correction, 716±25 BP, BRAMS-7370). The cranium 

probably comes from the Lay cemetery of the late medieval Augustinian friary in 

Canterbury(22) (founded 1324 CE; (22); see Supplementary Materials (23)). Finally, we 

generated a 29.4-fold B. recurrentis genome (C10976, Sk 435) from a rural cemetery 

site associated with a medieval chapel next to the village of Poulton, near Chester in 

Cheshire. The skeleton has been radiocarbon dated to 733-633 years ago (95% confidence, 

1,290-1,390 cal CE, 646±14 BP, Wk 52986 (24). Further details of all individuals sampled 

in this study are available in the Supplementary Materials (23).

Aligned sequences were confirmed to be authentic through assessment of evidence for 

cytosine deamination (25, 26), distribution of number of mismatches across sequences (edit 

distance), even coverage across the genome, and a unimodal fragment length distribution 

(Figure 1B and Figure S1) (27). Additionally, all identified genomes were aligned to 

representatives of the more closely related species B. duttonii Ly and Borrelia crocidurae 
DOU strains, to confirm that all identified cases were genetically closer to the modern-day 

B. recurrentis A1 genome than other related Borrelia species (Figure S2). Mapping was also 

conducted to the wider Borrelia plasmid complement.

Iron Age and medieval lineages of B. recurrentis

To evaluate the relatedness of our ancient strains to contemporary sampled strains, we 

initially reconstructed a Borrelia phylogeny including the closest B. duttonii representative 

(Ly). Consistent with the assessment of our samples being B. recurrentis, all ancient 

genomes form a monophyletic clade together with present-day B. recurrentis (Figure S3 

and Figure S4). Our medieval genome, C10976 Poulton, is positioned in a subclade with the 

previously published medieval genome from Norway OSL9 (18). Both Iron Age genomes 

from Britain fall basal to this clade. Among the Iron Age genomes, C13361 Fishmonger’s 
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falls on a lineage basal to C10416 Wetwang Slack, despite being dated to a similar period. 

Although the Fishmonger’s genome is of lower coverage (2.6-fold when aligned to the 

core genome), the 100% bootstrap support for this phylogenetic placement suggests the 

possibility of synchronic sister lineages of the species existing in Britain ~2,300-2,000 years 

ago. Additionally, we reconstructed a phylogeny on an alignment built using relaxed SNP 

filtering thresholds in order to include the lower coverage (0.8-fold) C11907 Canterbury 

genome (23)(Figure S4). Perhaps surprisingly, we found this late medieval Canterbury 

genome was closely related to Iron Age genomes C10416 Wetwang Slack and C13361 

Fishmonger’s which suggests that this clade persisted in Britain for at least 1,400 years. 

C11907 Canterbury was then excluded from further analysis due to its lower coverage 

(0.8-fold) and the full extent to which genetic elements from the Iron Age lineages persisted 

is unknown.

We next reconstructed a core gene alignment to assess the extent to which recombination 

and accessory (plasmid) gene content may influence our reconstructed relationships, by 

identifying a set of genes shared amongst the modern sampled diversity of B. recurrentis. To 

do so, we applied the pan-genome analysis tool Panaroo (28) to all modern B. recurrentis 
(seven genomes), B. duttonii (two assemblies) and B. crocidurae (two assemblies) genomes 

(Table S1). The inferred Borrelia pan-genome comprised a total of 3,035 genes after 

removing pseudogenes and genes of unusual length, corresponding to a length of 2,223,831 

base pairs. We observed a high degree of conservation within the B. recurrentis species, 

supporting a limited intraspecies pan-genome despite high plasmid carriage. Of these 

genes, we identified 933 as being present in 99% of included strains, providing a core 

gene reference panel to which the ancient samples were aligned before phylogenetic 

reconstruction. Phylogenies constructed by mapping to the B. recurrentis A1 reference 

genome and core-genome alignment showed identical phylogenetic topologies as well as a 

similar number of SNPs using both approaches (4,192 SNPs versus 4,200 SNPs) albeit with 

improved bootstrap support values in the latter. This suggests a limited impact of mapping 

bias or structural variation on our observed patterns of relatedness.

Given that recombination may violate the assumptions of tree-building representations 

of diversity, we formally tested for evidence of homologous recombination using 

ClonalFrameML (29). We observed very limited evidence of homologous recombination, 

with only a small fraction of the genome (<0.1%) estimated to derive from such processes. 

Nonetheless, after pruning the alignment for the modest amount of recombination detected 

by ClonalFrameML, we recovered a topologically identical phylogeny (Figure S5).

Chronology of the divergence from the tick-borne sister species

The timeline over which B. recurrentis diverged from its common ancestor B. duttonii, and 

subsequently evolved a different arthropod vector transmission route, is uncertain. Here, we 

use our ancient Borrelia time series to calibrate the joint genealogical history of modern 

and ancient B. recurrentis and its mutation rate. We first tested a hypothesis of clock-like 

evolution in our core-genome alignment. We formally assessed the temporal structure 

in our recovered phylogenies using BactDating (30) to test for a significant correlation 

between genomic diversity and sampling time using date randomisation (23). We assessed 

Swali et al. Page 5

Science. Author manuscript; available in PMC 2025 June 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



temporality including and excluding C13361 Fishmonger’s, due to its lower coverage, and 

obtained an R2 of 0.69 (p-value 0.00080) and 0.66 (p-value 0.0011) respectively. This result 

suggests a significant temporal signal across our dataset (Table S2).

We next implemented formal Bayesian tip-dating calibration via BEAST2 (31) to provide 

a probabilistic assessment of the divergence of sampled B. recurrentis from the closest 

sequenced relative B. duttonii Ly. This approach jointly estimates the rate of mutation over 

the non-recombining fraction of the core alignment (23). Evaluating a suite of possible clock 

and demographic models, we estimate a split time of all ancient B. recurrentis genomes with 

at least 5-fold coverage in our dataset from B. duttonii Ly ranging from 2,215-5,630 years 

ago (95% HPD interval across models). When the lower coverage C13361 Fishmonger’s 

sample is included, we estimate the split time from B. duttonii Ly to between 2,313-7,654 

years ago, overlapping with the initial estimate (Figure 2A and Figure S6, Figure S7, 

Table S3). The best supported model indicates a divergence estimate of 5,156 (95% HPD 

4,724-5,630) years ago, corresponding to a rate of evolution of 5.0 x 10-8 (4.6 x 10-8 - 

5.5 x 10-8 substitutions per site per year; 95% HPD values) (Figure 2A). Estimates from 

this model suggest an emergence of the Iron Age clade between 2,326-2,410 years ago 

with the medieval clade, including C10976 Poulton and the previously recovered OSL9 

genome, dating to within the last 700 years. Our inference would also suggest a very recent 

emergence (46-69 years ago) of all contemporarily sampled B. recurrentis infections (which 

are exclusively from Africa or linked to refugee status), with a caveat that both ancient and 

modern diversity is significantly undersampled.

To validate the Bayesian inference of a relatively recent divergence of B. recurrentis from 

the shared ancestor with B. duttonii Ly, we also performed an additional analysis. Here, we 

identified SNPs where B. crocidurae DOU and B. duttonii Ly both had an alternative variant 

to all modern B. recurrentis genomes, which we can interpret as new mutations occurring 

on the lineage leading to the modern B. recurrentis clade since the divergence (23). This 

approach also has the advantage of excluding any impact of sequence errors specific to the 

ancient genomes. If divergence occurred approximately 5,000 years ago, we could expect 

the ancient individuals to have accumulated these mutations in an approximately clock-like 

manner, with e.g. the ~700-year old medieval genome, C10976 Poulton, having at most 

1-(700/5000)=86% of these derived mutations, and an Iron Age ~2,200-year-old genome 

having at most 57%. Indeed, these expectations match what we observe in the empirical data 

(Table S4), and we find an intercept in linear regression of ~6,100 years ago, overlapping 

with our estimates following Bayesian tip-dating calibration when C13361 Fishmonger’s is 

included. We note that this number is expected to slightly overestimate the true divergence 

because the TMRCA of B. recurrentis A1 and the ancient genome will always be slightly 

older than the age of the sample. A divergence date from B. duttonii Ly in the Late Neolithic 

implicated in our temporal analysis is further supported by Sikora et al’s preprint study 

providing low-coverage observations of B. recurrentis up until ~4,600 years ago, with the 

earliest observation identified in a Late Neolithic individual from Denmark (32) (Figure 2B).
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Patterns of pan-genome diversity and genome reduction in B. recurrentis

To assess previously suggested genome reduction in B. recurrentis, we aligned each of 

our ancient observations and all modern representatives to both of the B. duttonii Ly and 

B. duttonii CR2A genomes and assessed the fraction of genome covered. With such an 

approach, simulated aDNA-like sequences from modern B. recurrentis successfully map to 

~98.6% of the B. duttonii Ly chromosome (Table S5), though with as much as ~20% of the 

whole B. duttonii Ly genome being absent in B. recurrentis. The two higher-quality ancient 

genomes from medieval and Iron Age lineages both showed highly similar numbers of 

98.9% to 98.6% chromosomal coverage. While we note marked variability in the accessory 

genome, the chromosomal coverage supports conservation in similarity to B. duttonii Ly 

between B. recurrentis ~2,300 years ago and samples from contemporary infections.

We next assessed the contribution of plasmid carriage relative to B. duttonii, B. crocidurae 
and contemporary B. recurrentis (Figure 3). We observe a diversity in plasmid carriage 

across the clade when aligned to B. duttonii Ly. For instance we detect 10 cases (plasmids 

pl15, pl23b, pl35, pl36, pl40, pl41, pl42, pl70, pl31, pl32) where coverage over the plasmid 

is seen at <75% in all closely related species (Table S5). We identify three plasmids 

(pl26, pl27, pl28), in B. duttonii Ly(3, 33), that are present in the Iron Age genomes—

authenticated using coverage, cytosine deamination patterns and distribution of mismatches

—but are absent or at substantially lower coverage in medieval and present-day genomes 

(Figure S8, Table S5). We therefore suggest at least partial plasmid loss events, or loss 

of significant plasmid-borne elements, ~2,000-700 years ago, between the Iron Age and 

medieval lineages. Overall, by the medieval period, B. recurrentis harboured the full suite of 

plasmids observed in currently sampled infections. In contrast, the Iron Age genome shows 

only partial coverage (~40%) of B. recurrentis plasmid pl53, which is present in medieval 

and modern genomes, suggesting that the complete plasmid gene complement was acquired 

after ~2,000 years ago (Table 1, Figure 3).

We used a pan-genome framework to establish patterns of gene content across Borrelia 
(23). Such an approach is agnostic to chromosomal or plasmid affiliation, where our 

ancient B. recurrentis genomes may represent possible intermediates on the trajectory 

towards specialisation. First, we assessed the full gene repertoire across all B. crocidurae, 
B. duttonii and B. recurrentis. A total of 3,184 unique genes were identified, defining 

the pan-genome (23). We recover a total pan-genome size by species of 1389-1701 (B. 
crocidurae), 1544-1626 (B. duttonii) and 1149-1170 (B. recurrentis) genes respectively, 

suggesting B. recurrentis carries a gene repertoire ~25% of the total gene count of its closest 

relative (Figure S9). Notably the gene content by species includes a number of unique 

genes, including 165 in B. recurrentis, highlighting the dynamic nature of the accessory gene 

component likely as a result of the extensive plasmid carriage in Borrelia. Intersecting the 

presence of genes in the three species, we find that 25 genes are absent in B. recurrentis 
A1 but present in all four genomes representing the other two species, as opposed to 18 

genes absent in both B. duttonii genomes but present in the genomes from the other two 

species. We further applied an ancestral state reconstruction approach (23) to reconstruct the 

ancestral accessory genome in each case, though noting limited sampling of contemporary 

species. In doing so we recover 92 accessory genes which are estimated to have been 
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present in the ancestor of B. crocidurae and B. duttonii but not B. recurrentis (Table S6). 

The pan-genome was then filtered for fragmented genes and or pseudogenes resulting in 

3,035 genes (28). Ancient and modern genomes were then aligned to this pan-genome and 

the normalised coverage across these genes were assessed (23). The normalised coverage 

was then subjected to presence/absence assessment, filtering and annotation, resulting in 71 

genes which showed temporal patterning (Table S7, Figure S10).

Given hypotheses surrounding genome reduction and plasmid stability, we particularly 

noted two genes in the pan-genome implicated in plasmid segregation and partitioning, 

Soj and ParA (annotated as Soj_1 and ParA_1), which showed temporal patterning across 

our dataset (Table S7, Figure S10). Soj_1 is present in both B. crocidurae and B. duttonii, 
and the ancient Iron Age B. recurrentis genomes of sufficient coverage for consideration, 

but absent in medieval and present-day data. Assuming parsimony, this suggests gene loss 

on the branch leading to the descendant medieval and contemporary clades (we estimate 

phylogenetically, based on current data, this occurred between 2,326-1,115 years ago; 95% 

HPD). In contrast, ParA, an ortholog of the Soj gene(34) and also implicated in plasmid 

segregation, is present solely in the medieval and modern-day genomes. A parsimonious 

explanation is the acquisition of this gene between the Iron Age and the medieval period. 

Exploration of the genomic neighbourhoods of both the ParA_1 and Soj_1 genes (23) 

further supports that these genes are today localised on different backgrounds, with Soj_1 
found on the B. duttonii Ly chromosome and ParA_1 on the pl53 B. recurrentis plasmid, 

which as previously mentioned, is only partially observed in the Iron Age genomes.

Temporal variation in functional genes

Borrelia relapsing fevers use a suite of predominantly plasmid-encoded antigenic phase 

variation as a mechanism of immune evasion, though we observe four of these genes at 

the beginning of the B. recurrentis A1 chromosome, which have been uniquely acquired 

(3). Immune evasion is mediated by variable large proteins (vlp) and variable short 

proteins (vsp), together known as the variable major proteins (vmp). Antigenic variation 

of these surface-exposed lipoproteins likely plays an important role in evading host-acquired 

immunity, allowing for the bacteria to persist within its host population. However, it is 

unclear how stable this mechanism has been through evolutionary time (35–37). Of the 

chromosomal vmp genes, we found that the medieval lineage, comprising C10976 Poulton 

and OSL9, had similar vmp profiles, both to each other and to present-day B. recurrentis, 

with all four chromosomal-borne vmps characteristic of present-day B. recurrentis having 

been gained by medieval times (Figure 3, Table S8). However, two of these vlp genes have 

been identified as pseudogenes in modern B. recurrentis genomes (3), and so, despite having 

been gained by the time of the B. recurrentis Iron Age genomes, these are believed to be 

functionally redundant in modern genomes.

When evaluating vmp profiles over the B. recurrentis plasmids, we noted the absence of 

a number of vmp genes in the medieval genome, many of which are pseudogenes. This 

was seen in particular at the 3’ ends of the pl33, pl37 and pl53 plasmids (Figure 3); an 

observation also seen in the previously published OSL9 genome from the same time period 

(18). Interestingly, these regions (3’ pl33, pl37 and pl53) are mostly present in the Iron 
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Age sample C10416 Wetwang Slack but are absent in our basal Iron Age sample C13361 

Fishmonger’s. Due to the lower overall coverage of the Fishmonger’s genome, the exact 

gene complement of plasmid-borne vmp genes is difficult to formally assess. However, this 

observation is consistent with the potential for interspecies and intraspecies variability in 

vmp profiles (Table S8), as is seen in its tick-borne relatives (B. crocidurae and B. duttonii).

Evaluating other hallmarks of infective behaviour (3), we note that BDU 1, a p35-like 

antigen implicated in fibronectin binding in Borrelia burgdorferi (Lyme disease) (3, 38), is 

absent in B. recurrentis. This outer membrane protein is also absent across our Iron Age 

and medieval observations supporting an early loss following the split with B. duttonii 
Ly (Figure S10). A similar pattern was seen for several further outer membrane proteins, 

including those involved in host complement system inactivation (BDU 2, BDU 3, BDU 

5)(36), which are absent in B. recurrentis from ~2,000 years ago by our earliest observation. 

Other genes implicated in evading host innate defences (cihC and fhbA) were however 

maintained. More globally, we observe some temporal variation which suggests an ongoing 

process of genome adaptation, for example, the aforementioned loss of Soj (annotated as 

BDU 429 on the B. duttonii Ly reference) (Figure S10) and truncation of the uncharacterised 

protein, BDU 430, in the modern B. recurrentis genome. These genes are also absent/

truncated in the medieval genomes, but are present in genomes from the Iron Age period.

Finally, we assessed SNPs and indels of functional relevance (Figure S11) (3). For example, 

the oppA-1 gene is a pseudogene in B. recurrentis A1 due to an in-frame stop mutation; 

but in B. burgdorferi, it is shown to play an essential role in metabolic function as well as 

survival in different environments (39). As with the previously reported medieval genome 

from OSL9 (18), this gene is found in its ancestral form in all of our ancient samples. This 

suggests the inactivation of oppA-1 occurred relatively recently, we estimate within the last 

~1,115 years (Figure 2). Similarly, the smf gene and the mutS gene show an in-frame stop 

mutation and a frameshift mutation in present-day B. recurrentis. All ancient genomes with 

data at this locus show the in-frame stop mutation in the smf gene, with the higher coverage 

genomes (C10416 Wetwang Slack and C10976 Poulton) also supporting the presence of the 

mutS frameshift mutation. Conversely, the recA gene is still functional in the high-coverage 

Iron Age genomes. Hence, the true recombination efficiency is unknown for these genomes 

even if we find little detectable signal of recombination in our genomics analysis (Figure 

S5).

Discussion

Here we reconstruct the complex evolutionary history of B. recurrentis by retrieving and 

analysing four ancient Borrelia genomes from Britain across a ~1,500-year time span. 

Our work confirms the presence of the pathogen in Europe during both the Iron Age 

and the later medieval periods, extending the high-coverage B. recurrentis whole-genomes 

by approximately 1,600 years. This detection adds markedly to existing data from the 

species, with only eight genomes (seven contemporary and one medieval) available prior 

to this study. While it is unclear whether there is any link between our detected infections 

and historically-attested outbreaks in Britain, we note that the high coverage recovery of 

genomes achieved here suggests that the individuals studied likely died from acute infections 
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with high levels of bacteremia. The likely high false negative rates of infectious disease 

detection in ancient remains means that it is not possible to link these results with absolute 

rates of disease amongst past populations. Without antibiotic treatment LBRF infections are 

fatal in 10-40% of cases (40); however, it is uncertain to what extent this figure would be 

applicable to ancient cases of the same disease, which differed genetically from modern 

forms and operated in different cultural and environmental contexts.

Aided by our new genomic observations, our work confirms the existence of a closely 

related medieval phylogenetic clade of B. recurrentis that existed from at least 600 

years ago and spanned Britain and the Scandinavian peninsula. In addition, we recover 

previously unknown ~2,000-year-old basal lineages from Iron Age Britain. The phylogenetic 

placements of the Iron Age genomes may suggest that multiple lineages of B. recurrentis 
existed at this time. The clustering of the low-coverage C11907 Canterbury genome with 

this clade, further implies that this lineage persisted in Britain for at least another ~1,400 

years, extending into the medieval period.

Harnessing this temporal structure, we find support for a relatively recent divergence of 

sampled B. recurrentis strains from the closest relative B. duttonii Ly 5,600-4,700 years 

ago. While we caution that a more complete time series could improve these calibrations 

and divergence estimates, the evidence is consistent with a Late Neolithic/Early Bronze 

Age emergence of the agent of LBRF. Given the human host-specificity of P. humanus, it 

is notable that this emergence time coincides with changes in human lifestyles, potentially 

resulting in the human body louse becoming a more favourable vector. Good examples of 

this would be the gradually increasing levels of sedentism and contact with domesticates 

during the ongoing development of agriculture and pastoralism, as well as the emergence of 

densely-occupied settlements in regions of Eastern Europe specifically (41). Our estimated 

divergence also coincides with the development of sheep farming for wool in the Near East, 

Caucasus and/or Pontic-Caspian steppe from c.6000 years ago, which eventually leads to an 

extensive western Eurasian wool trade from at least c.4000 years ago (42–44). Compared to 

plant-based textiles, woollen clothing may have created more favourable living conditions 

for lice, as rougher material is preferred for egg laying (45). It is plausible that additional 

temporal resolution may be available by considering the evolution of the human body louse, 

which is thought to derive from human head lice (46, 47). However, to date the chronology 

of this niche transition is unclear.

To date, no B. recurrentis whole genomes have been identified earlier than our divergence 

estimates. Sikora et al. (32) report 31 observations of B. recurrentis in the ancient skeletal 

record in an unpublished preprint. These findings are based on the assignment of sequencing 

reads from human skeletons, mostly from Eurasia (Figure 2B and Figure S12), all of 

which are lower than 0.17-fold genome coverage. The earliest recovered observation is 

from Denmark dating to ~4,600BP (RISE61; 0.003X) (32, 48). Due to the low coverage of 

these B. recurrentis observations through time, it was not possible to incorporate them into 

our phylogenetic analysis nor inspect gene content. However, further sequencing of these 

or other ancient samples will be important in establishing the spatio-temporal timeline of 

infections, as well as to potentially uncover previously unseen genomic diversity. Similarly, 

contemporary infections are also undersampled, with very limited available genomic data 
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mostly linked to cases in East Africa or associated with migrants on their journey to Europe 

(40). As such, it is challenging to disentangle many of our observations in ancient strains 

from expectations arising from population structure between Africa and Europe. Further data 

from different time periods and geographic regions of the world may result in our temporal 

estimates being amended. This would be required to assess any connection between the 

population structure of the bacteria and the mobility of its human hosts.

Our estimates over the non-recombining proportion of the genome indicate a recent timeline 

over which presently sampled B. recurrentis diverged from its closest sequenced relative, 

B. duttonii Ly. We note, based on Intergenic spacer (IGS) typing, that some have suggested 

that B. recurrentis is a degraded form of B. duttonii and hence the lines between species 

demarcations may well have been blurred in deeper history (49). Aside from undersampling, 

we must also consider the possibility of rate variation in the history of B. recurrentis. While 

a relaxed clock model was less well supported by our Bayesian phylogenetic analyses, 

it is plausible that ecological influences on mutation rate, as observed in other bacterial 

pathogens, may have played a complex role which is difficult to capture using our temporal 

reconstruction approach (50, 51).

Nonetheless, our work indicates the need for the processes shaping B. recurrentis to have 

occurred within only 5,600-4,700 years since its divergence from B. duttonii Ly, with 

genome reduction linked to specialism towards the human body louse vector and potentially 

resulting in enhanced pathogenicity (51). We observe that a fraction of the B. duttonii 
genome was already missing by the time of our oldest sampled B. recurrentis infection 

~2,000 years ago and document a marked reduction in pan-genome size with moderate 

shared gene loss. This evolution, particularly in light of the slow global mutation rate, may 

have been supported by plasticity in the wider accessory genome of Borrelia. Indeed, our 

work highlights that gene acquisition may occur during the process of genome decay, with 

B. recurrentis itself harbouring 165 genes otherwise not seen in the wider relapsing fever 

clade. Similarly, we detect evidence of gene acquisitions in each of the two B. crocidurae 
and B. duttonii genome assemblies that are currently available, with within-species variation 

that is itself likely under-characterised (49). It is also relevant that the species reference 

genomes available are from in vitro cultivated spirochaetes which may be susceptible to 

genomic plasticity, for example plasmid loss in culture has previously been documented in 

related Borrelia burgdorferi (52). As such it becomes challenging to precisely estimate the 

genome size difference between the two species, with further whole genome sequencing 

required to capture within and between species heterogeneity. Nonetheless, aided by the 

high coverage Iron Age and medieval B. recurrentis genomes, we can demonstrate that 

at least some of the decay towards the extant B. recurrentis genome was ongoing over 

these periods. In particular, we document the partial loss of three plasmids (or extensive 

plasmid-borne elements) between B. duttonii and our Iron Age samples and later medieval 

and contemporary B. recurrentis strains; estimating that this event most likely occurred 

between 2,326 and 1,115 years ago.

The extent to which such loss events may still be ongoing is unclear, though it has been 

suggested that disruption in plasmid partitioning genes relative to B. duttonii homologs 

may indicate a degree of an ongoing reductive process (3). Indeed, we note an interesting 
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temporal pattern of major chromosomal and plasmid partitioning genes Soj and ParA, 

best described for their role in Bacillus subtilis and Escherichia coli (53). While it has 

previously been reported that B. recurrentis lacks a chromosomal Soj homologue (3), using 

a pan-genome approach we identify that Soj was retained until at least the Iron Age. 

The homologue was then lost by the earliest of our two medieval observations, where we 

simultaneously reconstruct the gain of ParA, a distant homolog of Soj. Such observations 

highlight the fluidity of the process of genome reduction, with the suggestion of necessary 

acquisition of some functionally relevant genes as a likely outcome of large-scale plasmid 

loss events. Another plausible contributor to the pattern of genome decay is the loss of DNA 

repair mechanisms, with the inactivation of genes such as recA resulting in the bacteria 

becoming dependent on its human/vector hosts (3, 8, 54). Our data suggest that the loss of 

recA as a DNA repair mechanism may also be a reasonably recent event, given that we find 

the recA gene is still likely functional in our Iron Age observation. It is significant to note 

that both smf and mutS, also implicated in DNA repair, are disrupted across our ancient 

samples, supporting the importance of this mechanism in the wider propensity for genome 

loss.

The transition to a host-specialised pathogen from ancestral groups exhibiting a broader 

host-range will also have exerted a selective pressure on the bacteria. Within Borrelia, the 

vmp and vmp-like genes offer an important mechanism to allow persistence and resurgence 

of relapsing fevers, with antigenic variation during infection through a process of silent 

vmp genes being transferred to the expression locus, leading to the generation of new 

surface protein variants (35–37). Our work supports some temporal variability within B. 
recurrentis, particularly in the vmp genes located at the 3’ end of the pl33, pl37 and 

pl53 plasmids, which we observe as absent in medieval samples. The downsizing of the 

vmp repertoire may act to modulate antigenic behaviour, though likely reflects the loss of 

genes during adaptation to a more specialised vector host relationship. It is also plausible 

that the pl33, pl37 and pl53 plasmids are shorter or subject to genomic rearrangements in 

these strains. This observation was also suggested by Guellil and colleagues who detected 

a similar patterning in the only other ancient B. recurrentis full genome published prior 

to this study (18). We also note far richer diversity in vmp profiles in non-recurrentis 
species, indicating that the extent of antigenic plasticity may have been very different prior 

to host specialisation. Though the antigenic variation of the vmp genes is the best-known 

mechanism to evade host immunity, we also note retention of genes involved in C4b-Binding 

and the Factor-H binding proteins in both B. recurrentis and B. duttonii (55).

Together we highlight how ancient microbial DNA can be used to enhance our 

understanding of the age and diversity of significant but understudied pathogens. Our work 

highlights the value of temporal data in pinpointing the timing and patterning of the process 

of host/vector specialisation, supporting a prevailing background of genome reduction, 

notwithstanding more recent key instances of gene gains and losses. While we cannot 

strictly exclude that these ancient bacteria from Britain were tick-borne, genomic features 

such as a similar observed genome evolution seen in present-day louse-borne Borrelia, and 

given the known geographic range of relevant tick species today, certainly makes it most 

parsimonious that they were adapted to be a louse-borne form of relapsing fever. Additional 
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work is required to build a mechanistic understanding of the genomic basis for each vector 

niche.

Material and Methods Summary

Borrelia recurrentis infections were identified in four individuals each from different 

archaeological sites across Britain dating to the Iron Age (Wetwang Slack and Fishmonger’s 

Swallet) and medieval period (Canterbury and Poulton). Approximately 11-35 mg of 

dentine powder from each individual was sampled and underwent single-stranded library 

construction and whole-genome shotgun sequencing. Upon detection of B. recurrentis, via 

kraken2 (56), libraries were further sequenced to ~0.8–8.5 billion read pairs per sample, 

obtaining 0.8–29.4-fold coverage over the B. recurrentis A1 reference genome. Given the 

poor availability and diversity of contemporary genomes, we utilize the diversity from 

closely related species, B. duttonii and B. crocidurae as well as all available B. recurrentis 
isolates in our analyses. Firstly, we reconstructed a core gene alignment to assess the 

extent to which recombination and accessory (plasmid) gene content may influence our 

reconstructed relationships. To do so, we applied the pan-genome analysis tool Panaroo 
(28) and identified a set of core genes shared amongst these contemporary isolates and 

extracted a core gene reference which we aligned our ancient and modern genome to. We 

then reconstructed relatedness using a maximum likelihood approach in IQ-TREE v.1.6.12. 

We pruned the alignment for evidence of recombination using ClonalFrameML (29) and 

assessed the temporal signal of our dataset using BactDating (30). Given strong temporality 

in our dataset, we implemented formal Bayesian tip-dating calibration via BEAST2 (31) 

to provide a probabilistic assessment of the divergence of sampled B. recurrentis from 

the closest sequenced relative B. duttonii Ly and simultaneously estimated the mutation 

rate across the recombination pruned core genome. To reconstruct gene gains and losses 

across the pan-genome, we used a dataset of contemporary isolates to identify 3,035 genes 

across B. recurrentis and closely related species. Simulated aDNA-like modern and ancient 

sequences were mapped back to all identified genes and their normalised coverage was 

assessed. Genes that showed a temporal patterning were further investigated and coupled 

with the time tree from BEAST2, the occurrence of the gain/loss event was temporally 

estimated. Additionally, a standard reference-based mapping approach to both B. recurrentis 
A1 and B. duttonii Ly was used to corroborate these evolutionary events, manually inspect 

SNPs/Indels of interest and assess the vmp carriage across the ancient genomes. Finally, 

to investigate the process of genome reduction, we mapped our simulated aDNA-like 

sequences from modern B. recurrentis genomes, as well as our ancient genomes, to the 

B. duttonii Ly chromosome and plasmids, assessing their coverage. To evaluate to what 

extent unique gains in B. duttonii Ly could inflate the estimates of genome reduction in B. 
recurrentis, we used an ancestral state reconstruction approach to reconstruct the ancestral 

accessory genome for the modern isolates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Swali et al. Page 13

Science. Author manuscript; available in PMC 2025 June 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Acknowledgements

We thank the Genomics Science Technology Platform at the Francis Crick Institute for technical support. We 
are grateful to the University of Bristol Spelaeological Society, the University of Bradford, Hull and East Riding 
Museum and Canterbury Archaeological Trust, Liverpool John Moores University, and the Poulton Archaeological 
Trust for allowing access to collections and facilitating sampling. We would also like to thank Meriam Guellil and 
Marina Escalera Zamudio for help and advice in the analysis.

Funding

This work was supported by grants to L.vD. from UKRI Future Leaders Fellowships (MR/X034828/1) and the 
European Union END-VoC consortium (agreement no. 101046314), and grants to P. Skoglund from the Vallee 
Foundation, the Wellcome Trust (217223/Z/19/Z), the European Molecular Biology Organisation, the European 
Research Council (grant no. 852558), and Francis Crick Institute core funding (FC001595) from Cancer Research 
UK, the UK Medical Research Council, and the Wellcome Trust. P. Swali was supported by the Francis Crick 
Institute core funding (FC001595 to P. S.) and UKRI Future Leaders Fellowship grant (MR/X034828/1 to L.vD.). 
This research received funding from the European Research Council (ERC) under the European Union’s Horizon 
2020 research and innovation programme (grant agreement No. 834087; the COMMIOS Project to I.A.) L.S. was 
supported by a Sir Henry Wellcome Fellowship (220457/Z/20/Z).

Data and materials availability

All sequence data is available in the European Nucleotide Archive with accession number 

PRJEB82956.

References

1. Andersson JO, Andersson SG. Genome degradation is an ongoing process in Rickettsia. Mol Biol 
Evol. 1999; 16: 1178–1191. [PubMed: 10486973] 

2. Alsmark CM, Frank AC, Karlberg EO, Legault BA, Ardell DH, Canbäck B, Eriksson AS, Näslund 
AK, Handley SA, Huvet M, La Scola B, et al. The louse-borne human pathogen Bartonella quintana 
is a genomic derivative of the zoonotic agent Bartonella henselae. Proc Natl Acad Sci USA. 2004; 
101: 9716–9721. DOI: 10.1073/pnas.0305659101 [PubMed: 15210978] 

3. Lescot M, Audic S, Robert C, Nguyen TT, Blanc G, Cutler SJ, Wincker P, Couloux A, Claverie 
JM, Raoult D, Drancourt M. The genome of Borrelia recurrentis, the agent of deadly louse-borne 
relapsing fever, is a degraded subset of tick-borne Borrelia duttonii. PLoS Genet. 2008; 4 e1000185 
doi: 10.1371/journal.pgen.1000185 [PubMed: 18787695] 

4. Talagrand-Reboul E, Boyer PH, Bergström S, Vial L, Boulanger N. Relapsing Fevers: Neglected 
Tick-Borne Diseases. Front Cell Infect Microbiol. 2018; 8: 98. doi: 10.3389/fcimb.2018.00098 
[PubMed: 29670860] 

5. ECDC, European Centre for Disease Prevention and Control. 2017. https://www.ecdc.europa.eu/en/
louse-borne-relapsing-fever/facts 

6. Raoult D, Roux V. The body louse as a vector of reemerging human diseases. Clin Infect Dis. 1999; 
29: 888–911. [PubMed: 10589908] 

7. Houhamdi L, Raoult D. Excretion of living Borrelia recurrentis in feces of infected human body 
lice. J Infect Dis. 2005; 191: 1898–1906. [PubMed: 15871124] 

8. Marosevic D, Margos G, Wallich R, Wieser A, Sing A, Fingerle V. First insights in the 
variability of Borrelia recurrentis genomes. PLoS Negl Trop Dis. 2017; 11 e0005865 doi: 10.1371/
journal.pntd.0005865 [PubMed: 28902847] 

9. Rutty, J. A Chronological History of the Weather and Seasons, and of the Prevailing Diseases in 
Dublin: With the Various Periods, Successions, and Revolutions, During the Space of Forty Years : 
With a Comparative View of the Difference of the Irish Climate and Diseases, and Those of England 
and Other Countries. Robinson and Roberts; 1770.

10. Trevisan G, Cinco M, Trevisini S, di Meo N, Ruscio M, Forgione P, Bonin S. Borreliae Part 
2: Borrelia Relapsing Fever Group and Unclassified Borrelia. Biology. 2021; 10 doi: 10.3390/
biology10111117 [PubMed: 34827110] 

Swali et al. Page 14

Science. Author manuscript; available in PMC 2025 June 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

https://www.ecdc.europa.eu/en/louse-borne-relapsing-fever/facts
https://www.ecdc.europa.eu/en/louse-borne-relapsing-fever/facts


11. Shaw MB. A Short History of the Sweating Sickness. Ann Med Hist. 1933; 5: 246–274. [PubMed: 
33944243] 

12. Heyman P, Simons L, Cochez C. Were the English sweating sickness and the Picardy sweat caused 
by hantaviruses?. Viruses. 2014; 6: 151–171. DOI: 10.3390/v6010151 [PubMed: 24402305] 

13. Warrell DA. Louse-borne relapsing fever (Borrelia recurrentis infection). Epidemiol Infect. 2019; 
147: e106. doi: 10.1017/S0950268819000116 [PubMed: 30869050] 

14. Yimer M, Abera B, Mulu W, Bezabih B, Mohammed J. Prevalence and risk factors of louse-borne 
relapsing fever in high risk populations in Bahir Dar city Northwest, Ethiopia. BMC Res Notes. 
2014; 7: 615. doi: 10.1186/1756-0500-7-615 [PubMed: 25196787] 

15. Cutler SJ. Possibilities for relapsing fever reemergence. Emerg Infect Dis. 2006; 12: 369–374. 
DOI: 10.3201/eid1203.050899 [PubMed: 16704771] 

16. Pavia, CS. Methods in Microbiology. Pavia, CS, Gurtler, V, editors. Vol. 47: Academic Press; 2020. 
41–74. 

17. Cutler SJ. Relapsing Fever Borreliae: A Global Review. Clin Lab Med. 2015; 35: 847–865. 
[PubMed: 26593261] 

18. Guellil M, Kersten O, Namouchi A, Bauer EL, Derrick M, Jensen AØ, Stenseth NC, Bramanti B. 
Genomic blueprint of a relapsing fever pathogen in 15th century Scandinavia. Proc Natl Acad Sci 
USA. 2018; 115: 10422–10427. DOI: 10.1073/pnas.1807266115 [PubMed: 30249639] 

19. Meyer M, Kircher M, Gansauge M-T, Li H, Racimo F, Mallick S, Schraiber JG, Jay F, Prüfer K, 
de Filippo C, Sudmant PH, et al. A High-Coverage Genome Sequence from an Archaic Denisovan 
Individual. Science. 2012; 338: 222–226. DOI: 10.1126/science.1224344 [PubMed: 22936568] 

20. Jay M, Haselgrove C, Hamilton D, Hill JD, Dent J. Chariots and context: New radiocarbon dates 
from wetwang and the chronology of iron age burials and brooches in east Yorkshire. Oxf J 
Archaeol. 2012; 31: 161–189. 

21. Bricking A, Hayes A, Madgwick R. An interim report on histological analysis of human 
bones from Fishmonger’s Swallet, Gloucestershire. Proceedings of the University of Bristol 
Speleological Society. 2022; 29: 67–86. 

22. Hicks, H. New Series Vol VII. Medieval Town and Augustinian Friary: Settlement c 1325-1700. 
Canterbury Whitefriars Excavations. Oxbow Books; Canterbury: 1999.

23. Materials and methods are available as supplementary materials. 

24. Cootes K, Axworthy J, Borrini M, Carlin R, Irish J, Jordan D, King M, Russ H, Swallow R, 
Thomas M, Valoriani S, et al. Poulton, Cheshire: The investigation of a rural chapel in an evolving 
medieval landscape. Church Archaeology. 2023; 23: 43–53. 

25. Brotherton P, Endicott P, Sanchez JJ, Beaumont M, Barnett R, Austin J, Cooper A. Novel high-
resolution characterization of ancient DNA reveals C > U-type base modification events as the 
sole cause of post mortem miscoding lesions. Nucleic Acids Res. 2007; gkm588 doi: 10.1093/nar/
gkm588 [PubMed: 17715147] 

26. Briggs AW, Stenzel U, Johnson PLF, Green RE, Kelso J, Prüfer K, Meyer M, Krause J, Ronan 
MT, Lachmann M, Pääbo S. Patterns of damage in genomic DNA sequences from a Neandertal. 
Proceedings of the National Academy of Sciences. 2007; 104: 14616–14621. DOI: 10.1073/
pnas.0704665104 [PubMed: 17715061] 

27. Key FM, Posth C, Krause J, Herbig A, Bos KI. Mining Metagenomic Data Sets for Ancient 
DNA: Recommended Protocols for Authentication. Trends Genet. 2017; 33: 508–520. [PubMed: 
28688671] 

28. Tonkin-Hill G, MacAlasdair N, Ruis C, Weimann A, Horesh G, Lees JA, Gladstone RA, Lo 
S, Beaudoin C, Floto RA, Frost SDW, et al. Producing polished prokaryotic pangenomes with 
the Panaroo pipeline. Genome Biol. 2020; 21: 180. doi: 10.1186/s13059-020-02090-4 [PubMed: 
32698896] 

29. Didelot X, Wilson DJ. ClonalFrameML: efficient inference of recombination in whole bacterial 
genomes. PLoS Comput Biol. 2015; 11 e1004041 doi: 10.1371/journal.pcbi.1004041 [PubMed: 
25675341] 

30. Didelot X, Croucher NJ, Bentley SD, Harris SR, Wilson DJ. Bayesian inference of ancestral 
dates on bacterial phylogenetic trees. Nucleic Acids Res. 2018; 46: e134. doi: 10.1093/nar/gky783 
[PubMed: 30184106] 

Swali et al. Page 15

Science. Author manuscript; available in PMC 2025 June 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



31. Bouckaert R, Vaughan TG, Barido-Sottani J, Duchêne S, Fourment M, Gavryushkina A, Heled 
J, Jones G, Kühnert D, De Maio N, Matschiner M, et al. BEAST 2.5: An advanced software 
platform for Bayesian evolutionary analysis. PLoS Comput Biol. 2019; 15 e1006650 doi: 10.1371/
journal.pcbi.1006650 [PubMed: 30958812] 

32. Sikora M, Canteri E, Fernandez-Guerra A, Oskolkov N, Ågren R, Hansson L, Irving-Pease EK, 
Mühlemann B, Nielsen SH, Scorrano G, Allentoft ME, et al. The landscape of ancient human 
pathogens in Eurasia from the Stone Age to historical times. bioRxiv. 2023. 2023.10.06.561165 

33. Takahashi Y, Cutler SJ, Fukunaga M. Size conversion of a linear plasmid in the relapsing fever 
agent Borrelia duttonii. Microbiol Immunol. 2000; 44: 1071–1074. [PubMed: 11220682] 

34. Murray H, Errington J. Dynamic control of the DNA replication initiation protein DnaA by Soj/
ParA. Cell. 2008; 135: 74–84. [PubMed: 18854156] 

35. Vink C, Rudenko G, Seifert HS. Microbial antigenic variation mediated by 
homologous DNA recombination. FEMS Microbiol Rev. 2012; 36: 917–948. DOI: 10.1111/
j.1574-6976.2011.00321.x [PubMed: 22212019] 

36. Röttgerding F, Kraiczy P. Immune Evasion Strategies of Relapsing Fever Spirochetes. Front 
Immunol. 2020; 11: 1560. doi: 10.3389/fimmu.2020.01560 [PubMed: 32793216] 

37. Gilmore RD, Armstrong BA, Brandt KS, Van Gundy TJ, Hojgaard A, Lopez JE, Kneubehl AR. 
Analysis of variable major protein antigenic variation in the relapsing fever spirochete, Borrelia 
miyamotoi, in response to polyclonal antibody selection pressure. PLoS One. 2023; 18 e0281942 
doi: 10.1371/journal.pone.0281942 [PubMed: 36827340] 

38. Fischer JR, LeBlanc KT, Leong JM. Fibronectin binding protein BBK32 of the Lyme disease 
spirochete promotes bacterial attachment to glycosaminoglycans. Infect Immun. 2006; 74: 435–
441. DOI: 10.1128/IAI.74.1.435-441.2006 [PubMed: 16368999] 

39. Wang XG, Kidder JM, Scagliotti JP, Klempner MS, Noring R, Hu LT. Analysis of differences in 
the functional properties of the substrate binding proteins of the Borrelia burgdorferi oligopeptide 
permease (Opp) operon. J Bacteriol. 2004; 186: 51–60. DOI: 10.1128/JB.186.1.51-60.2004 
[PubMed: 14679224] 

40. ECDC. Rapid Risk Assessment: Louse-borne relapsing fever in the EU, 19 November 2015. 2015. 

41. Rascovan N, Sjögren KG, Kristiansen K, Nielsen R, Willerslev E, Desnues C, Rasmussen S. 
Emergence and Spread of Basal Lineages of Yersinia pestis during the Neolithic Decline. Cell. 
2019; 176: 295–305. e10 [PubMed: 30528431] 

42. Kristiansen, K, Sørensen, MLS. The Textile Revolution in Bronze Age Europe. Cambridge 
University Press; 2019. 317–332. 

43. Viñas-Caron LC, Nørtoft M, Flemestad P, Holm Jæger J, Margariti C. From Fleece to Thread. 
Interdisciplinary Evidence for the Origins of Sheep Wool. The Common Thread: Collected Essays 
in Honour of Eva Andersson Strand. 2024; 33–60. 

44. Frei KM, Mannering U, Kristiansen K, Allentoft ME, Wilson AS, Skals I, Tridico S, Nosch ML, 
Willerslev E, Clarke L, Frei R. Tracing the dynamic life story of a Bronze Age Female. Sci Rep. 
2015; 5 10431 doi: 10.1038/srep10431 [PubMed: 25994525] 

45. Buxton PA. The control of lice. Br Med J. 1940; 2: 603–604. DOI: 10.1136/bmj.2.4165.603 
[PubMed: 20783377] 

46. Li W, Ortiz G, Fournier P-E, Gimenez G, Reed DL, Pittendrigh B, Raoult D. Genotyping of human 
lice suggests multiple emergencies of body lice from local head louse populations. PLoS Negl 
Trop Dis. 2010; 4: e641. doi: 10.1371/journal.pntd.0000641 [PubMed: 20351779] 

47. Amanzougaghene N, Fenollar F, Raoult D, Mediannikov O. Where are we with human lice? A 
review of the current state of knowledge. Front Cell Infect Microbiol. 2019; 9: 474. doi: 10.3389/
fcimb.2019.00474 [PubMed: 32039050] 

48. Allentoft ME, Sikora M, Sjögren KG, Rasmussen S, Rasmussen M, Stenderup J, Damgaard PB, 
Schroeder H, Ahlström T, Vinner L, Malaspinas AS, et al. Population genomics of Bronze Age 
Eurasia. Nature. 2015; 522: 167–172. [PubMed: 26062507] 

49. Cutler SJ, Bonilla EM, Singh RJ. Population structure of East African relapsing fever Borrelia spp. 
Emerg Infect Dis. 2010; 16: 1076–1080. DOI: 10.3201/eid1607.091085 [PubMed: 20587177] 

50. Matic I. Mutation Rate Heterogeneity Increases Odds of Survival in Unpredictable Environments. 
Mol Cell. 2019; 75: 421–425. [PubMed: 31398322] 

Swali et al. Page 16

Science. Author manuscript; available in PMC 2025 June 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



51. Murray GGR, Balmer AJ, Herbert J, Hadjirin NF, Kemp CL, Matuszewska M, Bruchmann S, 
Hossain ASMM, Gottschalk M, Tucker AW, Miller E, et al. Mutation rate dynamics reflect 
ecological change in an emerging zoonotic pathogen. PLoS Genet. 2021; 17 e1009864 doi: 
10.1371/journal.pgen.1009864 [PubMed: 34748531] 

52. Grimm D, Elias AF, Tilly K, Rosa PA. Plasmid stability during in vitro propagation of Borrelia 
burgdorferi assessed at a clonal level. Infect Immun. 2003; 71: 3138–3145. DOI: 10.1128/
IAI.71.6.3138-3145.2003 [PubMed: 12761092] 

53. Zückert WR, Meyer J. Circular and linear plasmids of Lyme disease spirochetes have extensive 
homology: characterization of a repeated DNA element. J Bacteriol. 1996; 178: 2287–2298. DOI: 
10.1128/jb.178.8.2287-2298.1996 [PubMed: 8636030] 

54. Cutler SJ, Rinky IJ, Bonilla EM. Does RecA have a role in Borrelia recurrentis?. Clin Microbiol 
Infect. 2011; 17: 195–197. [PubMed: 20456459] 

55. Meri T, Cutler SJ, Blom AM, Meri S, Jokiranta TS. Relapsing fever spirochetes Borrelia 
recurrentis and B. duttonii acquire complement regulators C4b-binding protein and factor H. Infect 
Immun. 2006; 74: 4157–4163. DOI: 10.1128/IAI.00007-06 [PubMed: 16790790] 

56. Wood DE, Lu J, Langmead B. Improved metagenomic analysis with Kraken 2. Genome Biol. 
2019; 20: 257. doi: 10.1186/s13059-019-1891-0 [PubMed: 31779668] 

57. Armit I. The Wetwang/Garton Slack Project (WGSP). Archaeology Data Service. 2015; doi: 
10.5284/1030285 

58. Dent, JS. The Iron Age in East Yorkshire. BAR Publishing; Oxford, England: 2019. (British 
Archaeological Reports British Series).

59. Hardwick D. Fishmonger’s Swallet, near Alveston, Gloucestershire: Description and history. 
Proceedings of the University of Bristol Spelaeological Society. 2022; 29: 7–18. 

60. Horton M. Archaeology and Television at Fishmonger’s Swallet. Proceedings of the University of 
Bristol Spelaeological Society. 2022; 29: 23–28. 

61. Cox M, Loe L. The human skeletal remains from Fishmonger’s Swallet, Alveston, Gloucestershire: 
Evidence for anthropogenic modification. Proceedings of the University of Bristol Spelaeological 
Society. 2022; 29: 33–66. 

62. Bricking A, Peto J, Horton M, Mullan G. Fishmonger’s Swallet, Alveston, Gloucestershire, 
radiocarbon dating. Proceedings of the University of Bristol Spelaeological Society. 2022; 29: 
29–32. 

63. Hicks, A. Archaeology of Canterbury. Canterbury Archaeological Trust; Canterbury, England: 
2015.

64. Emery, MM, Gibbins, DJL, Matthews, KJ. The Archaeology of an Ecclesiastical Landscape: 
Chapel House Farm, Poulton (Cheshire) 1995. Chester City Council, Department of Development 
and Leisure Services; 1996.

65. Dabney J, Knapp M, Glocke I, Gansauge MT, Weihmann A, Nickel B, Valdiosera C, García 
N, Pääbo S, Arsuaga JL, Meyer M. Complete mitochondrial genome sequence of a Middle 
Pleistocene cave bear reconstructed from ultrashort DNA fragments. Proc Natl Acad Sci USA. 
2013; 110: 15758–15763. DOI: 10.1073/pnas.1314445110 [PubMed: 24019490] 

66. Rohland N, Glocke I, Aximu-Petri A, Meyer M. Extraction of highly degraded DNA from ancient 
bones, teeth and sediments for high-throughput sequencing. Nat Protoc. 2018; 13: 2447–2461. 
[PubMed: 30323185] 

67. Gansauge MT, Aximu-Petri A, Nagel S, Meyer M. Manual and automated preparation of single-
stranded DNA libraries for the sequencing of DNA from ancient biological remains and other 
sources of highly degraded DNA. Nat Protoc. 2020; 15: 2279–2300. [PubMed: 32612278] 

68. Kircher M, Sawyer S, Meyer M. Double indexing overcomes inaccuracies in multiplex sequencing 
on the Illumina platform. Nucleic Acids Res. 2011; gkr771 doi: 10.1093/nar/gkr771 [PubMed: 
22021376] 

69. Fellows Yates JA, Lamnidis TC, Borry M, Andrades Valtueña A, Fagernäs Z, Clayton S, Garcia 
MU, Neukamm J, Peltzer A. Reproducible, portable, and efficient ancient genome reconstruction 
with nf-core/eager. PeerJ. 2021; 9 e10947 doi: 10.7717/peerj.10947 [PubMed: 33777521] 

Swali et al. Page 17

Science. Author manuscript; available in PMC 2025 June 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



70. Schubert M, Lindgreen S, Orlando L. AdapterRemoval v2: rapid adapter trimming, identification, 
and read merging. BMC Res Notes. 2016; 9: 88. doi: 10.1186/s13104-016-1900-2 [PubMed: 
26868221] 

71. Li H, Durbin R. Fast and accurate short read alignment with Burrows–Wheeler transform. 
Bioinformatics. 2009; 25: 1754–1760. DOI: 10.1093/bioinformatics/btp324 [PubMed: 19451168] 

72. Poullet M, Orlando L. Assessing DNA Sequence Alignment Methods for Characterizing Ancient 
Genomes and Methylomes. Frontiers in Ecology and Evolution. 2020; 8: 105. 

73. Neukamm J, Peltzer A, Nieselt K. DamageProfiler: Fast damage pattern calculation for ancient 
DNA. Bioinformatics. 2021. [PubMed: 33890614] 

74. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R. 
The sequence alignment/map format and SAMtools. Bioinformatics. 2009; 25: 2078–2079. DOI: 
10.1093/bioinformatics/btp352 [PubMed: 19505943] 

75. Shen W, Le S, Li Y, Hu F. SeqKit: A cross-platform and ultrafast toolkit for FASTA/Q 
file manipulation. PLoS One. 2016; 11 e0163962 doi: 10.1371/journal.pone.0163962 [PubMed: 
27706213] 

76. Li, H. Htsbox. Github; https://github.com/lh3/htsbox 

77. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. ModelFinder: fast model 
selection for accurate phylogenetic estimates. Nat Methods. 2017; 14: 587–589. DOI: 10.1038/
nmeth.4285 [PubMed: 28481363] 

78. Rambaut A. FigTree v1.3.1: Tree Figure Drawing Tool. 2009. Accessed November 2, 2011 
(Available from Http://tree.bio.ed.ac.uk/software/figtree/)

79. Bouckaert RR, Drummond AJ. bModelTest: Bayesian phylogenetic site model averaging and 
model comparison. BMC Evol Biol. 2017; 17 doi: 10.1186/s12862-017-0890-6 [PubMed: 
28166715] 

80. Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, Keane JA, Harris SR. SNP-sites: rapid 
efficient extraction of SNPs from multi-FASTA alignments. Microb Genom. 2016; 2 e000056 doi: 
10.1099/mgen.0.000056 [PubMed: 28348851] 

81. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014; 30: 2068–2069. 
[PubMed: 24642063] 

82. Paradis E, Schliep K. ape 5.0: an environment for modern phylogenetics and evolutionary analyses 
in R. Bioinformatics. 2019; 35: 526–528. [PubMed: 30016406] 

83. Jones P, Binns D, Chang H-Y, Fraser M, Li W, McAnulla C, McWilliam H, Maslen J, Mitchell 
A, Nuka G, Pesseat S, et al. InterProScan 5: genome-scale protein function classification. 
Bioinformatics. 2014; 30: 1236–1240. DOI: 10.1093/bioinformatics/btu031 [PubMed: 24451626] 

84. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. 
Nucleic Acids Res. 2004; 32: 1792–1797. DOI: 10.1093/nar/gkh340 [PubMed: 15034147] 

85. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. 
Bioinformatics. 2010; 26: 841–842. DOI: 10.1093/bioinformatics/btq033 [PubMed: 20110278] 

Swali et al. Page 18

Science. Author manuscript; available in PMC 2025 June 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

https://github.com/lh3/htsbox
Http://tree.bio.ed.ac.uk/software/figtree/|


Figure 1. Overview of ancient genomes.
A. Geographic location of the four ancient B. recurrentis genomes sequenced in this study 

together with OSL9 previously published by Guellil and colleagues(18). B. Circos plot with 

the coverage of ancient genomes across the B. recurrentis chromosome and plasmids when 

aligned to the B. recurrentis A1 reference genome (GCF_000019705.1). A window size of 

100bp for the chromosome and 10bp for the plasmids was used to provide the normalised 

coverage per window plotted. To allow for visualisation, the coverage for each genome 

was scaled by the maximum coverage per genome (C10416 Wetwang Slack, 70; C13361 

Fishmonger’s, 20; C11907 Canterbury, 10; C10976 Poulton, 170; OSL9, 40).
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Figure 2. Temporal evolution of Borrelia recurrentis.
A. Bayesian tip-calibrated maximum clade credibility time tree from Beast2, providing 

the best supported model following path-sampling. The 95% highest posterior density 

is indicated with purple boxes and within brackets. The placement of Fishmonger’s is 

indicative following a relaxed tip-calibration analysis. Ancient samples are highlighted by 

coloured tips. Key gene acquisition and loss events described in the text are highlighted 

at the relevant phylogenetic nodes. B. Timeline providing the estimated age and X-fold 
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coverage (on a log10-scale) of B. recurrentis observations recovered from ancient DNA in 

this and other studies.
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Figure 3. Gene losses/gains across variable major proteins (vmp), B. duttonii Ly and B. 
recurrentis A1 plasmids.
Ancient and modern genomes were aligned to single reference B. recurrentis (green) or 

B. duttonii (orange) (23). Regions of interest highlighted in the text are outlined with a 

black box. Cladogram provides the relationship between different genomes based on a 

SNP phylogeny. A) Normalised breadth of coverage across the variable major proteins 

on the B. recurrentis A1 chromosome and plasmids (pl) (Table S8), using BEDTools 
v2.29.2. Coordinates of the vmp genes and whether they are classified as genes (yellow) 
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or pseudogenes (purple) were provided in Guellil et al. (18) using previously annotated 

genomes from the NCBI database. B) Breadth of coverage for B. duttonii Ly plasmids using 

SAMTools v1.3.1 with a mapping quality of Q1. C) Breadth of coverage for B. recurrentis 
A1 plasmids using SAMTools v1.3.1 with a mapping quality of Q1.
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Table 1 Sequencing metrics for the four individuals recovered in this study when mapped to the B. 
recurrentis A1 reference genome (chromosome and plasmids) requiring a mapping quality of MQ1.

Individual

C10416
Wetwang
Slack
(Burial 240)

C10976
Poulton (Sk
435)

C13361
Fishmonger ’s
(G10-1.4)

C11907
Canterbury
(CW29)

Archaeological dates (years ago)
2,250-2,050 
(context)

733-633
(C14 dating)

2,185-2033
(C14 dating)

736-563
(C14 dating)

Total sequences generated after adapter merging
8,453,668,8
64 841,565,272

2,615,551,7
50

2,040,000,5
13

Sequences aligned to B. recurrentis A1 (Chromosome and 
accessory genome) 526,415 888,736 139,860 164,451

Sequences aligned after duplicate removal 264,871 715,574 82,053 18,372

Clonality (%) 49.7 19.5 41.3 88.8

Proportion B. recurrentis (%) 0.0062 0.1056 0.0053 0.0081

X-fold coverage when aligned to B. recurrentis A1 chromosome 
and plasmids (overall Q1) [all] 10.2 28.6 3.1 0.7

Breadth of coverage >1x (%) [all] 95.6 98.7 85.2 37.1

Breadth of coverage >2x (%) [all] 93.1 98.6 65.9 13.0

Breadth of coverage >3x (%) [all] 89.3 98.4 44.5 4.6

Chromosome (NC_011244.1)

X-fold coverage 11.2 29.4 3.5 0.8

Breadth of coverage >1x (%) 99.6 100.0 90.4 40.3

Plasmid pl6 (NC_011263.1)

X-fold coverage 18.8 57.4 6.5 2.1

Breadth of coverage >1x (%) 85.9 86.1 85.4 65.0

Plasmid pl23 (NC_011252.1)

X-fold coverage 13.7 48.2 4.2 1.0

Breadth of coverage >1x (%) 90.6 99.7 87.6 52.7

Plasmid pl33 (NC_011253.1)

X-fold coverage 6.6 16.5 1.7 0.6

Breadth of coverage >1x (%) 95.1 94.4 69.3 31.9

Plasmid pl35 (NC_011255.1)

X-fold coverage 13.1 40.9 3.7 1.1

Breadth of coverage >1x (%) 96.9 100.0 92.5 55.2

Plasmid pl37 (NC_011258.1)

X-fold coverage 3.1 14.8 0.7 0.2

Breadth of coverage >1x (%) 61.1 80.4 34.8 14.7

Plasmid pl53 (NC_011260.1)

X-fold coverage 2.9 22.5 0.9 0.2

Breadth of coverage >1x (%) 45.3 86.1 34.1 9.0

Plasmid pl124 (NC_011246.1)

X-fold coverage 6.5 23.4 2.0 0.3

Breadth of coverage >1x (%) 98.0 100.0 82.9 22.8

To Core Genome Alignment X-fold coverage 9.4 27.4 2.6 0.5

Breadth of coverage >1x (% 96.9 98.0 87.2 36.7
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