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Abstract

This dissertation discusses molecular analyses of dental and skeletal material from
victims of the Black Death with the goal of both identifying and describing the
evolutionary history of the causative agent of the pandemic. Through this work,
Yersinia pestis DNA was successfully identified in skeletal material from a welldocumented Black Death burial ground, the East Smithfield cemetery of London,
England (1348 -1350). The thesis presents two major methodological advancements in
the field of ancient pathogen research: 1) it describes a protocol to confirm the
authenticity of ancient pathogen DNA, thus circumventing tenuous issues relating to
modern contaminants, and 2) it demonstrates the applicability of DNA capture methods
to isolate ancient pathogen DNA from its complex metagenomic background common
to ancient DNA extracts. The dissertation is comprised of three publications. The first,
submitted to the journal BMC Systems Biology, describes a computational software
program for oligo design that has applications to PCR, and capture techniques such as
primer extension capture (PEC) and array-based capture. The second manuscript,
published in the Proceedings of the National Academy of Sciences, presents a novel
capture technique for retrieval of the pestis-specific pPCP (9.6kb) plasmid which can be
used as a simple screening tool for the presence of Y. pestis DNA in ancient remains, and
describes a method for authenticating ancient pathogen DNA. The third paper,
published in the journal Nature, presents a draft genome of Yersinia pestis isolated from
the individuals of the East Smithfield collection, thus presenting the first ancient
pathogen genome in published literature. Evolutionary changes as they relate to
phylogenetic placement and the evolution of virulence are discussed within an
anthropological framework.
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CHAPTER 1: INTRODUCTION
The last several decades have introduced human populations to an historically
unprecedented number of emerging or re-emerging infectious diseases, mostly
facilitated by anthropogenic factors such as globalization in terms of trade and human
travel, changes in local ecology, and antibiotic resistance (Barrett et al, 1998). The
effectiveness of preventative strategies and treatments will depend on our accurate
understanding of the various factors involved in disease emergence (McDonald et al,
1989; Relman, 2011). The process of disease emergence, however, is complicated by
the complex interplay of the environment, vector dynamics, genetic changes, and
overall host susceptibility that will exert influence on pathogen transmission and
disease severity. With regard to microbial evolution, pathogens have much shorter
generational times than their hosts, and their enhanced ability to share genetic material
with their microbial neighbours makes them well-equipped to accumulate genetic
changes that may confer advantages in terms of transmissibility and evasion of host
defences. Genetic changes tend to accumulate faster in virulence regions (McDonald et
al, 1989), and the litany of examples demonstrating mutation as enhancing pathogen
infiltrations in plant host models suggests that the influence of pathogen evolution may
be an important driving force in emerging infections (Joosten et al, 1994; reviewed in
Woolhouse et al, 2002), and thus should be investigated to further our conception of
virulence and host adaptation. The paucity of similar examples in a mammalian model,
1
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however, implies a more complicated relationship between animals and communicable
diseases.
To better understand factors involved in disease transmission and severity in
humans, statistics on health status derived from archaeological populations may be a
valuable resource for students of host-pathogen coevolution.

Our current

epidemiological transition parallels the experience of early sedentary communities,
where the change from nomadic to urban lifestyles opened new ecological niches for
infectious diseases to occupy. As such, analyses of infectious diseases in archaeological
populations can be of great value to elucidate the dynamics of host-pathogen
relationships in our new era of emerging infections. Several examples exist in the
historical literature of diseases that, upon first introduction to new populations, brought
cataclysmic mortality (Baum and Bar-Gal, 2003). Exposure to novel infectious diseases
as a result of contact between European and New World populations are thought to
have contributed to increased severity of disease on both sides as naive populations
met with new communicable diseases from their purportedly better adapted hosts. The
initial recorded severity of treponemal infections in 15th century Europe is potentially
ascribed to novel exposures from reservoirs in New World populations (discussed in
Sherman, 2006), though this pales in comparison to the devastating impact that the
wide variety of Old World diseases had on American Aboriginal populations post contact
(Dobyns, 1993; Black , 1992).

2
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The Black Death of the mid-14th century provides a seminal example of an
emerging disease, bringing about high mortality that later declined in successive waves
of infection over the following four centuries in outbreaks that are presumed to have
resulted from the same agent. The reasons for initial severity, subsequent decline in
disease prevalence, and epidemiological changes in terms of the age structure of
susceptible individuals (Cohn, 2002) are at present elusive, since the relative influences
of environment, biology, and social factors on transmission of infectious agents and
host susceptibility to microbial insults are difficult to evaluate in past populations.
The field of palaeopathology has matured in recent years through the
publication of several texts that carefully document and characterise skeletal lesions
associated with specific diseases in an attempt to make possible inferences of health
status from gross morphology of skeletal remains (Aufderhide and Rodriguez-Martin,
1998; Ortner, 2003).

However, even with the impressive literature and the

recommendation of standard methods for lesion characterisation (Buikstra and Cook,
1980; Buikstra and Ubelaker, 1994), experts in the field continue to acknowledge the
limitations of skeletal assessments and the elusive nature of a true differential diagnosis
from gross analysis of archaeological material (Lovell, 2000). Understanding population
health is significantly hindered by the fact that not all infectious diseases or other
consequences of poor health leave traces on the skeleton. This “osteological paradox”,
where morphologically normal skeletons may in fact represent the weaker members of
a population (Wood et al, 1992), highlights a significant limitation inherent in
3
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morphological assessments of skeletal remains and their suitability for assessing
population-level health status in the past.
With the acknowledgement of these limitations, ancient DNA is an attractive
tool for anthropologists to extract additional information regarding the health status of
past human populations, especially with reference to infectious disease insults. The
presence of ancient pathogen DNA in archaeological remains has been used for
differential diagnosis (Mays and Taylor, 2002), for identification of infections that leave
no gross skeletal indicators (Drancourt et al, 1998), and to understand the evolutionary
history of some of our most notorious human parasites (Taubenberger et al, 2004).
Despite these advances, however, accusations of contamination from modern sources
(Prentice et al, 2004) and inabilities to replicate results independently in other
laboratories (Gilbert et al, 2004; Barnes and Thomas, 2006) have done much to discredit
the approach.
Broadly, the goals of the current work were to establish robust methodological
and analytical procedures to isolate and characterise ancient microbial DNA from
archaeological remains with adherence to the strictest current requirements for ancient
DNA authentication (Pääbo et al, 2004). With such standards in place, we will be
equipped to begin discussions regarding the relationship between bacterial genetics and
population-level disease manifestation, thus establishing the possible contributions of
pathogen evolution on the emergence of specific diseases. The Black Death of 1347 –

4
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1351 was chosen as my model infection owing to the availability of well-documented
skeletal material from the pandemic, the demonstration of putative ancient Y. pestis
DNA in skeletal samples (Raoult et al, 2000), and pronounced differences in mortality
profiles between the Black Death, subsequent resurgences of disease through the
Renaissance (Cohn, 2002), and modern Y. pestis insults.

1.1 History of the Black Death
The Black Death is a colloquial term used to describe a massive pandemic in the mid
14th century. Medieval European chroniclers were convinced that the disease came to
them from the East, though few reliable documents remain to describe the disease’s
presence east of modern Ukraine, hence preventing knowledge of its original source
and the associated human losses prior to its entry into Europe. In his thorough analysis
of original documents, Gottfried (1983) surmised that the disease first affected human
populations somewhere in the environs of the Gobi Desert in the late 1320s. The
disease then followed humans westward along established land-based trade routes,
with efficient dissemination offered by nomadic Mongol groups who traveled on
horseback (McNeill, 1976). This terrestrial path ultimately ended in Caffa (modern
Ukraine), where Genoese merchants contracted the disease and brought it with them
via sea voyage to their native Italy. Based on the writings of several chroniclers, the
plague first entered Messina, Sicily in October 1347. The most widely-cited account of
5
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the pestilence’s introduction to Europe comes from the writings of the Piacenzan
chronicler Gabriele de Mussis in his work Historia de Morbo (see Horrox, 1994 for a
modern translation of the original). Mussis recounts the tale of Genoese traders in
Caffa immersed in a battle against the local Muslim and Tartar populations, and just
when it appeared the battle had been lost by the Genoese, the Tartar army retreated,
overcome by a horrible illness. As a parting gift, however, the Tartars catapulted
corpses over the city walls, and according to the Italians, it was this act that acquainted
them all too closely with the pestilence. This weaponisation of the Black Death as an
implement of medieval bioterrorism has done much to fuel its perception as a symbol of
fear for unknown and uncontrollable disease in modern popular culture (Stenseth et al,
2008). When the Genoese retreated and sailed back to Italy, most occupants of the
vessel had purportedly perished en route, and the remainder docked in Italian ports “as
if they had brought evil spirits with them” (Horrox 1994, page 19). It should be noted,
however, that Mussis was not present in Messina to greet the arriving Genoese
merchants; rather, he received these stories second hand from travelers and returning
sailors, hence suggesting that his account may equally represent the traveling of
rumours as much as the disease itself (Horrox, 1994; Carmichael, 2008). Moreover,
Mussis’ accusation of a non-Christian Mongol population as the source of the disease
would have been favourably accepted by European populations at the time, so
widespread social prejudice may have influenced the faithfulness of actual historical
events.
6
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Whatever the context of its entry into Western Europe, dissemination of the
disease was rapid. Italy was a commercial centre for the Mediterranean basin, so
introduction into its ports in Messina, and soon after in Genoa, allowed for its efficient
spread via established sea trade routes. Port cities were always associated with high
mortality, and interconnections between trade routes permitted multiple points of
entry for the pestilence, as it was then called, to many locales (Gottfried, 1983).
Although the general population attributed the calamity to divine punishment, medical
faculties sought astrological explanations, or turned to the teachings of Galen and
Hippocrates to search for treatments and preventative measures, though to no avail.
The pestilence traveled relentlessly through Europe and by 1351 it was retreating back
towards the less densely populated Russian Steppe (Benedictow, 2004). Surprisingly,
the disease experience was not uniform across Europe. Mortality levels were not
always consistent between different communities to the extent that some major urban
centres reported casualties on the order 90%, whereas other locations were
mysteriously spared of the disease entirely (Gottfried 1983; Cohn, 2002). Furthermore,
reported differences in disease symptoms ranging from single cutaneous lesions and
stupor to diffuse rashes, hysteria, and extreme thirst are provisionally suggestive of a
disease with an oddly heterogeneous presentation (Cohn, 2002).
In all, mortality in Western Europe attributable to the pestilence is popularly
estimated to be between 30 and 50%, though Benedictow (2004), in his thorough
analysis of demographic records, speculates that 60% might be a more accurate figure.
7
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Such high mortality precipitated massive social and economic reform most evident in
the collapse of the feudal system, which had dominated Europe in the previous
centuries.

Peasant revolts against low pay and taxing work conditions fostered

capitalistic sentiments, which ultimately set the stage for major cultural reforms
manifest as the European Renaissance of the 14th through 17th centuries (Herlihy, 1997).
Although this introductory event ended in the early 1350s, the pestilence returned
every 10 to 20 years as local epidemics, though with unique epidemiological
characteristics, which suggests pronounced changes in the disease pattern over time
(Cohn, 2002). Mysteriously the last of these regular outbreaks occurred in the mid 18 th
or perhaps the early 19th century (Cohn, 2008), after which time the pestilence
retreated from the European experience.
Conventionally the Black Death is assumed to be an outbreak of bubonic plague
caused by the bacterium Yersinia pestis.

Much of this is derived from medieval

descriptions of the symptoms, which inevitably describe the presence of large swellings,
approximately the size of an egg, most commonly in the groin region, but also in the
axilla and neck (Horrox, 1994). This single diagnostic feature is regarded as a hallmark
indication that the medieval disease was a widespread outbreak of bubonic plague
(Gottfired, 1983; Benedictow, 2004). Much of what we know about Y. pestis infections
derived from information obtained by the Indian Plague Commission of 1902 issued by
the British government (Indian Plague Commission, 1902). Bubonic plague is a zoonotic
infection stemming from interactions of immune sylvatic rodents with commensal
8
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rodent populations, such as the infamous black rat Rattus rattus. The bacterium is
carried in the gut of the rat flea X. cheopis. Bacterial proliferation in the flea’s gut
produces a biofilm that seals the valve connecting the oesophagus to the stomach,
thereby preventing the flea from intaking a blood meal. In a desperate attempt to feed,
the starving flea vomits successive blood meals, each time depositing live Y. pestis
bacteria on the dermis of its host. Once in the host interstitium, the bacteria evade
immune defences and rapidly travel to the lymph node where bacterial proliferation
occurs.

The exquisitely painful enlarged lymph nodes, or buboes, are the classic

manifestation of bubonic plague. In rare circumstances, bacteria can infiltrate the
bloodstream leading to rapid sepsis and colonisation of the lung. This inevitably results
in necrosis of lung tissue, where the sufferers clear their lungs by coughing a bloody
sputum rich in bacteria, thus making the infection highly communicable.
The Black Death is not the only historical pandemic thought to have been caused
by bubonic plague. The Plague of Justinian (541 – 750 AD), arguably implicated in the
collapse of the Eastern Roman Empire, supposedly displayed the same suite of
symptoms. This has prompted modern medical historians to propose a three wave
model of bubonic plague infection, where the Black Death is the second of three
successive waves of plague, beginning with the Plague of Justinian, and culminating in
the 20th century outbreak that is still responsible for 2000 cases per year (WHO, 2011),
and is regarded as re-emerging in certain areas (Chanteau et al, 1998). The conundrum
of the cataclysmic mortality of the Black Death compared to the much lower mortality
9

Ph D. Thesis

K. Bos; McMaster University

Anthropology

rates from contemporary Y. pestis infections, however, calls for explanations to account
for epidemiological discrepancies. Herlihy (1997) regards medieval Europe as being ripe
for an infectious disease outbreak owing to the decreased health undoubtedly lingering
from the Great Famine of the early 14th century, continued food shortages resulting
from growing population sizes, and social tensions resulting from the unstable feudal
economic system. Others have contended that environment played a large role in
plague dissemination: low seasonal temperatures and high rainfalls in the mid 14 th
century parallel the climatic conditions conducive to large outbreaks of bubonic plague
in modern populations (Enscore et al, 2002; Parmenter et al, 1999; Stenseth et al, 2006;
Samia et al, 2011; Xu et al, 2011).
These models, however, seem overly simplistic and factually implausible to
some. Graham Twigg (1984) was the first to publish a large document suggesting that
the rat-flea model of transmission seemed incompatible with the epidemiological data
available for pestilence-associated mortality of the 14th century, and proposed the
notion that Bacillus anthracis, or anthrax, was the responsible agent. This seminal work
has been overshadowed by the more widely cited book by Scott and Duncan The
Biology of Plagues (2001) where the authors argue that the disease patterns and
symptoms are in better accord with a haemorrhagic fever such as an ebola-like filovirus.
For Scott and Duncan, the lack of agreement between the symptoms of modern plague
and those recorded from Black Death victims prompted a more thorough investigation
regarding the aetiology of the medieval disease. Their argument rests most notably
10
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upon the observation that 1) the Black Death disseminated through populations more
quickly and with higher mortality than modern bubonic plague; 2) it had high mortality
in areas where climatic conditions were not conducive to large rat populations such as
Iceland, Norway, and Scotland where human populations were still devastated by the
Black Death; and 3) quarantine efforts initiated in Italy in 1377 were successful for a 40day isolation, but unsuccessful for a 30-day isolation, implying a communicable disease
with a 30 – 39 day incubation period (discussed further in Gensini et al, 2004). In
addition, Stephens et al (1998) set the stage for the haemorrhagic fever hypothesis by
suggesting that the CCR5-Δ32 mutation, which confers resistance to HIV infiltration of T
cells, maps precisely to the geographic areas affected by high Black Death-associated
mortality. The coalescence date of 700 years suggested that the mutation was under
strong selection, with the Black Death as the obvious candidate for a selective sweep.
The confirmation by Mescas et al in 2004 that the CCR5 mutation did not confer
increased resistance to Y. pestis insults in a mouse model was used as further evidence
to support Scott and Duncan’s initial hypothesis (Duncan et al, 2005), even though
others urged caution when interpreting analogous laboratory results (Elvin et al, 2004),
and even demonstrated evidence to the contrary (Styer et al, 2007). Ultimately, the
CCR5-Δ32 connection with the Black Death has fallen from fashion with the suggestion
that initial coalescence dates were far too recent, and that the mutation in question has
not experienced recent positive selection (Sabeti et al, 2005).
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Similar to Scott and Duncan, and using many of the same arguments to support
his position, Samuel Cohn (2002; 2008) has also posited that the Black Death must have
been caused by a virus rather than a bacterial insult. His premises focus strongly on the
fact that the writings of historical chroniclers imply that the disease was highly
contagious between individuals thus circumventing the requirement of an insect vector,
and that episodes of peak mortality would occur in seasonably unfavourable conditions
for the fertility cycle of fleas, such as the extreme heat of summer and the coldest
months of winter. The potency of his argument, however, rests on his refusal to assign
a known aetiologic agent to the Black Death, claiming rather that the disease was likely
caused by a communicable virus that has been lost to the pages of history.
Epidemiological differences as determined from skeletal assemblages are well
documented to distinguish the Black Death from modern scourges of bubonic or
pneumonic plague (DeWitte and Wood, 2008), thus providing further evidence that the
diseases differ in some significant way. Specifically, modern scourges of bubonic plague
are considered to be non-selective based on age, sex, and underlying health status,
whereas the Black Death provisionally appears to have been selective based on frailty,
thus targeting the supposed subset of the population with underlying conditions that
adversely affect health status such as non-specific infection and evidence of growth
arrest presumably due to nutritional insufficiency.

Absent from the discussion,

however, is the notion that more affluent individuals and the healthier demographic
aged 15 – 24.99 years would have had greater opportunities to flee large urban centres
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during the disease, hence introducing biases in disease exposure (Margerieson and
Knüsel, 2002; Cohn, 2002). Regardless, these biases went unnoticed by many of the
chroniclers who almost unanimously report a non-selective mortality from the disease
in the 14th century (discussed in Cohn, 2002).

1.2 Contributions of Ancient DNA and Other Molecular Investigations
With the inaugural study identifying Y. pestis DNA in the dental pulp of purported
plague victims from Marseilles in 1720, the book on the causative agent of the Black
Death was closed in the opinion of some (Drancourt et al, 1998). Analogous results
obtained in skeletal samples from the 14th century (Raoult et al, 2000) provisionally
provided further evidence to implicate Y. pestis in the pandemic. However, the inability
to reproduce such data under conditions that satisfy current requirements for ancient
DNA authenticity (Gilbert et al, 2004; Pääbo et al, 2004) raised scepticism regarding the
reliability of initial reports (Wood and DeWitte-Avina, 2003; Prentice et al, 2004). The
fact that the authors of the original publications obtained their results in a modern
microbiology laboratory coupled with the fact that they neglected to use an engineered
positive control that could be distinguished from potentially contaminant wildtype
sequences, was accepted as evidence that caution should be observed in reliance upon
their results (Prentice et al, 2004). Regardless, claims that Y. pestis DNA has been
identified in pestilence-associated catastrophe burials of the Black Death (Drancourt et
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al, 2007; Tran et al, 2011) and the Plague of Justinian (Weichmann and Grupe, 2005;
Weichmann et al, 2010) continued to be made. In addition, an immunological method
that detects the presence of a Y. pestis virulence protein has generated positive results
in several skeletal collections (Pusch et al, 2007; Bianucci et al, 2008; Bianucci et al,
2009; Kacki et al, 2011), however the sensitivity and lack of false positives with this
method have yet to be adequately tested and quantified.
The most reliable ancient DNA investigation to date is that of Haensch and
colleagues (2010). This study was concerned not only with mere identification of the
ancient organism, but also with providing some measure of its phylogenetic placement.
This study successfully demonstrated that ancient Y. pestis sequences obtained from
three different emergency mass burials dated to the 14th century had an ancestral
position when compared to modern Y. pestis sequences. This ancestral placement adds
authenticity to the results, but does little to address the continued objections raised by
sceptics. Graham Twigg (2003) contends that confirmation of Y. pestis DNA in a few
skeletons excavated from mass burials does little to implicate this bacterium as the sole
force in a pandemic that claimed the lives of an estimated 30 million people in only five
years.

This investigation also does little to address the noted epidemiological

differences between modern and ancient forms of Y. pestis infections (Wood et al,
2003), and the ecological arguments raised against transmission via a rat-borne flea
such as high mortality in regions where climatic conditions were not conducive to large
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domestic rodent populations that would be required for dissemination of plague in the
bubonic form (Scott and Duncan, 2001; Cohn, 2002).
Bacterial phenotype is known to influence virulence potential (Joosten et al,
1994), hence explanations for discrepancies between ancient and modern Y. pestis
infections may lie in the ancient genome. PCR investigations are ill-suited for such
analyses from ancient templates since they are by necessity limited to characterising
short DNA segments. Advancement of molecular capture techniques to isolate target
molecules from their complex metagenomic backgrounds (Briggs et al, 2009; Maricic et
al, 2010; Reich et al, 2010; Burbano et al, 2010) has made full genomic investigations
feasible, fast, and for the most part economical. These investigations have set a new
standard for ancient DNA research where analyses of long reconstructed sections of
ancient genomes are the new academic currency. Thus far, capture methods with
ancient pathogens have not been attempted. Only with full genomic data from ancient
pathogens can we evaluate the influence of bacterial genetics and phenotype on
disease severity and manifestation, and contribute to discussions regarding the
influence of microbial adaptation in host-pathogen coevolution models. The future in
this area of research is bright, as this dissertation will demonstrate.
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1.3 Goals of the Current Work
1. Confirm or deny the presence of Y. pestis DNA in the remains of Black Death victims
Proper identification of the aetiologic agent of the Black Death was established as a
primary goal. My a priori assumption supported the prevailing view that the Black
Death was caused by a diffuse outbreak of bubonic plague caused by the Gram-negative
bacillus Y. pestis. Y. pestis is a recent human pathogen, diverging from its soil-dwelling
Y. pseudotuberculosis progenitor within the last 20,000 years (Acthman et al, 1999).
Surprisingly few genetic differences distinguish these two bacterial species, though Y.
pestis evolution is generally characterised by pronounced gene loss (Zhou et al, 2004;
Pouillot et al, 2008), and the acquisition of two virulence-associated plasmids, namely
the pMT1 assumed to have been acquired from Salmonella enterica serovar typhi
(Prentice et al, 2001), and the pPCP1 of unknown origin. The uniqueness of the pPCP1
plasmid to Y. pestis makes it a good candidate for molecular screening, as the presence
of genetic signatures that match this plasmid are unlikely to derive from the ubiquitous
microbial contaminants common to ancient DNA extracts (Poinar et al, 2006).
To carry out the above analyses, I was fortunate to have access to skeletal
material from the East Smithfield burial ground of London, England. Documentary
evidence clearly indicates the purchase of this land in late 1348 or early 1349 for the
express purpose of depositing victims of the pestilence that had quickly exhausted local
parish cemeteries (Hawkins, 1990). Historical sources indicate that the pestilence
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entered London in the fall of 1348 (Gottfried, 1983). The fact that only a fraction of the
land purchased at East Smithfield was used for human interment suggests the use of the
burial ground toward the end of the epidemic, when mortality rates had declined earlier
than expected.

Regardless, an estimated 2500 individuals were interred in this

cemetery between 1348 and 1350 in either individual burials or in one of two main
mass burial trenches (Grainger et al, 2008). Land developments in the mid-1980s
presented the opportunity for archaeologists from the Museum of London to excavate
the site, and between the years 1986 and 1988, archaeologists were successful in
exhuming the remains of 634 nearly intact skeletons, which now comprise the East
Smithfield (or Royal Mint) collection currently curated at the Museum of London. This
large collection has been the subject of many skeletal and dental analyses over the
years (Waldron, 2001; Roberts and Grauer, 2001; Margerison and Knüsel, 2002; Hillson
et al, 2005; DeWitte and Wood, 2008). The abundance of material and its unequivocal
association with pestilence-associated mortality in London during the Black Death
makes it ideally suited for molecular investigations into the causative agent of the Black
Death.
To supplement the East Smithfield collection, material from the pre-Black Death
cemetery St. Nicholas Shambles (11th – 12th centuries) was collected for use as a
negative control.
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2. Investigate the utility of molecular capture techniques for evaluations of bacterial
genetics and temporal changes in virulence potential
The observation that small changes in pathogens can exert significant influence on
virulence potential (Joosten et al, 1994) highlights the importance of characterising
virulence regions in the ancient organism. This allows us to begin discussions of the
relative influence of various factors relating to disease emergence and mortality with
respect to Y. pestis infections. In addition to several virulence factors inherited from its
enteric pathogen ancestor Y. pseudotuberculosis (Huang et al, 2006), Y. pestis is
equipped with several newly acquired mechanisms of evading host immune responses
and making its way to the lymph node, the site where bacterial proliferation occurs
(Zhang et al, 2008; reviewed in Perry and Fetherston, 1997 and Anisimov et al, 2004).
The pestis-specific pPCP1 plasmid harbours the plasminogen activator gene, which has a
dual role both in primary pneumonic infections and in encouraging bacterial
dissemination during bubonic episodes (Lathem et al, 2007). It is theoretically possible
that changes in one or more of these known virulence regions may have been
responsible for greater transmissibility of the pathogen in the medieval era. Only
ancient DNA data can address that possibility. Furthermore, ancient DNA data may be
able to provide insights into adaptive changes in virulence regions acquired since the
14th century, and those required for the organism to change from an avirulent sylvatic
pathogen (Song et al, 2004) to one capable of causing pandemic human infection on the
scale of the Black Death. Together these data may provide an indication of how
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selection for virulent traits has operated in this organism, which is important for the
establishment of appropriate treatment strategies and for our understanding of the
complex web of factors influencing host-pathogen relationships.

3. Determine the phylogenetic placement of the ancient strain via genomic analysis
The traditional view of Y. pestis phylogeography proposed by Devignat (1954) assumed
that the modern geographical distribution of different Y. pestis lineages, at that time
defined by physiological attributes, paralleled their historical associations with human
populations. As such, Devignat proposed a three lineage (biovar) model, whereby the
“Antiqua” variant was responsible for the Plague of Justinian, the “Medievalis” variant
was associated with the Black Death and subsequent scourges up until the 18 th century,
and the “Orientalis” type was implicated in modern pestis outbreaks of the so-called
“third wave”. While the biovar model was considered doctrine for several decades, the
model did not accord with results coming from genetic studies. Full genomic sequences
from all biovars and one non-human Y. pestis (Parkhill et al, 2001; Deng et al, 2002;
Song et al, 2004) permitted the identification of several phylogenetically important
genomic positions.

Achtman and colleagues (2004) considered these positions to

develop a new scheme of strain placement where Orientalis sequences tended to fall in
“branch 1”, Medievalis in “branch 2”, and Y. pestis previously identified as Antiqua were
distributed between the two. Sequencing of additional genomes (Chain et al, 2006;
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Garcia et al, 2007; Eppinger 2009; Eppinger, 2010) permitted better resolution of
phylogenetic relationships, and coupled with additional SNP-typing for almost 1000
positions, Morelli and colleagues (2010) extrapolated that Y. pestis likely emerged as a
human pathogen in China sometime in the last 8000 years and radiated to different
areas of the world through global trade routes.
The use of modern data to extrapolate positions of ancestral nodes places a
heavy reliance upon mutation rates that are merely approximations of actual biological
rates of change. Bona fide ancient sequence data from reliable historical contexts is the
most valuable resource for proper phylogenetic reconstruction. In the case of Y. pestis,
the most fruitful methodological approach would be to acquire full ancient genomic
data, which would permit precise dating of phylogenetic nodes, hence permitting more
accurate calculations for rates of genetic change. This information can then be used to
better determine the relationship between the “three waves” of purported Y. pestis
infection, and to characterise the genetic changes that have accrued in its 600+ years of
evolution as a human pathogen. In addition, genomic reconstructions from ancient
sequences may permit evaluations of genome architecture, which are known to change
and undergo fixation at an alarming rate (Auerbach et al, 2007; Liang et al, 2010).
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1.4 Contents of this dissertation
The dissertation is comprised of three publications written to address the above goals.
Each paper presents a necessary methodological advancement to both identify and
characterise long reassembled genetic stretches of ancient pathogen DNA obtained via
molecular capture techniques. Similar methods have been used in the capture of
ancient hominin nuclear genomes (Burbano, 2010; Reich, 2010). The publications in this
dissertation present the first time such techniques have been applied to the acquisition
of full pathogen genomes isolated from their complex metagenomic background,
therefore providing a major methodological advancement to the field of
palaeopathology and ancient pathogen research. Full genomes from pathogens derived
from archaeological populations will allow us to evaluate how pathogens have adapted
over time to their human hosts, thus permitting evaluations of the role that pathogen
genetics plays in the landscape of determinants for population health as they related to
infectious disease in the past.

Paper 1:
Title: “PrimerClique: Open Source software for design of multiplex primers and array
probes for contiguous template coverage”
Author list: Kirsten I. Bos, Stephen A. Forrest, and Hendrik N. Poinar
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Publication status: submitted to BMC Systems Biology, [pending]
Description: Custom designed primer compatibility software that was used to allocate
PCR primers into chemically compatible groups for multiplex reactions in Paper 2.
Additional features were added to make this a general use program, now called
PrimerClique. The program currently supports tasks for unidirectional primer design
intended for applications such as primer extension capture (PEC, Briggs et al, 2009), PCR
primer pair design yielding maximum coverage of a given template in multiplex
reactions, and probe design for DNA capture arrays (Hodges et al, 2007; Hodges et al,
2009).
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Paper 2:
Title: “Targeted enrichment of ancient pathogens yielding the pPCP1 plasmid of Yersinia
pestis from victims of the Black Death”.

Author list: Kirsten Bos*, Verena J. Schueneman*, Sharon DeWitte, Sarah Schmedes,
Joslyn Jamieson, Alissa Mittnik,Stephen Forrest, Brian K. Coombes, James W. Wood,
David J. D. Earn, William White, Johannes Krause and Hendrik N. Poinar.

Publication status: Proceedings of the National Academy of Sciences, 2011,
doi/10.1073/pnas.1105107108. Accepted July 22, 2011.

Description: Report on a capture method that is successful for retrieval of ancient
pathogen DNA, a method of authenticating pathogen DNA in ancient specimens, and
analysis of the full pPCP1 plasmid of ancient Y. pestis. This paper demonstrated, for the
first time in the published literature, that DNA capture techniques can be successfully
applied to isolate pathogen molecules from ancient DNA extracts, and that sufficient
amounts of preserved DNA could be accessed from dental pulp to permit reconstruction
of full genetic segments of ancient organisms. The genetic homogeneity in the plasmid
between ancient and modern forms indicates that this plasmid was not responsible for
increased virulence in the ancient strain.
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Paper 3:

Title: “A draft genome sequence of Yersinia pestis from victims of the Black Death”

Author list: Kirsten I. Bos*, Verena J. Schuenemann*, G. Brian Golding, Hernán A.
Burbano, Nicholas Waglechner, Brian K. Coombes, Joseph B. McPhee, Sharon N.
DeWitte, Matthias Meyer, Sarah Schmedes, James Wood, David J. D. Earn, D. Ann
Herring, Peter Bauer, Hendrik N. Poinar & Johannes Krause

Publication status: Nature, in press. Accepted September 9, 2011.

Description: Report on full genome capture of ancient Y. pestis from individuals securely
dated to 1348 – 1350. This paper discusses an array-based capture method, which
differs from the one used in paper 2. Coverage, genome architecture via referenceguided assembly, single nucleotide changes, and phylogenetic placement of the ancient
sequence are discussed. At our current resolution, the minimal number of genetic
differences between ancient and modern strains and the lack of a single unique derived
mutation in the medieval organism provisionally suggests that the differences in
severity of the Black Death as compared to modern Y. pestis infections may not be the
result of genetic differences in the bacterium. This invites discussion of alternate
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explanations for increased disease severity in the past such as population level
susceptibility in terms of underlying health status, host exposure to other co-circulating
infections which might exacerbate Y. pestis insults, social conditions conducive to
disease exposure and infection, and climatic conditions that might favour large vector
populations, hence facilitating transmission and disease exposure.
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CHAPTER 2:
PrimerClique: Open Source software for design of
multiplex primers and array probes for contiguous
template coverage
Kirsten I. Bos1 , Stephen A. Forrest1 , and Hendrik N. Poinar1,2
(1) McMaster Ancient DNA Centre, Department of Anthropology, McMaster University,
1280 Main Street West, Hamilton, ON, L8S 4L8, Canada

(2) Michael G. DeGroote Institute for Infectious Disease Research, McMaster University,
1280 Main Street West, Hamilton, ON, L8S 4L8, Canada

2.1 Author contributions
KIB and SAF conceived of the program. KIB designed the interface. SAF wrote the
source code. KIB wrote the manuscript. HNP provided support.
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2.2 Abstract
Multiplex design to maximize template coverage and minimize the number of parallel
reactions poses computational challenges that can only be accommodated using
approximate algorithms. We offer a software package implementing such an algorithm,
with the aim of designing oligos that provide maximal tiling while distributing these
oligos into the fewest number of chemically compatible groups for multiplex
applications. Our program is equally suited to PCR primer pairs and unidirectional oligos
for various amplification and molecular capture applications. Array probe design for
templates in the mega base pair range is also supported via a convenient graphical
interface.
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2.3 Background
The multiplex approach, where several primers are combined in parallel reactions,
continues to be a useful tool to minimize experimental costs, set-up time, and most
importantly DNA sample amounts. This method is commonly used in health diagnostics
where screening for several pathogens can be accomplished in a single step [1,2,3], and
is equally valuable for the amplification of full genes in an individual organism [4]. In our
new genomic era, it persists as a simple and economical tool for contig closure in
investigations of genetic rearrangements [5,6] and in full genome closure [7].
Furthermore, multiplex reactions are ideally suited to investigations of degraded
molecules such as genomic reconstructions from ancient DNA [8], and those involving
small target templates, especially with reference to RT-PCR reactions for genomic
investigations of RNA viruses [9]. Within these contexts, multiplex amplifications can
increase target template numbers for efficient conversion into DNA libraries for
subsequent high-throughput sequencing [10,9]. In addition to amplifications,
multiplexes composed of unidirectional primers have proven to be a valuable approach
for methods of DNA capture of target molecules from a complex metagenomic
background, such as in the primer extension capture (PEC) method [11].
Primer design for the above tasks can be a laborious process since achieving
maximal tiling and coverage of a given template is often critical. Additionally, multiplex
reactions are inherently subject to tradeoffs between coverage and multiplexing level
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[12] because of the opposing objectives of minimizing both the number of reactions
necessary to achieve a desired coverage goal and the number of primer-primer
interactions within a reaction. An ideal solution to this problem would be maximal tiling
of a template with primers partitioned into the minimum number of chemically
compatible groups. This problem poses difficult computational challenges since finding
a minimal number of such groups is equivalent to the graph-theoretic Clique Cover
problem which is known to be NP-complete in the general case. While achieving a
globally optimal solution may not be computationally feasible, the use of approximation
algorithms for Clique Cover can still grant us many of the benefits of high coverage and
multiplexing level.
Here we present PrimerClique, oligo design software that makes use of these
approximations to produce chemically compatible oligo sets that offer optimal
contiguous tiling of a given template while minimizing the number of parallel reactions.
This general-use program was originally developed for direct multiplex sequencing [10]
in which overlapping primer pairs are designed to cover an entire template; however, it
is equally suited for other applications requiring complete amplification of a template
via overlapping primer pairs, such as long-range PCR amplification of full genomic
regions for subsequent high-throughput sequencing [13] or the manufacture of PCR
products for subsequent use as DNA capture probes [14]. PrimerClique also employs a
similar approach to generate contiguous unidirectional non-overlapping primers for use
in enrichment reactions such as PEC [11]. In addition to primer design, PrimerClique is
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also equipped with an array design feature to produce densely tiled array probes in a
user-friendly environment. Array capture is popularly used to isolate long contiguous
stretches of template molecules permitting reconstruction of large genetic segments,
including full genomes [15,16,17]. The program incorporates previously employed
stringency criteria to discourage capture of highly repeated genomic elements, and
incorporates novel design features to limit design of probes that might bind to nonspecific templates. Probes are designed in mere seconds and can be evaluated in a
visual interface, a feature currently absent in popular web-based probe design
packages.
Similar programs exist to perform primer allocations into chemically compatible
groups without tiling, though often with design parameters specific to narrow
applications [18,19,20]. By contrast, those that do perform tiling [21] are not concerned
with contiguous coverage and they approximate chemical compatibility using BLAST
searches as opposed to alignment calculations. To our knowledge PrimerClique is the
first open-source primer design software that attempts both dense primer tiling and
allocation of primers into a minimum number of groups based on primer compatibility.
Primer interactions within a reaction are discouraged by user-defined stringency
parameters employed in their design, and primers that may interact with non-target
templates such as high-throughput sequencing adaptors are avoided. For certain
combinations of input parameters the resulting multiplex allocation is provably optimal;
for others it is a best-effort approximation.
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2.4 Implementation and Features of PrimerClique
PrimerClique

is

a

publicly-accessible

Open-Source

program,

available

via

http://primerclique.sourceforge.net/ for Windows, MacOS, and Linux platforms. Primer
design features of PrimerClique are based on Primer3 version 2.2.3 [22], which is
included in the PrimerClique distribution. A basic flow chart for the functions and steps
in PrimerClique is shown in Fig. 1. Oligo design projects can be saved with all settings
and intermediate results as PrimerClique’s custom format (*.fps) at any point in the
design process. As outlined below, PrimerClique can perform 3 tasks:
1) Primer multiplex partitioning by compatibility (without template)
In its most basic function, PrimerClique can distribute pre-designed primers into
different suggested multiplex PCR reactions based on user-defined compatibility
criteria, including melting temperature (Tm) differences between primers and primer
compatibility scores computed via local and global alignments, taken as a measure of
potential primer pair interactions. In this application, PrimerClique accepts input of
either unidirectional primers or primer pairs in FASTA format. Primers entered as a pair
are always kept together in suggested multiplex distributions, thus overall compatibility
of the reaction is influenced by existing forward and reverse primer interactions.
Melting temperature is calculated for all primers using the Santa Lucia nearest
neighbour method [23] adapted from Primer3, and the allowable Tm range for a
multiplex primer set is defined by the user. Compatibility between all primers is
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evaluated based on either alignment score or thermodynamic parameters (Figure 2),
and assignment into multiplex groups is made based on user-defined alignment or
thermodynamic cut-offs.
2) Primer design for multiplex applications (unidirectional or PCR primers)
The multiplex design feature is intended for templates of approximately 25Kb for primer
pairs, and 50kb for unidirectional primers. In the first step, PrimerClique uses the
Primer3 engine to generate a large list of suitable candidate primers meeting userdefined design criteria. The user must first provide a template in either FASTA or
GenBank file format, or enter the base pair sequence directly into the program.
Individual base pairs or full stretches can be marked for exclusion from the template if
primer binding or amplification is not desired for a given region, such as avoidance of
intronic regions in studies of exome capture [24]. To discourage primer binding to nontarget templates that are likely contained in the DNA sample, a custom mispriming
library can be used to exclude primers that contain sequence similarity detected by
alignment score. This is a helpful feature when working with DNA suspected to be
under-represented in a DNA sample such as pathogen templates where host genomic
DNA is expected to be present in greater quantities.
Multiplex-based amplifications have recently been performed on immortalized
DNA products from libraries designed for high throughput sequencing applications [25],
hence PrimerClique allows for exclusion of candidate primers that show similarities to
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adaptor sequences as measured by global end-anchored alignments. This will
discourage the design of primers potentially prone to adaptor binding, an especially
relevant design feature for unidirectional primer generation where non-specific binding
to adaptors will decrease capture efficiency.
To generate multiplexes, PrimerClique first selects oligos from a candidate list
generated by Primer3 to generate a number of dense tilings of the template using a
well-known linear-time dynamic programming algorithm for weighted interval
scheduling [26] which guarantees that all tilings thus produced have equivalent and
optimal coverage of the template. The number of tilings recorded at this stage can be
lowered by the user through the “Number of Algorithmic Branches” setting in order to
return results more quickly with the possible cost of more multiplexes.
For each optimal tiling thus generated, PrimerClique assigns the oligos in this
tiling to different multiplex groups based on compatibility restrictions defined by the
user. These can be based on Tm difference, maximum multiplexing level, local/global
alignment scores (Figure 2), or thermodynamic alignment scores [22]. Alignments are
computed using Primer3 in a fashion similar to what Primer3 uses internally for
avoidance of primer self-dimerization and primer-pair interactions. The resulting primer
set has the maximum possible template coverage for the generated candidate list.
When user-specified compatibility criteria are based only on Tm difference and
maximum multiplexing level, the number of multiplexes returned is the minimum
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possible. Alternatively when these criteria include alignments, PrimerClique employs a
heuristic approach towards partitioning based on well-known greedy approximation
algorithms for Clique Cover and its complementary Graph k-Coloring problem. These
include the Welsh-Powell algorithm [27] and Brélaz's DSATUR algorithm [28]. The
multiplex assignment for the current tiling thus corresponds to the smallest clique cover
found using this approach.
At its conclusion, the algorithm returns the tiling with the smallest number of
multiplexes. When alignments are used this is still an approximate solution, but has the
potential for better results than simply selecting an arbitrary optimal tiling and applying
the heuristic multiplex assignment.

3) Design of densely tiled array probes
Probes are normally designed as densely overlapping oligos along the template, with
one probe every few base pairs. PrimerClique can generate probes of 50-200bp
accommodating user-defined tiling density, where tiling density is defined as the
distance between probe 5' ends. Tiling density of the probes is a user-defined numeric
value, and will apply uniformly across the template. If a user desires a different tiling
density for specific genomic regions, these should be entered as separate templates to
incorporate the unique probe design parameters.
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Since probe design is based on size and tiling density as opposed to molecular
parameters such as Tm or GC content, Primer3 is not used as the underlying engine for
oligo design in this application. Instead PrimerClique makes use of a custom external
library which efficiently manages probe design for a specified probe size and uniform
tiling density across the target template. Tiling density is required to be less than or
equal to the probe size. To avoid redundancy, duplicate probes are consolidated in the
generated output so every resulting probe is unique.
Exclusion of repetitive genomic elements is accomplished by methods previously
described [16]. With this approach, an average genome frequency score for the probe is
calculated by determining each 15-mer sequence within a putative probe, obtaining the
associated frequency count for that 15-mer for the entire genome, then averaging the
counts for all such 15-mers in the probe. If the average number of 15-mer repeats in the
template is above a pre-set threshold, the probe is excluded. A threshold value of 100
has been used for mammalian genomes [17], and is included as our default value. The
genomic frequency table, which records the count of all 15-mers present in the
template or its reverse complement, is computed immediately before probe generation.
For reasons of file size the table is not stored in the PrimerClique project file along with
the generated probes, and is recomputed as necessary. A sample array output is shown
in Figure 3.
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Although probes designed via PrimerClique can be uploaded into array design
programs, arrays may also be designed within the PrimerClique interface. This offers an
advantage over other array design programs since PrimerClique permits greater userdefined flexibility of probe allocation into different array groups in terms of numbers of
probes per group and molecular compatibility, if desired.
For Agilent microarrays, probes are spatially immobilized on glass slides thus
eliminating artifacts of probe-probe interactions. In addition, Tm for probe-template
hybridization need not be considered in design parameters because established
protocols recommend that capture reactions occur at high annealing temperatures
(65°C) to make binding as specific as possible [17]. With in-solution-based approaches
(e.g. SureSelect, NimbleGen), probes can be distributed between different tubes, thus
capture reactions may be performed with probe-specific annealing temperatures if
desired. Calculations of probe Tm will be most relevant where the probe is equal in
length or shorter than the presumed size of the DNA template, such that hybridization
would occur along the full length of the probe. If probe grouping based on Tm is
desired, Tm for probes can be calculated via Primer3's special-purpose Tm code for long
oligos, and probes can be assigned to different groups based on Tm compatibility. Since
popular in-solution based capture approaches use RNA probes to minimize probe
dimerization, PrimerClique does not currently evaluate probes for compatibility based
on alignment or thermodynamic properties.
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For either of the above capture methods, if complete tiling and template
coverage is not critical, probes matching high throughput sequencing adaptors can be
removed, thus discouraging co-enrichment of non-target templates. This is
accomplished by removing all probes that contain 15-mer sequences present in
adaptors. Output for probe design is in FASTA, compressed FASTA (.fasta.gz), or
CSV (comma-separated values) suitable for import in a spreadsheet application.

2.5 Results and Discussion
Appendix 1 provides a comprehensive list of output that PrimerClique generates for its
different tasks, using design criteria appropriate for the intended applications. For
testing we use an AMD Phenom II X4 2.80 GHz system with 6.0 GB RAM running
Windows 7 (64-bit).
1) Design of unidirectional primers
Implementation of this feature is designed for applications such as PEC for capture of
fragmentary DNA templates, where non-overlapping contiguous primers are tiled along
the template with as little distance as possible between adjacent primers [11]. In our
example, we allowed an overlap of 10bp for primers, though this is fully customizable by
the user. On our test system, this task is best used for templates of maximum of 50Kb,
since larger templates require a greater number of primers to achieve contiguous
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coverage. The default ranges of values for primer design are intentionally relaxed to
allow for a large number of candidates, hence allowing greater flexibility in primer set
generation. Using these default values with the human mitochondrial genome (16.5Kb)
as a template, and using default alignment values for primer set generation would
permit 95.12% (629 primers) coverage from a theoretical maximum of 99.41% coverage
(from 53,734 candidate primers) in 14 multiplex reactions. Constraining the number of
candidate primers to 10,000 lowers the overall coverage to 77.15% (498 primers in 9
multiplexes). Although this tiling is lower, the largest distance between two primers is
only 53bp, which is still suitable for capture of templates that are approximately 70bp or
greater. To test the effect of adaptor filtering, we excluded the 454 Shotgun adaptors,
since these are the longest adaptors and hence would generate the most restrictive
results. Using the default alignment criteria, Shotgun adaptor filtering removes nearly
50% of all candidates; however, PrimerClique is still able to generate a primer set that
will provide 88.04% coverage in 13 multiplex reactions.
To test the effect of introducing a mispriming library, we used the Sudan Ebola
sequence with a human genomic mispriming library to generate theoretically nonpromiscuous primers. The mispriming library removed 9% of candidate oligos, and
would permit coverage of 80.93% of the template when constraining the number of
candidate oligos to 20,000. Filtering for Illumina adaptors removed 36% of candidates,
slightly fewer than for the larger Shotgun adaptors. Regardless, filtering for the
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mispriming library and the Illumina adaptors would still permit coverage of 72% of the
template using default parameters for compatibility based on alignment score.
2) PCR primer generation
The increased number of compatibility checks required for PCR multiplex (Figure 2)
introduces greater restrictions on the number of primers that can be included in each
reaction. Regardless, PrimerClique produces impressive results for long-range PCR
applications. The full human mtDNA genome with a 2000-3000 bp product size can be
amplified in 2 reactions yielding 99.53% coverage. This is reduced to 2 multiplexes and
99.02% coverage when filtering for Shotgun adaptors is introduced.
Although smaller product sizes may offer higher coverage since the beginning and
end of the template can be better accommodated in primer design, they pose a greater
challenge since more primers are required to obtain comparable coverage, thus
necessitating a greater number of multiplexes if compatibility criteria are preserved. In
our human mtDNA genome example, reducing the product size to 200-300 bp increases
the number of primers by an order of magnitude, therefore requiring 13 multiplexes to
achieve 99.63% coverage. This is reduced to 11 multiplexes when 454 Shotgun adaptor
filtering is used, though this still provides 99.21% coverage. The computational limits
imposed by the Clique Cover problem become amplified as product size decreases.
Reducing the temperature difference between forward and reverse primers can
facilitate placement of primers into compatible groups based on Tm, though many
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alignment checks required for compatibility between two primer pairs continue to pose
difficulties. Implementation of default compatibility criteria for the human
mitochondrial genome with a 70-80bp product with 2°C between forward and reverse
primers requires 748 primers distributed between 42 multiplex reactions to achieve
96.58% coverage, which is potentially too many reactions for practical use. For such
situations, a user may prefer to distribute primers into different groups while
considering Tm differences only. Implementing a Tm difference of at most 5°C per
reaction significantly reduced the number of multiplexes required, permitting 96.58% of
the template to be covered in only 7 multiplexes with a maximum of 150 primer pairs
per reaction, though primer compatibility is undetermined.
3) Array probe generation
Two templates were selected for array generation to demonstrate different design
features. The larger 25.6Mb human Y chromosome was chosen because it is the largest
template that could be handled with the memory available on our test machine. In
addition the small 5.5Kb E. coli genome was selected since we could reasonably expect
to fit the entire genome on a single one million feature array. The array design feature
was demonstrated with 70bp probes for the Y chromosome and E. coli genome.
Removal of probes that correspond to repetitive regions as identified via 15-mer
filtering proved to be influential since it removed 11% (586,418/5,130,530) of probes for
the Y chromosome which is known to have many repeated regions, and only 0.07 %
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(673/921,397) for the E. coli genome, which is not as repetitive. Adaptor filtering differs
slightly in this application compared to the unidirectional and PCR primer approaches in
that probes are removed only if they share identical 15-mer sequences with the
template, which is obviously less restrictive than the alignment compatibility algorithm
followed in the other applications. Shotgun adaptors were again used for
demonstration because of their longer length. Filtering removed only 88 probes for the
Y chromosome and 9 probes for E. coli genome, though this number would be increased
if longer custom adaptors were chosen, such as those that include unique identifiers
[29]. Filtering of duplicate probes removed 2% (over 80,000) and 1% (over 6000) probes
for the Y chromosome and E. coli genome, respectively. Filtering via these methods
does not significantly decrease overall coverage of probes against the template, hence
they are highly recommended. In all, the Y chromosome could be captured over 5 one
million feature arrays at 5bp tiling, and the E. coli genome could be captured on one
array with 6bp tiling. For a Tm-specific in-solution hybridization, the Y chromosome
could be captured in 11 multiplexes with 5°C partitioning, and the E. coli genome in 9
with 4°C partitioning.

2.6 Conclusions
We have provided a user-friendly open-source software package for use with multiple
oligo design applications where complete tiling and chemical compatibility is
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accommodated. In future we hope to extend our features for degenerate probe design
and larger input templates. For array probe design, we hope to accommodate different
tiling densities across a template more easily by allowing the user to select regions and
assign tiling density. Screening out promiscuous probes by building a genomic frequency
table for an input mispriming library and removing probes whose weighted score is
above a set threshold would also be fruitful.
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2.7 Availability and requirements
PrimerClique is supplied as a binary distribution for Windows and MacOS; it requires
Windows XP or later or MacOS 10.6+. It is additionally available for other platforms,
including Unix/Linux, in source form. All versions of PrimerClique require Java 6.
PrimerClique requires 100MB of space for installation and use and 1GB of RAM;
performance of some tasks especially probe design is tied heavily to available RAM.
PrimerClique is distributed under Version 2 of the GNU General Public License (GPL) and
includes a redistributed copy of Primer3, which is also distributed under the GPL.
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2.10 Figures

Figure 1 - Flow chart demonstrating the tasks performed by PrimerClique
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Figure 2 – Primer alignment checks performed for unidirectional and PCR primer cross
compatibility.
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Figure 3 - Sample output display for array probe design. Blue line indicates average
coverage, red line indicates coverage displayed at the selected threshold.
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3.2 Abstract

Although investigations of medieval plague victims have identified Yersinia pestis as the
putative etiologic agent of the pandemic, methodological limitations have prevented
large-scale genomic investigations to evaluate changes in the pathogen’s virulence over
time. We screened over 100 skeletal remains from Black Death victims of the East
Smithfield mass burial site (1348–1350, London, England). Recent methods of DNA
enrichment coupled with high-throughput DNA sequencing subsequently permitted
reconstruction of ten full human mitochondrial genomes (16kb each) and the full pPCP1
(9.6 kb) virulence-associated plasmid at high coverage. Comparisons of molecular
damage profiles between endogenous human and Y. pestis DNA confirmed its
authenticity as an ancient pathogen, thus representing the longest contiguous genomic
sequence for an ancient pathogen to date. Comparison of our reconstructed plasmid
against modern Y. pestis shows identity with several isolates matching the Medievalis
biovar; however, our chromosomal sequences indicate the victims were infected with a
Y. pestis variant that has not been previously reported. Our data reveal that the Black
Death in medieval Europe was caused by a variant of Y. pestis that may no longer exist,
and genetic data carried on its pPCP1 plasmid were not responsible for the purported
epidemiological differences between ancient and modern forms of Y. pestis infections.
ancient DNA | paleopathology
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3.3 Introduction
The Black Death of 1347–1351 in Europe was one of the most cataclysmic events in
history, and it is arguably “one of the most dramatic examples ever of emerging or
reemerging disease” (ref. 1, p. 971). The disease is assumed to have been a particularly
intense pandemic of bubonic and pneumonic plague caused by the Gram-negative
bacillus Yersinia pestis. In this model, the medieval plague is considered the second of
three pandemic waves, starting with the Plague of Justinian in A.D. 541 and culminating
in the 20th century pandemic, which is still responsible for 2,000 cases/y worldwide (2)
and is regarded as reemerging (3). Similarities in disease manifestation, mortality rates,
and geographical distribution are generally cited as factors relating the three
pandemics, though some scholars have argued that the second wave was too distinct in
terms of its purported symptoms, epidemiology, and time of year of peak mortality to
warrant such a connection. These discussants have argued in favor of other potential
microbial associations with the medieval disease, including Bacillus anthracis (4), a
filovirus (5), or a pathogen that has since become extinct (6).
Ancient DNA was sought to address the above controversy, although failed
attempts to replicate initial work showing the presence of Y. pestis in purported victims
of the medieval pandemic ignited skepticism regarding the identity of its etiologic agent
(7, 8). Recent publications seem to have settled the controversy with the amplification
of short segments of Y. pestis DNA by PCR-based approaches in several skeletal
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collections from time periods associated with medieval plague outbreaks (9, 10), though
none of these collections can be conclusively associated with the purported initial
disease outbreak in medieval Europe of 1347–1351. A global survey of modern Y. pestis
variants suggests that the ancient forms possess a unique and ancestral phylogenetic
placement (9, 11). Although standard molecular methods can permit identification and
limited phylogenetic resolution of ancient microbes, successful characterization of long
contiguous stretches of authentic pathogen DNA will facilitate greater insight into the
molecular architecture of ancient host–pathogen interactions. For Y. pestis, such an
approach might be informative in addressing the noted differences between ancient
and modern forms of the disease (4, 5, 12, 13).
PCR-based approaches are ill-suited for large-scale genetic investigations of
ancient DNA owing to their preferential amplification of less damaged templates that
derive from exogenous
contaminants and the highly fragmented nature of endogenous molecules (14, 15). In
contrast, targeted enrichment strategies (16) in combination with high-throughput DNA
sequencing allow for long stretches of ancient DNA to be reconstructed from a complex
metagenomic background, and it is clearly the way forward for ancient pathogen
research. The authenticity of endogenous ancient sequences can then be determined by
looking for patterns of nucleotide damage typical of ancient DNA (15, 17). To show the
suitability of these methods for analyses of
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ancient pathogens, we have identified virulence-associated Y. pestis DNA fragments by
PCR and independently replicated these results through subsequent targeted DNA
enrichment (18) and high-throughput sequencing for several skeletal samples from
victims securely dated to the initial medieval Black Death pandemic of 1348–1350 in
London, England. The data presented
here represent both the oldest and longest assembled authentic sequences from an
ancient pathogen, and in turn, they suggest that the Black Death was caused by a Y.
pestis variant that harbours a pPCP1 plasmid found in some modern isolates.

3.4 Results
3.4.1 Y. pestis DNA Preservation in Skeletal Remains. Complete information regarding
skeletal screening is available in SI Materials and Methods. In total, we screened DNA
extracts from 109 samples — 53 bones and 46 teeth from the East Smithfield (ES)
collection as well as 10 samples from St. Nicholas Shambles (SNS) that served as
negative controls (Fig. 1 and Table S1). Total DNA content measured fluorometrically
revealed less DNA in teeth than in bone, with dental extracts yielding on average 1,065
and 664 pg/μL for supernatant and pellet, respectively, compared with 1,956 and 2,280
pg/μL for bone. Quantitative PCR (qPCR) results showed the presence of amplifiable Y.
pestis pla DNA in 5.7% of bones (3/53) and 37% of teeth (17/46) (Figs. S1 and S2). The
caf1M assay yielded expected products in 5 of 17 teeth that contained
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amplifiable pla, although this finding is expected based on Y. pestis plasmid numbers
where the pPCP1 plasmid outnumbers the pMT1 by an estimated 100 to 1 (19). No Y.
pestis DNA was
detected in any of the negative control samples. DNA sequences from the qPCR
products contained both G to A and C to T transitions, damage patterns typical of
ancient DNA (17). Despite their lower whole DNA content, dental samples were
consistently a richer source for Y. pestis DNA than bone, and higher copy numbers were
frequently observed in the EDTA supernatants as opposed to the pellets (Table S1). This
finding is consistent with what one might expect from a blood-borne pathogen, where
DNA likely resides in the desiccated blood vessels of the pulp chamber.
All amplifiable DNA was extremely low in quantity, with a maximum estimated
copy number of 30 copies/μL.

3.4.2 Multiplex PCR Data for the pla Gene. Using a multiplex PCR approach, we were
successful in sequencing 78.3% of the pla gene and its flanking intergenic spacers at a
minimum of four times coverage (Dataset S1). Missing regions were caused by a lack of
expected PCR product. Cloned sequence data revealed 63 sites showing DNA damage
reflected in the predominance of C to T (53.97%) and G to A (30.16%) transitions, which
accounted for 84.13% of all aberrant positions. No transversions were observed. To
distinguish damage from potential polymorphisms, all sequences were confirmed by
cloned data from two independent amplified libraries. Wherever products from these
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two libraries did not match, cloned sequence data from a third amplified library was
sought. This process permitted us to resolve all transitions with the exception of three,
where single nucleotide differences from published sequences were present in a subset
of clones from two independently amplified libraries (Fig. S3). The PCR data did not
contain the Microtus-specific C to T (20) at position 1,109 in Dataset S1, and it does not
show the T to C transition previously reported in an ancient sequence for this region in
the work by Raoult et al. (7) (Dataset S1, position 809).

3.4.3 Y. pestis Chromosomal PCR Assays. Of 11 primer sets used to define branches 1
and 2 phylogenetic placement (9), only 1 primer set yielded expected amplification
products, namely s19: it produced the shortest amplicon of all chromosomal primer sets
(80 bp), and it corresponds to a region in the DNA helicase II gene. Sequence data
showed the absence of the CTA motif common to extant branch 2 sequences, thus
supporting the notion that medieval
plague was not caused by an extant branch 2 variant (9); however, this region also
revealed the presence of two synonymous point mutations that, to our knowledge, are
not found in any Y. pestis sequences either modern or ancient (Fig. 2).

3.4.4 Enrichment Efficiency. To evaluate the suitability of targeted enrichment for
investigations of virulence in ancient pathogens, we attempted to capture one of the
two pestis-specific virulence plasmids, namely the 9.6-kb pPCP1 along with complete
57

Ph D. Thesis

K. Bos; McMaster University

Anthropology

human mitochondrial genomes from both Black Death and control teeth to evaluate
endogenous DNA preservation. The total number of merged Illumina reads per sample
that mapped to the target DNA (human mtDNA and pPCP1 DNA) varied between 0.3%
and 49%, suggesting high enrichment efficiencies.

3.4.5 Human mtDNA Enrichment and Preservation. Sequence clustering revealed
between 228 and 84,244 unique fragments for the individual human teeth mapping to
the reference mtDNA (Table 1), thus revealing high quantities of mtDNA fragments in all
10 human extracts with low quantities in two of the SNS human control extracts. The
cave bear control sample yielded 15 mtDNA fragments, 6 of which aligned to the human
mtDNA and 9 were identical or highly similar to the cave bear mtDNA genome (21). No
human mtDNA fragments were found in the extraction blank. Complete or near
complete mitochondrial genomes were constructed from fragments of 58 bp average
length for all 10 human samples, with an average coverage of 0.7–280× (Table 1). All 10
mtDNA genomes were different from each other, and two samples (ES 3 and 4)
extracted two times yielded the identical mtDNA genome sequence between
duplicates. These data suggest that there was no cross-contamination between human
samples. Nine of the ten were found to correspond to typical European mtDNA
haplogroups based on phylotree (22) (Table 2). Only for SNS1 was the haplogroup not
determinable due to the higher contamination level (Table 2). Comparisons of ancient
mitochondrial consensus sequences against a worldwide dataset of 311 mtDNAs and
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the Cambridge reference sequence revealed between 1 and 17 positions that were
either unique to the ancient samples or present at less than 1% frequency in the current
modern DNA database. Such positions were used to calculate the extent of polluting
human exogenous DNA contamination within our fragments (Table 2 and Fig. S4). To
calculate the ratio of endogenous to exogenous human DNA, we selected all fragments
that showed the rare variant(s) and considered them to be endogenous, whereas all
fragments that showed a common human mtDNA variant were considered to be
potential contaminants. In so doing, we found between 21 and 6,724 individual mtDNA
fragments overlapping such contamination informative positions in the ES samples. The
majority of these DNA fragments were found to be consistent (all unique fragments
overlapping the position showed the same substitution), suggesting that the majority of
mtDNA fragments from each sample is derived from a single biological source (Fig. S4)
(15, 23). Individual mtDNA fragments were compared against the corresponding
consensus sequence, and nucleotide substitutions were recorded for each position
along the DNA fragment. Based on these estimates, levels of polluting human DNA
could be calculated, although these rates were very low for all samples (Table 2). In
support of this notion, fragments identified as endogenous DNA contained degradation
patterns typical for ancient templates (Fig. S5), again suggesting preservation of
endogenous human DNA in all 10 medieval teeth.
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3.4.6 Y. pestis DNA Enrichment and Preservation. We found between 42 and 36,986
unique fragments mapping to a portion of the Y. pestis pPCP1 plasmid reference
genome in all libraries, including the pre-Black Death human control, the cave bear
sample, and the extraction blank (Table 1). All reads in the non-ES extracts mapped to a
region between positions 3,000 and 4,200 of the reference pPCP1 that shows a high
similarity to expression vectors that are used for recombinant enzyme production. This
region was found to be problematic in a previous Y. pestis pPCP1 study using shotgun
sequencing (24); hence, it is likely that remnants of the expression vectors are being
captured by our enrichment approach. Apart from these conserved motifs found across
all samples and controls, the pre-Black Death human control samples (SNS) showed not
a single unique fragment homologous to the pPCP1 sequence, whereas the five ES
samples contained between 7 and 6,435 unique fragments that mapped to the Y. pestis
pPCP1 plasmid (Table 1). Because all five individuals from the ES cemetery likely died
from the same strain of Y. pestis, unique pPCP1 fragments were pooled to reconstruct a
consensus sequence at maximum coverage. The pooled consensus has an average
coverage of 43 bp, ranging from 0× to 702×, and an average fragment length of 36 bp
(Table 1). This finding may be why a previous study using the ES collection that targeted
regions in excess of 130 bp (8) was unsuccessful in replicating some original work with
plague samples (7, 25). Not surprisingly, the three regions with the poorest coverage
had a low GC content (%) (Fig. 3 and Fig. S6). Shotgun sequence data for ancient human
samples (23) show similar patterns, suggesting a preservation bias to high GCcontent
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and thus likely ruling out enrichment artifacts. Despite lower coverage of AT-rich
regions, the consensus sequence covers ∼99% of the entire pPCP1 at a minimum of 2×
(Table 3).
We tested the authenticity of the pPCP1 DNA by analyzing the substitution
patterns along the DNA fragments and found the same nucleotide misincorporation
pattern that was observed within the mtDNA fragments from the five medieval samples
of the ES site. The predominant C to T substitutions found at the 5′ ends and G to A
substitutions at the 3′ ends are typical of ancient DNA (15, 26, 27). This pattern is not
seen in the fragments mapping to the vector region of the pPCP1 plasmid, lending
additional support to the notion that the majority of these fragments are indeed
derived from contaminating expression vectors of the supplied reagents (Fig. 4 and Fig.
S7). Fragment length distribution also indicates longer fragments obtained for this
region, which is consistent with their coming from a modern contaminant source (Fig.
5).
Phylogenetic comparison of the 8,299-bp 2× consensus pPCP1 plasmid with
modern Y. pestis reveals sequence identity with 11 of 14 extant Y. pestis strains; it did
not match sequences typed as Microtus (AE017046.1), Angola (CP000900.1), and
Medievalis (CP001611.1), although it does match the KIM pPCP1 (AF053945.1). It also
resolves the three ambiguous positions identified by the multiplex approach of the pla
gene and replicates the pla sequence described above. Considering indel
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polymorphisms, the ES strain does not contain the TT insertion common to the
Orientalis biovar (AL109969.1 and CA88-4125).

3.5 Discussion
The last several decades have introduced human populations to a historically
unprecedented number of emerging or reemerging infectious diseases, mostly
facilitated by anthropogenic factors such as globalization of trade and human travel,
changes in local ecology, and antibiotic resistance (28). Genetic diversity in pathogens is
known to be a major source of phenotypic diversity underlying disease dynamics (29),
hence microbial changes cannot be ignored as a potential driving force influencing host–
pathogen interactions (30, 31). Genetic investigations of ancient microbes may provide
much needed data to elucidate how the virulence of our close microbial companions
has evolved over time. Potential factors that influenced the coevolution of humans and
their pathogens in the past can be of great value to elucidate the dynamics of host–
pathogen relationships in our new era of emerging infections (32, 33). Here we report
the presence of short DNA fragments (<60 bp) from two pestis-specific plasmids as well
as one chromosomal sequence showing synonymous substitutions from individuals
from a well-documented Black Death mass burial ground from 1348 to 1350. These
results were obtained in a facility that has not been previously exposed to modern
sources of Y. pestis, and the sequence data contain a damage pattern that is
characteristic of ancient DNA (26). Using a targeted DNA capture approach combined
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with high-throughput sequencing, we obtained sequences of the pPCP1 plasmid of Y.
pestis from all five human samples from the ES site that, when used together,
reconstruct 99% of the plasmid, excluding a 1,200-bp region because of
modern expression vector contamination. The pPCP1 fragments from the ES cemetery
show DNA damage patterns common to ancient DNA (15, 26, 27). Analogous results
were obtained for complete human mtDNA sequences from these five victims as well as
the control samples, suggesting little postexcavation human DNA contamination and
adequate preservation of endogenous DNA. Given the independent replication of the
pla gene by PCR and enrichment-based strategies in two independent laboratories, the
intersample replication of portions of the pPCP1 from five humans each with different
mtDNA genomes, and the unambiguous DNA damage patterns, we believe that these
data conclusively show the presence of Y. pestis DNA in
medieval dental tissues from victims of the first wave of the Black Death, lending
additional support to implicate this bacterium as a causative agent in the medieval
plague pandemic of 1347–1351. The absence of a single Y. pestis DNA fragment in any
of the pre- Black Death control teeth (SNS), which consisted of two samples with mtDNA
yields comparable with the three best-preserved ES samples, also bolsters this claim
and circumvents the concern over soil-dwelling microbial contaminants mimicking
pPCP1 sequences in the ES samples.
Two of the authors (SD and JM) have previously argued that the epidemiology,
virulence, and population dynamics of the Black Death were too different from those
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factors of modern yersinial plague to have been caused by Y. pestis (13). Given the
growing body of evidence implicating this bacterium as responsible for the pandemic,
we believe scientific debates should now shift to addressing the genetic basis of the
epidemic’s unique characteristics.
Y. pestis is a recently evolved variant of the soil-dwelling bacterium
Y. pseudotuberculosis, differing mostly in the acquisition of two virulence plasmids,
namely the pMT1 (100 kb) and the high copy pPCP1 (9.6 kb), which contains the pesticin
(pst) and pesticin immunity genes (pim) involved in bactericidal activity and the
virulence-associated plasminogen activator gene, pla. This important gene is associated
with enhancing the bubonic form of the disease by facilitating bacterial dissemination at
the site of a flea bite and encouraging bacterial proliferation in the respiratory system
during pneumonic episodes. The full pPCP1 plasmid is mostly conserved between
different modern Y. pestis variants; hence, it is not surprising that the plasmid is
effectively unchanged in an ancient sample. In all, we feel confident that the pPCP1
plasmid presented here did not contribute to the purported differences between
ancient and modern forms of the disease. The ES pPCP1 sequence does not match the
Orientalis strain previously defined as branch 1 (11). Although an in-depth discussion of
organismal phylogeny falls outside the current focus, the absence of a branch 2-specific
marker in the DNA helicase II gene and the presence of two substitutions in the same
region that, to our knowledge, are not found in any previously reported modern or
ancient sequence suggest that the medieval form of Y. pestis may harbor additional
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information regarding the organism’s evolutionary history as a human pathogen. This
information may prove instrumental in identifying factors that influence the different
epidemiology of ancient and modern forms of the disease.

3.6 Materials and Methods
3.6.1 Experiments Conducted at McMaster University. Information on the
archaeological site, skeletal sampling, and DNA extraction can be found in SI Materials
and Methods. We note that the site from which the skeletons were recovered, the ES
burial ground in London, is one of just a few excavated sites in the world that can be
linked definitively and uniquely to the mid-14th century outbreak of the Black Death by
archaeological and documentary evidence (34).
Screening. Total DNA from each extract was measured on a Turner Biosystems DNA
fluorometer. PCR inhibition for each DNA extract was determined by an internal positive
control (35) using a 63-bp mammoth cytochrome b assay to evaluate the amount of Taq
Gold DNA polymerase required to overcome PCR inhibition in the extract. Initial
screening of all extracts was done using a 52-bp qPCR assay specific to the plasminogen
activator (pla) gene located on the high-copy pPCP1 plasmid of Y. pestis (19). All extracts
yielding expected pla
products were screened for the presence of an additional Y. pestis-specific marker, the
chaperone protein for the fraction 1 antigen gene (caf1M) located on the pMT1
plasmid. Sensitivity for both Y. pestis assays was determined using synthetically
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produced sequences, which contained identical primerbinding sites flanking a Y. pestis
sequence that differed by a single nucleotide transversion (Figs. S1 and S2). Quantitative
assays were performed on an
MX3000 PCR cycler (Stratagene) or a CFX96 Real-Time PCR Detection System (BioRad),
and all were sensitive to single copy template molecules. Details on PCR conditions and
sensitivity are available in SI Materials and Methods.

3.6.1.1 454 library preparation. Library preparation was performed using the Roche
manufacturer’s protocol, eliminating the fractionation step (454; Roche). Libraries were
quantitated in 20 μL qPCR reactions using methods described elsewhere (36), and
amplified products were used as templates for downstream multiplex applications.

3.6.1.2 Standard and multiplex PCR reactions. Forward and reverse primers were
designed using Integrated DNA Technologies software (www.idtdna.com) to span the
full pla gene and its upstream and downstream intergenic spacer regions (37) (Table
S2). Limitations in primer design made it necessary to exclude a 123-bp region flanking
the transcription start site and an 86-bp region flanking the start of the downstream
intergenic region, leaving a 1,191-bp target region. Multiplex reactions were carried out
using methods described elsewhere (38). Primer pairs were partitioned into 22 pools
through the use of a dynamic programming algorithm for interval scheduling (39), with
compatibility assessed by alignment score and melting temperature (Tm). DNA
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sequences were confirmed in at least two independent amplified library fractions. For
phylogenetic placement, primers for a subset of the branch 1 and 2 diagnostic
chromosomal SNPs (40) were used in single PCR reactions using primers and PCR
conditions described in ref. 9. Primer sequences, PCR conditions, and the consensus
sequence are described in SI Materials and Methods.

3.6.2 Experiments Conducted at the Max Planck Institute in Leipzig, Germany. DNA
extraction and enrichment. To independently replicate the PCR-amplified Y. pestis DNA
from the ES collection and test the suitability of enrichment strategies and subsequent
targeted high-throughput sequencing for ancient pathogens, several teeth were
analyzed at the Max Planck Institute in Leipzig, Germany. Five dental roots from mature
molars from the ES collection were chosen based on pla copy numbers and analyzed
alongside five dental roots from St. Nicholas Shambles (Table S1), and an ancient cave
bear sample was used as a cross-contamination control. An aliquot from each DNA
extract was used to produce libraries using a modified Illumina multiplex protocol (41).
Endogenous mitochondrial DNA was captured in parallel from all libraries. To enrich for
target DNA, we used long-range PCR products as bait for molecular capture through
hybridization (18). Additional details on extraction, library preparation, and enrichment
are available in SI Materials and Methods.
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3.6.2.1 Solexa sequencing and analysis (Leipzig). The enriched library pool was
sequenced on an Illumina Genome Analyzer IIx using the manufacturer’s protocols for
multiplex sequencing with modifications. The raw reads were aligned to the PhiX 174
reference sequence to obtain a training dataset for the base caller Ibis (42). Raw
sequences called by Ibis 1.1.1 were filtered for the individual indexes as previously
described (43). The paired-end reads were subjected to a fusion process (including
removal of adapter sequences and adaptor dimers) by requiring
at least an 11-nt overlap between the two reads. In the overlapping sequence, quality
scores were combined, and the base with the highest base quality score was called.
Only sequences merged in this way were used for additional analysis. The sequencing
data were analyzed starting from QSEQ sequence files and CIF intensity files from the
Illumina Genome Analyzer RTA 1.6 software. Enrichment efficiency was calculated by
mapping all 37,502,405 merged reads to the revised Cambridge Reference Sequence
(rCRS) for human mtDNA and the Y. pestis CO92 pPCP1 plasmid using a custom iterative
mapping assembler (23). From this information, the fraction of total reads that mapped
to the target DNA was calculated.

3.6.2.2 Phylogenetic analysis. The consensus sequences for the mitochondrial genome
fragments were analyzed using a custom Perl script to identify individual haplogroups
based on phylotree (22). All pPCP1 fragments from the ES samples were combined into
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a single consensus sequence, and they were aligned and compared by eye with 14
modern pPCP1 sequences using the software Muscle (44) (SI Materials and Methods).
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3.9 Figures

Figure 1 – The excavation at East Smithfield, 1986 – 1988 (A) and sampling at the
Museum of London (B). Photos reproduced courtesy of the Museum of London.
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Figure 2 – Positional relationship of the sequences reported for medieval Y. pestis. A)
Quantitative PCR assay for the caf1M locus of the pMT1 plasmid. B) Chromosomal
sequence data for s19 (9) showing positions of two novel synonymous substitutions in
the DNA helicase II gene, and absence of the CTA SNP required for branch 2 designation
(boxed nucleotides). C) Solexa consensus (minimum of 2-fold coverage) compared
against 14 modern Y. pestis variants shown with positional information for genes on the
PCP1 plasmid (rop = plasmid replication regulatory protein; pim = pesticin immunity
protein; pst = pesticin; pla = plasminogen activator gene). Transcriptional polarity (45)
indicated by arrows. Identity shown in green; region between 3000 and 4200 is not
considered (see main text). D) Alignment of the medieval Y. pestis pPCP1 consensus
against 14 modern variants showing presence of an indel common to branch 2 and
ancestral isolates.
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Figure 3 – GC content and DNA coverage for the consensus sequences of mtDNA,
Y.pestis pPCP1 (1 – 9612 bp), pPCP1 (4200 – 9612 bp, 1 – 3000 bp) and the excluded
region pPCP1 (3000 – 4200 bp).
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Figure 4 – Nucleotide misincorporation patterns for both the East Smithfield mtDNA consensus
sequences and the complete pPCP1 (1 – 9612 bp) including the section showing alignment to
contaminating modern vector DNA (3000 – 4200 bp), and the entire pPCP1 excluding the
mismapping region (1-3000bp and 4200 – 9612 bp).
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Figure 5 – Graphical depiction of length distribution vs number of fragments for
different target regions.
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3.10 Tables

Table 1 – Average coverage, fragment size and number of fragments mapping to
mtDNA, pPCP1 (4200 - 9612 bp, 1 - 3000 bp) and pPCP1 (3000 bp - 4200 bp) for all 6
medieval teeth as well as two controls and the pooled fragments from the East
Smithfield site ES1-5. na- not applicable. * sequences are conserved between cave bear
mtDNA (9 sequences) and human mtDNA (6 sequences).
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Table 2 – Mitochondrial haplogroup identification based on phylotree (12), as well as
mtDNA contamination estimates based on positions where 311 worldwide mtDNAs or
the rCRS differ from the consensus mtDNA sequence of a particular sample. Clean
fragments were found to be identical to the sample consensus sequence at informative
positions. Polluting fragments were found to be in the same state like the 311mtDNAs
or the rCRS. The na refers to not analysed.
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coverage

positions (total)

positions (covered)

coverage %

1- fold

8412

8371

99.52%

2- fold

8412

8299

98.66%

3- fold

8412

8197

97.45%

4- fold

8412

8109

96.40%

5- fold

8412

8022

95.37%

Table 3 – Coverage for the pPCP1 East Smithfield (1 - 3000 bp, 4200 - 9612 bp)
consensus sequence.
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3.11 Supporting online material for Shuenemann et al. 2011, Targeted enrichment of
ancient pathogens yielding the pPCP1 plasmid of Yersinia pestis from victims of the
Black Death

3.11.1 METHODS
3.11.1.1 The Site. The East Smithfield cemetery is one of two emergency mass burial
grounds established in the city of London in late 1348 or early 1349 in response to the
mass casualties resulting from the medieval plague which entered London in the
autumn of 1348 (1). The burial ground is located northeast of the Tower of London, and
lay just on the outskirts of the medieval city. Historical documents clearly confirm the
purchase of this land for the express purpose of disposing of plague victims, which had
overwhelmed existing parish cemeteries (2). In addition, archeological evidence (coin
deposits) confirms that the cemetery dates to the 1340s (2). The site consists of an
estimated 2400 burials, and excavations carried out between 1986 and 1988 recovered
the remains of 634 individuals, most of which consisted of nearly complete skeletons
(Figure 1). This collection is among the largest excavated catastrophe burials in Europe,
and the historical evidence linking it to the initial outbreak of the 14th century Black
Death in Europe makes it an ideal collection from which to draw tissue samples.

3.11.1.2 Skeletal sampling. Skeletal material for the collection is curated at the
Museum of London. Sample collection took place at the museum by individuals wearing
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protective clothing (latex gloves, tyvek suit, N95 mask). Sections of skeletal elements
were removed using a Dremel tool on the lowest setting to reduce heat, which can
denature DNA. The Dremel tool was cleaned with bleach (10% sodium hypochlorite)
between samples. Care was taken to avoid areas of muscle and ligament attachment,
or areas showing pathological changes. Mature in-situ teeth with fused roots and intact
enamel surfaces absent of pathological lesions (caries, calculus, excessive enamel ware)
were carefully harvested by hand from skulls (Figure 1). In total, 53 skeletal samples and
46 teeth were analysed from individuals of the East Smithfield collection. In addition, 10
teeth were taken from individuals of the St. Nicholas Shambles pre-Black Death
attritional burial site of London, England dating to the 11th and 12 th centuries (3) for use
as a negative control population.

3.11.1.3 DNA extraction and amplification, McMaster University
Manipulations of skeletal and dental tissues took place at the McMaster Ancient DNA
Centre in a facility specifically dedicated to the sampling and extraction of ancient
human tissues. Prior to extraction, bone samples were pulverised by blunt force with a
hammer. To expose the pulp chamber, dental samples were first sectioned at the
cementoenamel junction using a Dremel cutting wheel. Crowns were placed in a -40°C
freezer, and material from the innermost layer of the pulp chamber was carefully
removed using a Dremel tool on its lowest setting fitted with a cold (-40°C) grout cutter
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attachment. DNA extraction was performed by a modified phenol-chloroform method
(4), using approximately 90mg of bone and 60mg of dental pulp. All manipulations of
extracts and downstream products were performed in facilities with no prior exposure
to Y. pestis DNA. In total, 50 bone samples and 60 teeth samples were extracted.
Multiple negative controls were included throughout.

qPCR primers and conditions for sample screening
3.11.1.3.1 Internal positive control (inhibition test)
Forward primer: AGGAGCATGCCTAATTACCCA
Reverse primer: GATGAAAATGCAGTTATTGTGTCA
Mammoth cytochrome b standard (positions 5 – 1031 of the cytochrome b gene):
CCCACATTCGAAAATCTCACCCCTTACTTAAAATCATCAATAAATCCTTCATTGATCTACCTACCC
CATCCAACATCTCAACATGATGAAATTTCGGCTCACTACTAGGAGCATGCCTAATTACCCAAATC
CTAACAGGATTATTCCTAGCCATACATTATACACCCGACACAATAACTGCATTTTCATCTATATCC
CATATTTGCCGAGATGTGAACTACGGCTGAATTATTCGACAACTACACTCAAACGGAGCATCCA
TTTTCTTCCTCTGCCTATACACACACATTGGACGAAACATCTACTATGGGTCCTACCTATACTCGG
AAACTTGAAATACCGGCATTATATTACTACTAATCACCATAGCCACCGCCTTCATAGGATATGTC
CTTCCGTGAGGACAAATATCATTCTGAGGGGCAACCGTAATCACTAACCTTTTCTCAGCAATCCC
TTATATCGGCACAAACCTAGTAGAATGAATCTGAGGAGGCTTTTCAGTAGATAAAGCAACCTTA
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AATCGATTTTTCGCCCTCCATTTCATTCTTCCATTTACTATAATTGCACTAGCAGGAGTACACCTA
ACCTTTCTTCACGAAACAGGCTCAAACAATCCACTGGGCCTCACTTCAGACTCAGACAAAATCCC
CTTTCACCCATACTATACCATTAAGGACTTCCTAGGATTACTTATCCTAATTTTACTTCTTCTACTC
CTAGCCCTACTATCTCCTGACATACTAGGAGACCCTGACAACTACATACCAGCCGACCCACTAAA
TACTCCCCTACATATCAAGCCAGAGTGATATTTTCTCTTTGCTTACGCCATCCTACGATCTGTACC
AAACAAACTAGGAGGCGTCCTAGCCCTACTCCTATCAATTCTAATCCTAGGATTAATACCACTTC
TCCATACATCCAAGCACCGAAGCATAATACTCCGACCTCTTAGCCAAGTCCTATTCTGAACTCTA
ACAATAGATTTACTAACACTTACATGAATTGGCAGCCAACCAGTAGA
PCR conditions consisted of 1 unit 10X PCR Buffer II, 2.5 mM MgCl 2, 250 µM each dNTP,
0.2mg/ml BSA, 300 nM each primer, 0.167 units SYBR, and 0.05 units/µl of Taq GOLD
DNA polymerase (Applied Biosystems) in 20µl reactions with 5µl of ancient extract and
500 copies of the mammoth cytochrome b standard. Thermal profile included a 7
minute denaturation at 95°C, followed by 45 cycles consisting of a 30 second
denaturation at 95°C, a 60 second annealing at 60°C, and a 90 second elongation at
72°C.

Amplifications were followed by a dissociation gradient from 55 - 95°C. For

extracts that demonstrated a cycle shift greater than 0.5 compared to the standard sans
ancient extract, the reaction was again attempted under the same reaction conditions
with 0.1 units/µl of Taq GOLD.
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3.11.1.3.1 Standard generation and design of pla and caf1M assays:
Standards were generated in Bioedit by aligning all available Yersinia pestis sequences in
the NCBI database for the region of interest. Primers were designed using IDT software
(www.idtdna.com), using the following criteria: product length of 50 – 60 bp, annealing
temperature of 46 – 65°C, and 40 – 60% GC content. Selection of primer sets was made
based on the specificity to Yersinia pestis of the region between primers as determined
using the NCBI BLAST feature. For specific regions, a transversion was introduced
outside of the primer binding sites. This altered sequence was again BLASTed, and
confirmed to fall outside of the variant common to all Yersinia pestis sequences in the
NCBI database. HPLC-purified synthetic oligos (IDT) we rendered double stranded in
PCR reactions under the following conditions: 1 unit 10X PCR Buffer II, 2.5 mM MgCl2,
250 µM each dNTP, 300 nM each primer, and 0.05 units/µl of Taq GOLD DNA
polymerase. Thermal profile consisted of a 5 minute initial denaturation at 95°C,
followed by 40 cycles of a 30 second denaturation at 95°C, a 45 second annealing at 61
°C, and a 45 second elongation at 72°C. Products were purified over 10K Pall plates (Pall
Corporation) and quantitated via a Turner Biosystems DNA fluorometer and Genequant
UV spectrophotometer.

Total copy numbers were determined, and 10-fold serial

dilutions down to 0.04 copies/µl were made in 0.1x TE.
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3.11.1.3.2 Assay for the plasminogen activator sequence (pla):
forward primer: ATGCCCTGAAAGACGTGGAGAA
reverse primer: GGGCGCTCATTCTGTTGTTT
synthetic

oligonucleotide

(synthetic

transversion

shown

in

bold):

CCATGCCCTGAAAGACGTGGAGAATGTCAATGCAAAACAACAGAATGAGCGCCCCG
PCRs were performed in 20µl reactions consisting of 1 unit 10X PCR Buffer II, 2.5 mM
MgCl2, 250 µM each dNTP, 0.2mg/ml BSA, 300 nM each primer, 0.167 units SYBR, 0.05
or 0.1 units/µl of Taq GOLD DNA polymerase (Applied Biosystems) depending on the
level of inhibition for the sample as determined in the IPC test, and 5µl of DNA extract.
Thermal profile included a 12 minute denaturation at 95°C, followed by 45 cycles
consisting of a 30 second denaturation at 95°C, a 60 second annealing at 61°C, and a 45
second elongation at 72°C. Amplifications were followed by a final elongation at 72°C
and a dissociation gradient from 65 - 95°C.

3.11.1.3.3 Assay for the chaperone protein for the fraction 1 antigen (caf1M):
forward primer: TATAGCTCAGGCTGGAGGTGTT
reverse primer: CGCATAACCACTTTAGGCTCTC
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shown

in

bold):

GCGTATAGCTCAGGCTGGAGGTGTTTTCCAGCGAGATAAAGAGAGCCTAAAGTGGTTATGCGT
A
PCRs were performed in 20µl reactions consisting of 1 unit 10X PCR Buffer II, 2.0 mM
MgCl2, 250 µM each dNTP, 0.2mg/ml BSA, 300 nM each primer, 0.167 units SYBR, 0.05
or 0.1 units/µl of Taq GOLD DNA polymerase (Applied Biosystems) depending on the
level of inhibition for the sample as determined in the IPC test, and 5µl of DNA extract.
Thermal profile included a 5 minute denaturation at 95°C, followed by 45 cycles
consisting of a 30 second dissociation at 95°C, a 60 second annealing at 63°C, and a 45
second elongation at 72°C. Amplifications were followed by a final elongation at 72°C
and a dissociation gradient from 65 - 95°C.

3.11.1.3.4 Multiplex assays for the pla gene and its flanking intergenic spacers.
Primers are displayed in Table S2 below, and were designed with the following criteria:
product length of 60 – 90 bp, annealing temperature of 46 – 65°C, and 20 – 80% GC
content PCR conditions consisted of 1 unit 10X PCR Buffer II, 2.5 mM MgCl 2, 250 µM
each dNTP, 0.2mg/ml BSA, 200 nM each primer, 0.167 units SYBR, 1 unit of Taq GOLD
DNA polymerase (Applied Biosystems), and 2µl of a 1:100 dilution of the appropriate
amplified 454 library. Thermal profile included a 10 minute denaturation at 95°C,
followed by 45 cycles consisting of a 30 second dissociation at 95°C, a 30 second
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annealing at the temperature specified by the multiplex, and a 45 second elongation at
72°C. Amplifications were followed by a final elongation at 72°C and a dissociation
gradient from 65 - 95°C. All products were cloned with TOPO TA cloning kits (Invitrogen)
following the manufacturer’s protocols. Sequencing reactions were run on an ABI 3130
using either BD v1.1 or 3.1 chemistry. Sequences were visualised in Bioedit and
Geneious 5.1.7.

3.11.1.4 DNA extraction and enrichment at MPI EVA
All pre-amplification steps were carried out in a clean room facility where procedures
that minimize contamination from present-day human DNA are rigorously implemented
(5). An aliquot from each DNA extract was used to produce libraries using a modified
Illumina multiplex protocol (6). Each extract received an individual indexing adapter
allowing for easy discrimination between individual samples after pooling and
sequencing. After indexing PCR, the libraries were amplified an additional 10 cycles in a
100µl reaction containing 50µl PhusionTM High-Fidelity Master Mix and 500nM of
primers sitting at the outer P5 and P7 Illumina library grafting sequences. The annealing
temperature was 60°C. The amplified product was spin column purified and quantified
on an Agilent 2100 Bioanalyzer DNA 1000 chip.
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3.11.1.4.1 DNA enrichment. Long-range PCR products spanning the entire human
mitochondrial genome were produced following the methods of (7). Long range
products for the complete Y. pestis pPCP1 were produced from modern Y. pestis
genomic DNA provided by the Pasteur Institut, Paris. Yersinia pestis long range PCR
primers are as follows, and were designed using Primer3:
FWD 1 – 23: ATCCACACCCAACGCCTGAA
RVS 1 – 3378: GAGCGAGGAAGCGGAAGAGC
FWD 2 – 3004: ATGCTCTGGATGCCGACGAG
RVS 2 – 6413: TCTTCCCGTTCCTGCCCTTC
FWD 3 3 – 6199: GAAGAACGGACAGCCCGTGA
RVS 3 3 – 69: TTCAGGCGTTGGGTGTGGAT
PCRs were performed using the Roche long range PCR kit in 100ul reactions using 1 unit
of 10x PCR Buffer, Mg, 1250 µM each dNTP, DMSO, 0.4 mg/ml SBA, 300 nM each
primer, and 0.7U/µl of polymerase. Thermal profile consisted of an initial denaturation
at 92C for 2 minutes, followed by 9 cycles consisting of a denaturation for 10s at 92C,
15s annealing at 68C, and a 9 minute elongation at 68C. A further 28 cycles were carried
out using the above thermal profile, though with increasing the elongation time by 20
seconds each cycle.
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PCR products were purified using Qiagen spin columns and quantified by NanoDrop. The
two mitochondrial PCR products were pooled in equimolar amounts to a total amount
of 3 µg. The same was done with the pPCP1 products. The pooled PCR products were
then sonicated (Bioruptor, Diogenode, Liege, Belgium), producing fragments of 150 to
700 bp as observed on a 2% agarose gel. The products were biotinylated by ligation to a
biotin-carrying adapter and immobilized on streptavidin-coated magnetic beads. The
amplified libraries were single-stranded by incubating them at 95ºC for 3 min. Each
library was divided in an aliquot that was incubated with streptavidin beads coated with
the mitochondrial fragmented long range PCR product and a second aliquot incubated
with pPCP1 coated beads. The mixture was incubated under rotation at 65ºC in a
hybridization oven (SciGene, Model 700, Sunnyvale, CA, USA). After 48 hours, the beads
were washed and library molecules were eluted by NaOH melting. The DNA
concentration was measured by qPCR (Mx3005P Real Time PCR System, Stratagene, La
Jolla, CA), the eluted library was further amplified for 15 cycles using primers
complementary to the outer P5 and P7 Illumina library grafting sequences. The
individual mtDNA as well as pPCP1 libraries were subsequently pooled in a ratio of 20%
mtDNA and 80% pPCP1.
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3.11.1.4.2 Solexa DNA sequencing analysis. The raw reads were aligned to the PhiX 174
reference sequence to obtain a training data set for the base caller Ibis (8). Raw
sequences called by Ibis 1.1.1 were filtered for the individual indexes used as described
(9). The paired-end reads were subjected to a fusion process (including removal of
adapter sequences and adaptor dimers) by requiring at least an 11nt overlap between
the two reads. In the overlapping sequence, quality scores were combined and the base
with the highest base quality score was called. Only sequences merged in this way were
used for further analysis. The small proportion of molecules longer than 191nt was thus
discarded. Since several amplification steps were performed we filtered for uniqueness
by grouping sequences with the same direction, start, and end coordinates and
considering only fragments that occurred at least three times, since several
amplification steps were performed. From each such cluster a consensus sequence was
generated by taking, for each position, the base with the highest quality score. That
resulted in a total of 1,354,268 unique merged sequences that were used as input of the
iterative mapping assembler (10).
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Results

3.11.2.1 Figures

Figure S1 – Sequence alignment showing the positions of qPCR primers and synthetic
oligonucleotides for A) plasminogen activator (pla) and B) chaperone protein for the
fraction 1 antigen (caf1M).
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Figure S2 – sensitivity data for the plasminogen activator assay (A) and the fraction 1
antigen assay (B). Plasminogen activator assay is shown here to be reliably sensitive to
4 copies of initial template, with an R2 value of 0.995 and an overall reaction efficiency
of 93.2%. The fraction 1 antigen assay is shown here to be reliably sensitive to 4 initial
template quantities, with an R2 value of 0.999 and an overall reaction efficiency of
99.1%.

Both sensitivity assays were conducted using only synthetically-produced

oligonucleotides that differ from all known wild type Y. pestis sequences.
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Figure S3 - Sequence data from multiplex PCR method demonstrating the manner in
which damaged positions were identified and resolved (amp# = amplified library; # =
PCR, lower case letters = individual clones). Boxed nucleotides indicate positions that
could not be resolved via this method.
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Figure S4 – Depiction of endogenous and contaminant mitochondrial fragments,
showing the method used to identify polluting human mtDNA molecules.
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Figure S5 – Damage pattern for mtDNA, pPCP1 (4200 – 9612 bp, 1 – 3000 bp), pPCP1
(3000 – 4200 bp) for the samples SNS1, SNS 2,SNS 3,SNS 4, SNS 5, ES 1, ES 2, ES 3.1, ES
3.2, ES 4.1, ES 4.2, ES 5, cave bear control, extraction blank, and library control.
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Figure S6 – GC content and coverage for mtDNA, pPCP1 (4200 – 9612 bp, 1 – 3000 bp),
pPCP1 (3000 – 4200 bp) for the samples SNS1, SNS 2,SNS 3,SNS 4, SNS 5, ES 1, ES 2, ES
3.1, ES 3.2, ES 4.1, ES 4.2, ES 5, cave bear control, extraction blank, and library control.
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Table S1 – List of all skeletal samples obtained from the Museum of London.
Demographic information, where available, after (11). Units/µl of Taq GOLD used in
qPCR determined as per the IPC test. Each pla and caf1M qPCR was performed one
time per sample. ES = East Smithfiled; SNS = St. Nicholas Shambles; SN = supernatant; P
= pellet; * = samples sent to the MPI EVA for independent replication.

102

Ph D. Thesis

K. Bos; McMaster University

103

Anthropology

Ph D. Thesis

K. Bos; McMaster University

Anthropology

Table S2 – list of all primers used for multiplex PCR of the pla gene and its flanking
intergenic spacer regions. Grey shading over primer names indicate pairs that did not
yield expected products.
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See Appendix 2
Dataset S1 – Consensus sequence for the plasminogen activator gene (pla) obtained via
multiplex (McMaster University) and targeted enrichment (MPI EVA). For multiplex,
each sequence was confirmed in a minimum of two independent amplified DNA
libraries, where the number of clones from each library is separated by commas. X’s in
the multiplex consensus sequence indicate regions not attempted owing to limitations
in primer design, and Y’s indicate positions that could not be resolved via this method
(nucleotides for unresolved positions are shown).
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4.1 Summary paragraph
Technological advances in DNA recovery and sequencing have drastically expanded the
scope of genetic analyses from ancient specimens where full genomic investigations are
now feasible and are quickly becoming standard1. This trend has important implications
for infectious disease research, since genomic data from ancient microbes may help to
elucidate mechanisms of pathogen evolution and adaptation for emerging and reemerging infections. Here we report a reconstructed ancient genome of Yersinia pestis
at 30-fold average coverage from Black Death victims securely dated to episodes of
pestilence-associated mortality in London, England, 1348 – 1350. Genetic architecture
and phylogenetic analysis indicate that the ancient organism is ancestral to most extant
strains and sits very close to the ancestral node of all Y. pestis commonly-associated
with human infection. Temporal estimates suggest that the Black Death of 1346 – 1351
was the main historical event responsible for the introduction and worldwide
dissemination of the ancestor to all currently circulating Y. pestis strains pathogenic to
humans, and further indicates that contemporary Y. pestis epidemics have their origins
in the medieval era. Comparisons against modern genomes reveal no unique derived
positions in the medieval organism, suggesting that the perceived increased virulence of
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the disease during the Black Death may not have been due to bacterial physiology.
These findings support the notion that factors other than microbial genetics, such as
environment, vector dynamics, and host susceptibility should be at the forefront of
discussions regarding emerging Y. pestis infections.
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4.2 Manuscript
The Black Death of 1347 – 1351, caused by the bacterium Yersinia pestis2,3, provides one
of the best historical examples of an emerging infection with rapid dissemination and
high mortality, claiming an estimated 50% of the European population in only a fiveyear period4. Discrepancies in epidemiological trends between the medieval disease and
modern Y. pestis infections have ignited controversy over the pandemic’s aetiologic
agent5,6, and although ancient DNA investigations have strongly implicated Y. pestis2,3,
genetic changes in the bacterium may be partially responsible for differences in disease
manifestation and severity. To understand the organism’s evolution it is necessary to
characterise the genetic changes involved in its transformation from a sylvatic pathogen
to one capable of pandemic human infection on the scale of the Black Death, and to
determine its relationship with currently circulating strains. Here we begin this
discussion by presenting the first draft genome sequence of the ancient pathogen.
Yersinia pestis is a recently-evolved descendent of the soil-dwelling bacillus
Yersinia pseudotuberculosis7, which in the course of its evolution acquired two
additional plasmids (pMT and pPCP1) that provide it with specialised mechanisms for
infiltrating mammalian hosts. To investigate recent evolutionary changes in of one of
these plasmids, we reported on the screening of 46 teeth and 53 bones from the East
Smithfield (ES) collection of London, England for presence of the Y. pestis-specific
pPCP13. Historical data indicates that the ES burial ground was established in late 1348
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or early 1349 specifically for interment of Black Death victims8 (Figure S1 and S2),
making the collection well-suited for genetic investigations of ancient Y. pestis. DNA
sequence data for five teeth obtained via molecular capture of the full pestis-specific
pPCP1 revealed a C to T damage pattern characteristic of authentic endogenous ancient
DNA9, and assembly of the pooled Illumina reads permitted the reconstruction of
98.68% of the 9.6kb plasmid at a minimum of 2-fold coverage3.
To evaluate the suitability of capture-based methods for reconstructing the
complete ancient genome, multiple DNA extracts from both roots and crowns stemming
from four of the five teeth which yielded the highest pPCP1 coverage 3 were used for
array-based enrichment (Agilent®) and subsequent high-throughput sequencing on the
Illumina GAII® platform10. Removal of duplicate molecules and subsequent filtering
produced a total of 2,366,647 high quality chromosomal reads (Tables S1a and S1b)
with an average fragment length of 55.53bp (Figure S4), which is typical for ancient
DNA. Coverage estimates yielded an average of 28.2 reads per site for the chromosome,
and 35.2 and 31.2 for the pCD1 and pMT1 plasmids respectively (Figure 1a, c, and d;
Tables S1b and S1c). Coverage was predictably low for the pPCP1 (Figure 1e) because
probes specific to this plasmid were not included on the arrays. Coverage correlated
with GC content (Figure S6), a trend previously observed for high-throughput sequence
data11. The coverage on each half of the chromosome was uneven due to differences in
sequencing depth between the two arrays with 36.46 and 22.41 average reads per site
for array 1 and array 2 respectively. Although greater depth contributed to more
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average reads per site, it did not increase overall coverage, with both arrays covering
93.48% of the targeted regions at a minimum of 1-fold coverage (Table S1b). This
indicates that our capture procedure successfully retrieved template molecules from all
genomic regions accessible via this method, and that deeper sequencing would not
result in additional data for CO92 template regions not covered in our dataset.
Genome architecture is known to vary widely among extant Y. pestis strains12.
To extrapolate gene order in our ancient genome, we analysed reads mapping to the
CO92 reference for all extracts stemming from a single individual who yielded the
highest coverage (individual 8291). Despite the short read length of our ancient
sequences and the highly repetitive nature of the Y. pestis genome, 2221 contigs
matching CO92 were extracted, comprising a total of 4,367,867 bp. To identify potential
regions of the ancient genome that are architecturally distinct from CO92, all reads not
mapping to the CO92 reference were in turn considered for contig construction. A
conventional BLAST search queried against the CO92 genome revealed matches for
2105 out of the 2134 resulting contigs. Evidence of altered architecture was identified in
10 contigs (Table S2). An example of such a structural variant is shown in Figure 2,
where reference-guided assembly incorporating unmapped reads to span the
breakpoint validates its reconstruction. This specific genetic orientation is only found in
Y. pseudotuberculosis and Y. pestis strains Microtus, Angola, Pestoides F, and
B42003004 that are ancestral to all Y. pestis commonly-associated with human
infections (branch 1 and branch 2 strains13,14). Furthermore, discrepancies in the
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arrangement of this region in branch 1 vs. branch 2 modern Y. pestis strains indicate
that rearrangements occurred as separate events on the different lineages.
Single nucleotide differences between our ancient genome and the CO92
reference surprisingly consisted of only 97 chromosomal positions, and 2 and 4
positions in the pCD1 and pMT1 plasmids respectively (Table S3), indicating tight genetic
conservation in this organism over the last 660 years. Twenty-seven of these positions
were unreported in a previous analysis of extant Y. pestis diversity14 (Table S3, S4).
Comparison of our ancient genome to its ancestor Y. pseudotuberculosis revealed that
the medieval sequence contained the ancestral nucleotide for all 97 positions, indicating
that it does not possess any derived positions absent in other Y. pestis strains. Two
previously reported chromosomal differences3 were not present in our genomic
sequence data, suggesting that they likely derived from deaminated cytosines that
would have been removed in the current investigation via UDG treatment prior to array
capture.
To place our ancient genome in a phylogenetic context, we characterised all
1694 previously identified phylogenetically informative positions14 (Table S4), and
compared those from our ancient organism against aggregate base call data for 17
publically available Y.pestis genomes and the ancestral Y. pseudotuberculosis. When
considered separately, sequences from three of the four victims fall only two
substitutions from the root of all extant human pathogenic Y. pestis strains (Figure 3a),
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and they show a closer relationship to branch 1 Y. pestis than to branch 2; however, one
of the four victims (individual 6330) was infected with a strain that contained three
additional derived positions seen in all other branch 1 genomes 14. This suggests either
the presence of multiple strains in the London 1348 – 1350 pandemic or
microevolutionary changes accruing in one strain, which is known to occur in disease
outbreaks15. Additional support for Y. pestis microevolution is indicated by the presence
of several variant positions for which sequence data from one individual shows two
different nucleotides at comparable frequencies (Table S5). Position 2,896,636, for
example, is a known polymorphic position in extant Y. pestis populations14, and this
position shows the fixed derived state in one individual (6330) and the polymorphic
state in another (individual 8291) at minimum 5-fold coverage (Figure S7). This provides
a remarkable example of microevolution captured during an historical pandemic. The
remaining variance positions are unchanged in the 18 extant Yersinia genomes, thus
they may be unique to the ancient organism and are, therefore, of further interest.
Additional sampling of ancient genomes will assist in determining the frequency of
these mutations in co-circulating Y. pestis strains, and will clarify the emergence of
branch 2 strains that are as yet unreported in ancient samples.
Consistent tree topologies were produced via several construction methods and
all major nodes were supported by posterior probability (pp) values of > 0.96 and
bootstrap values >90 (Figure 3b, Figure S8, Figure S9). The trees place the ES sequence
close to the ancestral node of all extant human pathogenic Y. pestis strains (only 2 of
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1694 positions) and at the base of branch 1 (Figure 3b). A secure date for the ES site of
1348 – 1350 allowed us to assign a tip calibration to the ancient sequence and thus date
the divergence time of the modern genomes and the ES genome using a Bayesian
approach. Temporal estimates indicate that the root of all Y. pestis commonlyassociated with human infection shared a common ancestor sometime between 660
and 723 years ago (1288 – 1351 AD, 95% highest probability density, HPD),
encompassing a much smaller time interval than recently published estimates14 and
further suggesting that all currently circulating branch 1 and branch 2 isolates emerged
during the 13th century at the earliest (Figure 3b), potentially stemming from an eastern
source as has been previously suggested14. This implies that the medieval plague was
the main historical event that introduced human populations to the ancestor of all
known pathogenic strains of Y. pestis. This further questions the aetiology of the 6 th
through 8th century plague of Justinian, popularly assumed to have resulted from the
same pathogen: our temporal estimates imply that the pandemic was either caused by
a Y. pestis variant that is distinct from all currently circulating strains commonly
associated with human infections, or it was another disease altogether.
Although our approach of using an extant Y. pestis reference template for bait
design precluded our ability to identify genomic regions that may have been present in
the ancient organism and were subsequently lost in CO92, genomic comparisons of our
ancient sequence against its closest outgroups may yield valuable insights into Y. pestis
evolution and altered physiology. The Microtus 91001 strain is the closest branch 1 and
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branch 2 relative confirmed to be non-pathogenic to humans16, hence genetic changes
may represent contributions to the pathogen’s adaptation to a human host.
Comparisons against this outgroup revealed 113 changes (Table S6a, and Table S6b),
many of which are found in genes affecting virulence-associated functions like biofilm
formation (hmsT), iron-acquisition (iucD) or adaptation to the intracellular environment
(phoP). Similarly, though its virulence potential in humans has yet to be confirmed to
our knowledge, Y. pestis B42003004 isolated from a Chinese marmot population17 has
been identified as the strain closest to the ancestral node of all Y. pestis most commonly
associated with human plague, and thus may provide key information regarding the
organism’s evolution. Full genome comparison against the ES sequence revealed only 8
single nucleotide differences (Table S6c), six of which result in non-synonymous changes
(Table S6d). Although these differences likely do not affect virulence, the influence of
gene loss, gene gain, or genetic rearrangements, all of which are well-documented in Y.
pestis12,18, is undetermined. In more recent evolutionary terms, single nucleotide
differences in several known pathogenicity-associated genes were found between our
ancient genome and the CO92 reference sequence (Table S3), which may represent
further adaptations to human hosts.
Through enrichment by DNA capture coupled with targeted high throughput
DNA sequencing, we have reconstructed a draft genome for what is arguably the most
devastating human pathogen in history, and revealed that the medieval plague of the
14th century was likely responsible for its introduction and for its current global
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distribution in human populations. This indicates that the disease responsible for the
Black Death persists relatively unchanged in the 21 st century as both an endemic and
emerging biological threat19. Introductions of new pathogens to populations are often
associated with increased incidence and severity of disease20 and although the
mechanisms governing this process are complex21, genetic data from ancient infectious
diseases will provide invaluable contributions toward our understanding of hostpathogen coevolution. The Black Death is a seminal example of an emerging infection,
traveling across Europe and claiming the lives of an estimated 30 million people in only
five years, which is much faster than contemporary rates of bubonic or pneumonic
plague infection22 and dissemination7,8. Regardless, although no extant Y. pestis strain
possesses the same genetic profile as our ancient organism, our data suggest that few
changes in known virulence-associated genes have accrued in the organism’s 660 years
of evolution as a human pathogen, further suggesting that its perceived increased
virulence in history23 may not be due to novel fixed point mutations detectable via the
analytical approach described here. At our current resolution, we posit that molecular
changes in pathogens are but one component of a constellation of factors contributing
to changing infectious disease prevalence and severity, where genetics of the host
population24, climate25, vector dynamics26, social conditions27, and synergistic
interactions with concurrent diseases28 should be foremost in discussions of population
susceptibility to infectious disease and host-pathogen relationships with reference to Y.
pestis infections.
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4.3 Methods Summary
DNA from dental pulp was extracted and converted into sequencing libraries as
previously described3. Potential sequencing artefacts resulting from deaminated
nucleotides were eliminated by treatment of the DNA extracts with uracil-DNAglycosylase and endonuclease VIII29. DNA extracts were subsequently converted into
sequencing libraries and amplified to incorporate unique sequence tags on both ends of
the molecule30. Two Agilent® DNA capture arrays were designed for capture of the full
Y. pestis chromosome (4.6Mb), and the pCD1 (70kb) and pMT1 (100kb) plasmids using
the modern Y. pestis strain CO92 (accession numbers NC_003143, NC_003131,
NC_003134, respectively) for bait design with 3 base pair (bp) tiling density. Serial array
capture was performed over two copies of each array, using the enriched fraction from
the first round of capture as template for a second round. The resulting products were
amplified and pooled in equimolar amounts. All templates were sequenced for 76 cycles
from both ends on the Illumina GAII® platform, and reads merged into single fragments
were included in subsequent analyses only if forward and reverse sequences overlapped
by a minimum of 11 bp. Reads were mapped against the CO92 genome using the
software BWA, and molecules with the same start and end coordinates were removed
with the rmdup program in the samtools suite31. Reference-guided sequence assembly
was performed using Velvet version 1.1.0332, with mapped and unmapped reads
supplied in separate channels. Single nucleotide differences were determined at a
minimum of 5-fold coverage and base frequency of at least 95% for both a pooled
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dataset for all individuals and one in which all individuals were treated separately. A
median network was constructed on these base calls using SplitsTree433. Phylogenetic
trees were constructed using Parsimony, Neighbhour-Joining (MEGA 4.1), and Bayesian
methods34, and coalescence dates were determined in BEAST using both a strict and a
relaxed molecular clock34 (Fig. S9).
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4.7 Figures

Figure 1 – Coverage plots for a) the chromosome and c), d), and e) the plasmids.
Coverage in blue, GC content in green. Scale lines indicate 10, 20, 30, 40, 50 fold
coverage and to 0.1, 0.2, 0.3, 0.4, 0.5 GC content. For plasmids, red corresponds to
coding regions, yellow to mobile elements. Chromosome shows median gene coverage.
Plasmids show each site plotted. Histogram in b) shows chromosomal coverage of array
1 (blue) and array 2 (red) indicating that deeper sequencing increases the number of
reads per site, but does not influence overall coverage. Coverage histogram for the
plasmids shown in Figure S5.
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Figure 2 – Alignment of mapped reconstructed contigs against CO92 and Microtus
genomes. Reads mapped at positions A (blue) and B (green) are 231 kbp apart in the
linearized CO92 genome. Adjacent sequence is high-coverage though only 18x and 20x
is shown due to space constraints (black) for A and B, respectively. The structural
variant was assembled using reads that did not map to CO92 (red). Its position is shown
on the linearized Microtus 91001 chromosome where the 9096 bp contig maps with
100% identity.
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Figure 3 – Phylogenetic placement and historical context for the ES strain. a) Median
Network of ancient and modern Y.pestis based on 1694 variant positions in modern
genomes14. Coloured circles represent different clades as defined by Achtman et al,
200413. Gray circles represent hypothetical nodes. b) Phylogenetic tree using 1694
variable positions. Divergence time intervals are shown in calendar years, with
Neighbour Joining bootstrap support (blue italic) and Bayesian posterior probability
(blue). Grey box indicates known human pathogenic strains. c) Geographic origin of
genome sequences used in a) and b). d) Geographical spread of the Black Death from
infection routes reported in Benedictow, 20044. Abbreviations used in a) and b) for the
modern strains: A) NZ ACNQ01000, Nepal516 NC 008149, KIM10 NC 004088, B) NZ AAYT01000, C) NZ
ABAT01000, D) NZ ACNS01000, E) NZ AAYS01000, F) NZ AAOS02000, CO92 NC 003143, G) NZ ABCD01000,
H) NZ AAYV01000, I) NC 014029, J) NZ AAYR01000, Antiqua NC 008150.
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4.8 Supplementary Information (SI) for Bos et al, 2011, “A draft genome of Yersinia
pestis from victims of the Black Death”

4.8.1 Materials and Methods
4.8.1.1 Mortality records. Figure S1 is based on data collected and published by Cohn,
20021 (Fig. 7.33). The City of London did not publish bills of mortality in the 14 th
century. Cohn counted the numbers of last wills and testaments submitted to the Court
of Husting in London each month in 1348 and 1349. While only relatively prosperous
individuals would have had last wills and testaments, the temporal pattern of deaths
indicated by these monthly counts is likely to be strongly correlated with the full
epidemic curve for the population of London as a whole.

4.8.1.2 Samples. Dental material from the four individuals was harvested from the East
Smithfield collection at the Museum of London as previously described2. The East
Smithfield cemetery of London, England (Figure S2) is one of the few excavated
medieval catastrophe burials in Europe, and historical documentation clearly indicates
purchase of this land in late 1348 or early 1349 specifically for interment of victims of
the pestilence3,4, who had quickly exhausted available plots in local perish cemeteries.
Shortly after the Black Death, the Abbey of St. Mary Graces was established on this land
in 1350. The plot later housed the nineteenth-century Royal Mint for the city of London,
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hence the skeletal collection has been equivocally referred to as the “Royal Mint
collection” in published work.

4.8.1.3 Extraction and screening. All manipulations of samples and DNA extracts were
performed in facilities specifically dedicated to the extraction of ancient DNA with no
prior exposure to sources of Y. pestis DNA, and following the most stringent protocols to
limit laboratory contamination5. Pulverisation of dentin from both roots and molars was
performed as previously described2.

DNA extraction from dental material was

performed by a protein kinase mediated lysis, followed by purification via either a
modified phenol chloroform method as previously described 2 (McMaster) or a
guanidinium-silica method6 (MPI). A minimum of one negative extraction blank per 8
samples was carried along throughout.

4.8.1.4 Library preparation and indexing. 75µl of each DNA extract, extraction blank
control or water library blank control (a minimum of one per every 10 libraries), was
used for library preparation following the protocol of Meyer and Kircher (2010) 7 with
modifications for ancient DNA8. For extracts purified via phenol chloroform,
supernatant and pellet fractions were combined, and 75µl of the resultant pool was
used in the immortalisation procedure. For all libraries, the blunt-ending step was
preceded by treatment with uracil-DNA-glycosylase as well as Endonuclease VIII9 to
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remove deaminated cytosines that contribute to C > T damage motifs in ancient DNA10.
The chemistry of this procedure was scaled to accommodate a larger volume of extract.
Post library preparation, each library was amplified with two 5’-tailed ‘indexed’ PCR
primers, adding sample-specific indexes to both library adapters in this process8.
Individual PCR reactions contained a maximum of 5x108 library template molecules, and
were amplified in 100µl reactions with the following thermal profile: 12 minute initial
denaturation at 95°C, 10 cycles consisting of a 30 second denaturation at 95°C, a 30
second annealing at 58°C, and a 45 second elongation at 72°C, ultimately followed by at
10 minute final elongation at 72°C.

4.8.1.5 Array design. We used Agilent one million (1M) custom features arrays to
capture Yersinia pestis genomic DNA libraries. We designed two 1M arrays by tiling 60
bp probes every three bases along the complete 4.6 Mb Y. pestis strain CO92 genome
(NC_003143), the 70Kb pCD1 (NC_003131) and 96Kb pMT1 (NC_003134) plasmids. We
included additional 60 bp probes every 1 base to get extra coverage of 933 single
nucleotide polymorphisms (SNPs) that have been used to performed phylogenetic
analysis of different Y. pestis isolates11, and eight Y. pestis genomic regions that contain
the virulence genes hms (hemin storage locus, YPO1951- YPO1954), T3SS (Type III
secretion system, YPO0255 - YPO0273), an enhancing factor (YPO0339), the putative
insecticide enhancing factors (YPO3678, YPO3681), and the putative insecticide toxin
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(YPO2312, YPO2380, YPO3673, YPO3674). The array design pipeline for mammalian
genomes we used removes probes that contain repetitive elements based on 15-mer
frequency counts12. First a table of frequencies for every 15-mer found in a given
genome (sense and antisense) is calculated. Then, for each probe, the genomic
frequency values of all of the probe’s 15-mers are averaged. If this average genomic
frequency of the 15-mers in one probe is above a given threshold, the probe is
removed. A threshold of 100 has been used to design arrays based on mammalian
genomes12, 13. We applied here the same methodology to remove probes that contain
repetitive elements. Using 100 as a threshold, no probes were discarded. The highest
frequency for a 15-mer in the Y. pestis genome was 66. The first array we designed
(array A) contained probes covering the first 2.5 Mb of the Y. pestis chromosome, the
second array (array B) contained the last 2.1 Mb of the chromosome, the plasmid pCD1,
the plasmid pMT1, several virulence genes, and all SNPs taken from Morelli et al.
201011.

4.8.1.6 Array capture. Capture was performed following methods previously
described17 where all amplification reactions were performed with Phusion Hi-Fidelity
DNA polymerase (New England Biosystems) in 100µl reactions with the following
chemistry: 50µl Phusion High Fidelity Master Mix, 400 nM each p5 – p7 bridge
amplification primer, and 10µl of template. Thermal profile consisted of a 3 minute
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initial denaturation at 95°C, between 5 to 10 cycles of a 30 second denaturation at 95°C,
30 second annealing at 60°C, and a 45 second extension time at 72°C, and a final
elongation at 72°C for 5 minutes. PCR products were spin column purified over MinElute
and quantitated via an Agilent 2100 bioanalyzer following the manufacturer’s protocols.
The products were captured on two copies of each array A and array B in parallel, four
arrays in total. After the first round of capture the 490μl eluate from the two identical
arrays were pooled and PCR amplified in 20 independent PCRs in 100μl reactions
containing 50μl PhusionTM High-Fidelity Master Mix, 1μM of each p5 – p7 bridge
amplification primer and 50 μl library template and a total of 20 cycles. PCR products
were spin column purified and quantified via an Agilent 2100 bioanalyzer. A second
round of array capture was performed using the same conditions as the first round, only
this time each of the two library pools were put on single arrays (array A or array B). The
eluted 490µl from each array was subsequently amplified in 10 reactions using the
amplification conditions described above.

4.8.1.7 Sequencing. The enriched libraries were pooled in equimolar concentrations
and sequenced on the Illumina Genome Analyzer IIx platform using 2 x 76 + 7 +7 cycles
on a single sequencing lane according to the manufacturer’s instructions for multiplex
sequencing (FC-104-400x v4 sequencing chemistry and PE-203-4001 cluster generation
kit v4). The manufacturer’s protocol was followed except that an indexed control PhiX
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174 library (index 5’- TTGCCGC-3') was spiked into each lane yielding a fraction of 2-3%
control reads in all lanes of the run. The sequencing data were analyzed starting from
QSEQ sequence files and CIF intensity files from the Illumina Genome Analyzer RTA 1.6
software. The raw reads were aligned to the PhiX 174 reference sequence to obtain a
training data set for the base caller Ibis15. Raw sequences called by Ibis 1.1.1 were
filtered for the 'AATCTTC' index as described15. The paired-end reads were subjected to
a fusion process (including removal of adapter sequences and adaptor dimers) by
requiring at least an 11nt overlap between the two reads. In the overlapping sequence,
quality scores were combined and the base with the highest base quality score was
called. Only sequences merged in this way were used for further analysis. A small
number of larger molecules (longer than 141nt) had lower sequence quality, and were
thus discarded. The total number of merged reads for individual samples and the total
pool can be found in Table S1b.

4.8.1.8 Mapping. Merged reads were aligned with BWA16 to the CO92 Y.pestis
reference genome (NC_003143), the 70Kb pCD1 (NC_003131), the 96Kb pMT1
(NC_003134), and the 9.6Kb pPCP1 (NC_003132.1) CO92 plasmids using default
parameters. Mapping alignments were converted to SAM/BAM format17 with BWA's
samse command. Accurate mapping into different genomic regions was complicated by
the presence of a 1956-bp transposase that is present in one copy in the pCD1 and the
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pPCP1, and in multiple copies on the pMT1 and the chromosome. One copy of this
transposase was removed from the reference plasmid sequences prior to mapping,
though its multiple copies in the chromosome and pMT contributed to inflated coverage
estimates for these genetic components prior to additional filtering (Table S1b). The
pooled dataset of all enriched extracts generated a total of 20,512,847 merged reads, of
which 13,180,582 (64.26%) mapped to the CO92 reference chromosome. Multiple
amplifications of the DNA library and enriched fractions performed as part of the
capture procedure made it necessary to remove all identical molecules from the merged
reads such that each starting library template was considered only once in genome
assembly. This poses certain limitations when working with data from a bacterial
population, since accuracy in identifying a unique template sequence requires properly
distinguishing true genetic variation in the population, which can accrue rapidly even
within a single host during pandemic episodes, from artefacts introduced via PCR
misincorporations and Illumina sequencing. Duplicate molecules were removed using
rmdup. This method clusters all reads together that have identical start and end
coordinates in the mapping alignment, and uses the read with the highest mapping
quality as representative of the cluster. This process, therefore, reduced the error signal
resulting from amplification and sequencing, and also reduced the number of reads
mapping to the transposase of the chromosome and pMT. The total number of mapping
fragments before and after duplicate removal was calculated with flagstat17 (Table S1b).
Duplicate removal resulted in a total of 2,812,240 (13.71%) chromosomal reads, and
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filtering with Q>30 reduced this number to 2,366,647 (11.53%) high quality
chromosomal reads. The average fragment length and length distribution was
calculated using the SAM format loaded into Galaxy18, 19. Using the pileup function of
samtools17 all BAM files were converted into pileup files to calculate average coverage
over the genome by dividing the total number of nucleotides mapping to the CO92
genome by its length using a mapping quality of Q>30. Average coverage was estimated
at varying fold coverage and with and without mapping quality filtering (Table S1a, S1b,
and S1c). To determine if we have sequenced the enriched library to exhaustion we
estimated how often we have sequenced each original fragment for array A and array B
separately. Average coverage of the target chromosomal region for each array was
calculated using a mapping quality filter of Q>30 for the total reads both before and
after duplicate removal (rmdup). Array A gave an average coverage of 66.09 before and
36.46 after duplicate removal, and array B gave 34.87 before and 22.41 after. Thus for
array A, each original fragment was seen on average approximately 1.8 times whereas
for array B each fragment was seen on average 1.5 times. This indicates that array A was
sequenced to a greater depth than array B. The differences in sequencing depth for the
arrays could be potentially explained by differences in enrichment efficiencies or
experimental variation. Regardless of different sequencing depths, each array covered a
comparable number of sites for the target region at a minimum of 1-fold coverage,
indicating that further sequencing would not contribute to additional information on
sites not currently covered (Figure 1b, main manuscript).
133

Ph D. Thesis

K. Bos; McMaster University

Anthropology

4.8.1.9 Genome architecture and contig assembly. Using the read dataset for individual
8291 aligned to the CO92 chromosome with BWA16, all regions with a minimum
mapping quality of 25 were extracted. A reference-guided sequence assembly was
performed in Velvet version 1.1.0320 using the extracted reference sequences supplied
to the Columbus extension for reference-aided assembly in addition to all mapped and
unmapped reads for individual 8291 in separate channels. A hash length of k = 21 was
identified as producing an optimal assembly after iterations using several values for k.
NCBI BLAST 2.2.21 was used for local similarity searches. The reference-guided assembly
produced 130,556 contigs with an N50 of 288 bp. When filtered for contigs 500bp or
larger 2134 contigs remained totalling 4,013,009 bp. This consisted of 30,959 unmapped
reads. To identify contigs that potentially contained novel architecture distinct from
CO92 and stemming from unmapped reads, all contigs were queried against the CO92
chromosome using BLAST21 with an E-value cutoff of 1e-50. Twenty-nine were contigs
that had no hits to CO92: six had 100% identity to human mtDNA, 8 matched mobile
elements that were common to several species of bacteria, and 16 had no or low
significant similarity to sequences in the NCBI database. A potential variant was
considered for further examination if the contig sequence produced multiple hits to the
CO92 chromosome. Any such contig would have segments that occur at a distance in
the CO92 chromosome that the BLAST algorithm would be unable to extend through.
Ideally these segments would be non-overlapping and would occur at a distance of
more than one read length (54bp). Each contig was queried against other NCBI Yersinia
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sequences to check if the sequence proposed by the contig was observed in other
species in the genus. Of the 20 such contigs identified (Table S2), half were either
eliminated as mapping errors or were removed due to their location within known
repetitive regions. The remaining 10 contigs provided indications of altered structure in
the ancient organism as compared to the reference CO92 genome. The contig numbers,
length, description of the change relative to CO92, and the number of Yersinia strains in
which each structural variant was observed are recorded in Tables S2a and S2b. An
example is provided in Figure 2 in the main manuscript using contig number 6149,
which suggests a breakpoint joining sequence in the pbpC pseudogene, which is intact in
ancestral Yersinia strains, but spans a gap of 231 kb in the CO92 genome. The mapping
alignment shows both joined ends occurring next to regions of high coverage (insertion
element IS285), though a read depth of 20 is depicted in Figure 2 owing to space
restrictions and resolution. Only short overlaps of several bases are observed across the
breakpoint in the mapping alignment and no read is aligned across its centre at that
position. Unmapped reads have spanned this breakpoint producing a natural overlap
joining these two ends in reference-guided assembly. This specific orientation is shared
only with Y. pseudotuberculosis, Microtus, Pestoides, and B42003004, which are
ancestral to all currently circulating Y. pestis strains commonly associated with human
infection. Separate orientations exist for this region in branch 1 (pestis Z176003, pestis
D182038, pestis D106004, CO92, Antiqua) and branch 2 (Medievalis str. Harbin 35,
Nepal516, KIM) strains, indicating that rearrangements in the pbpC pseudogene
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occurred as independent events on different lineages. This ancestral character supports
the authenticity of our sequence data because these contigs demonstrate marked
differences from modern Y. pestis. Each proposed breakpoint position was examined in
the 8291 mapping alignment as well as a mapping alignment for each contig to
determine if 1) the reconstruction was supported by multiple reads, 2) it did not occur
in a repetitive region of CO92, and 3) was not produced by misassembly of a collapsed
repeat. Additionally, the mapping alignment needed to indicate that the breakpoints
occur in relatively poorly mapped regions of CO92 such as that described for contig
6149 above. This process revealed that 10 of the 20 contigs resulted from improper
assembly (Table S2b).

4.8.1.10 Genomic analysis. To identify positions that differ from the CO92 Y.pestis
reference genome, pileup files generated from BAM files were filtered for positions with
a mapping score of Q>30, a major base frequency of at least 95% and at least a 5 fold
coverage using Galaxy18, 19. Using these conditions 97 nucleotide positions were found
to be different between the CO92 reference genome and the East Smithfield individuals
11972, 8291, 8134, and 94 positions between 6330 and CO92 (Table S3a). All 97 (or 94)
nucleotides were found to be in the ancestral state in the East Smithfield individuals
when compared to Y. pseudotuberculosis, thus not a single unique derived position was
found in the ancient bacterial genome. Furthermore, all of these positions are known
variants in extant Y. pestis strains11. The same strategy was used for reference
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comparison against the three plasmids. The average coverage of the plasmids was
found to be similar for both the pMT1 and the pCD1. The PCP1 plasmid has an
estimated copy number of 186 within Y.pestis22 and was not put on the designed
capture arrays since it was sequenced at high coverage in a previous work 2. The
estimated low coverage of less than one fold was, therefore, expected. For the pMT1
plasmid 2 differences to CO92 were found, and 4 differences for the pCD1. As with the
chromosomal positions, all differences from the reference sequences in the plasmids
were ancestral in the East Smithfield individuals. Differences from the reference
sequence are recorded in Table S3a and S3b.
Variant positions were identified by comparing base call frequency data from all
high-quality reads for each position with individuals treated separately. A position was
considered polymorphic if at least two different nucleotides were recorded in reads
with a minimum of 5-fold coverage, permitting 0.9675 confidence. All polymorphic
positions are shown in Table S5.
Heat plots were generated for the CO92 genome and for the plasmid genomes
to show the relationship between read depth and GC content. In each case the number
of sites that have a given number of reads per site and a given GC content (averaged
over the 30 neighbouring bases) is colour encoded. The heat plots (Figure S6) show that
most sites are covered by a comparatively small number of reads and have intermediate
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GC content. There is a small skew toward less coverage when the GC content is low.
This skew becomes more apparent in the plasmids.

4.8.1.11 Phylogenetic analysis. We used 1694 of the 1748 positions that were
previously identified as variant in modern Y. pestis genomes11, since a multiple
alignment of 17 modern genomes as well as the outgroup Y. pseudotuberculosis using
MAUVE23 revealed only a subset of them to be variant in extant Y. pestis. The genome
sequence of the Angola strain (NC_010159) was excluded from phylogenetic analysis
due to its high divergence compared to the Y. pseudotuberculosis outgroup11. Strain
NZ_AAUB01000 was excluded from further analysis due to poor sequence quality. The
27 previously unreported variant positions discovered in our analysis that are derived in
the CO92 reference sequence were not included in the 1694 variant position since they
could not be confirmed via HPLC11 and could potentially represent sequencing artefacts
in the publically available reference sequence (NC_003143). All 1694 positions were
called from the four East Smithfield individuals (Table S4) using pileup files and filtered
for a minimum coverage of 5-fold and mapping quality of Q>30 using Galaxy18, 19. A 95%
majority base filter was not used in this step. Using the software SplitsTree4 24 median
networks were calculated for all 1694 positions from the 18 modern genomes as well as
a subset excluding the Branch 0 genomes11, and compared to all four East Smithfield
individuals. We found that three of the four East Smithfield individuals clustered
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together (8124, 8291, 11972) whereas one individual (6330) fell closer to other Branch 1
strains (Figure 3, main manuscript). Phylogenetic trees using the Maximum Parsimony
(MP) and the Neighbour Joining (NJ) algorithm implemented in MEGA 4.1 25 confirmed a
distinct position of individual 6330 compared to the others (Figure S8a and S8b). Thus
individual 6330 was excluded for further analysis and individuals 8124, 8291, and 11972
were pooled to get a higher number of informative sites (Table S4, pool 3). The resulting
MP and NJ trees are well resolved based on 1000 bootstrap replicates with bootstrap
values >90 (Figure S8c and S8d).

4.8.1.12 Divergence times. To estimate the divergence times of all Y. pestis strains the
Bayesian algorithm implemented in BEAST v1.5.3 was used. The pool (8124, 8291,
11972) consensus was analyzed using a relaxed uncorrelated log-normal molecular clock
as well as the strict clock option26. As a tip calibration point we set the prior distribution
age of the East Smithfield sample to 1348 - 1350 AD as well as the isolation years for the
modern strains as described elsewhere11. For each analysis, we used a model that
assumes a constant population size across the phylogeny and ran 50,000,000
generations of the Markov Chain Monte Carlo with the first 5,000,000 generations
discarded as burn-in. We chose the HKY sequence evolution model. We performed two
BEAST runs and merged both using Logcombiner26. The estimated mutation rate was
1.96E-08 (HPD 95% lower 1.7E-08, HPD 95% higher 2.2E-08) mutations per site and per
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year over the whole genome, using a strict molecular clock26 . This estimate is similar to
previously determined mutation rates for Y. pestis11. A consensus tree of all 90,000
trees was inferred using TreeAnnotater V.1.4.8. As observed for the NJ and MP tree all
nodes were found to be well resolved in the Bayesian tree with posterior probabilities
of >0.96 (Figure S9). The estimated coalescence times for the strict and relaxed
molecular clock are shown in Figure S9.

4.8.1.13 Comparisons with related genomes. Descriptions of genomic regions for the
nucleotide differences were determined using the current annotation of C092 and its
plasmids. The location of the difference is given in the mpileup file and this was
determined to be either synonymous or non-synonymous given the estimated mapping
position and the location within the annotation.
A number of differences in coding regions for proteins involved in various
aspects of pathogen virulence were observed between the ES strain and both Y. pestis
Microtus and Y. pestis CO92 (Tables S3 and S6d). Although the specific role of these
differences in virulence has not been assessed, the genes in which they appear are well
known virulence factors.
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4.8.2 Supplementary figures

Figure S1 – Monthly numbers of Last Wills and Testaments submitted to the Court of
Husting in London in 1348 and 1349, as counted by Cohn, 20021. Deaths reported in
this way would have represented a small sample of all deaths in London, but the
structure of the epidemic curve is clear nevertheless.
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Figure S2 – John Norden's map of London in 1593. East Smithfield is indicated on the far
right of the map in red, just north of the river.
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Figure S3 – Effect of duplicate removal via rmdup. The coverage plot in a) shows the
mapping of all fragments against the pMT1 reference (NC_003134) prior to duplicate
removal and before filtering for mapping quality. Coverage is shown in blue, GC
frequency for the chromosome in green. Scale lines correspond to 10, 20, 30, 40, 50 fold
coverage and to 0.1, 0.2, 0.3, 0.4, 0.5 GC content. Red corresponds to coding regions,
yellow to mobile elements. A large tranposase corresponding to positions 1 – 1962 was
removed, though three additional copies of this transposase in the pMT have
contributed to three areas of dense coverage. The coverage plot in b) shows the effect
of duplicate removal, which greatly reduces the number of fragments mapping to the
pMT reference, most notable in coverage density in the three remaining transposases.
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Figure S4 – Fragment size distribution of reads post duplicate removal (rmdup) and
mapping filtering (Q>30) from a pooled collection of all libraries.
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Figure S6 – Heat plots showing relationship of GC content on coverage for a) the
chromosome, b) the pMT plasmid, and c) the pCD1 plasmid. The number of sites is
shown as a function of the number of reads per site and the GC content averaged over
the 30 neighbouring bases. Most sites are covered by fewer than 30 reads and have
intermediate GC content. There is a small skew toward less coverage when the GC
content is low.
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Figure S7 – Alignment showing base frequencies for position 2896636 in all four
individuals. The position is polymorphic in individual 8291 and fixed derived in 6330.
Individuals 11972 and 8124 show the ancestral state, though coverage is too low to
ascertain whether the position is polymorphic with 0.9675 confidence.
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Figure S8 – Phylogenetic trees based on 1694 positions known to be variable within
modern Y. pestis strains, reconstructed using Maximum Parsimony (a and c) and
Neighbour Joining (b and d) algorithms implemented in MEGA 4.1 25. For a) and b) the
East Smithfield individuals are kept separate; for c) and d) individuals 8124, 8291, and
11972 are pooled together.
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Figure S9 – Phylogenetic trees reconstructed using a Bayesian approach with BEAST and
two times 50,000,000 generations. Each tree is derived from a consensus of 90,000
merged trees26. Trees a) and b) used a strict molecular clock; trees c) and d) used a
relaxed uncorrelated log-normal clock. Trees a) and c) show divergence dates on each
node; b) and d) show posterior probabilities for each node. Blue bars show 95% Highest
Posterior Density for the divergence date of the different Y.pestis strains.
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4.8.3 Supplementary tables
Table S1 – Estimates of East Smithfield sequence coverage.
Table S1a – Fold coverage estimates showing effect of duplicate removal (rmdup) and
mapping filtering.

Table S1b – description of all mapped reads
See Appendix 3

S1c – Fold coverage estimates presented as average coverage per site.
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Table S2 – Description of reference-guided contigs showing architectural differences
between the East Smithfield genome and the CO92 reference.

*Intact contig found in Pestoides, Microtus, Angola, B42003004 and Y. pseudotuberculosis
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Table S3 – nucleotide differences identified between the ancient genome and the CO92
reference genome used for bait design for a) the chromosome, and b) the pCD1 and
pMT1 plasmids.
See Appendices 4a and 4b

Table S4 – Known polymorphic positions11 used for phylogenetic reconstruction.
See Appendix 5

Table S5 – Variant positions recorded in the East Smithfield sequences.
See Appendix 6

Table S6 – Substitutions of note in the two outgroups most closely related to the ES
sequence. a) Differences between Microtus 91001 and the other 18 available Yersinia
genomes. b) Differences between Microtus 91001 and ES with genetic descriptions. c)
Differences between B42003004 and the other 18 available Yersina genomes. d)
Differences between B42003004 and ES with genetic descriptions.
See Appendices 7a, 7b, 7c, and 7d
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CHAPTER 5: CONCLUSION
This dissertation has presented the culmination of seven years of work that
demonstrates the application of molecular methods for evaluating ancient pathogenic
agents. The first two publications provide the necessary methods for retrieval and
authentication of ancient pathogen molecules from skeletal remains, and provide the
necessary foundation for the final publication, which provides the first ancient pathogen
genome, a remarkable methodological achievement that significantly advances the field
of pathogen research. Our genome is at present only a draft, owing to limitations in our
capture design by using the modern CO92 reference genome as a template for array
probes. This has prevented us from determining whether or not ancestral genetic
segments such as those present in Y. pseudotuberculosis, Microtus 91001, and
B42003004 are indeed present in the strains associated with the Black Death. In
addition, the use of the CO92 template for reference guided assembly introduced yet
another bias: although some contigs from mapped and umapped reads showed
evidence of altered genomic rearrangements, full evaluations of genome architecture
are not yet possible. True de novo assembly will hopefully soon become a reality as
computational power and output continues to grow.
The effect of the single nucleotide differences we recorded on virulence has yet
to be tested under controlled laboratory conditions, though at our current resolution,
we have not identified the proverbial “smoking gun” for a genetic basis to explain the
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differences between ancient and modern forms of Y. pestis infections. As is often the
case for scientific investigations, our results have generated more questions than
answers. What contributed to the high levels of mortality in the 14th century, and how
can we avoid a resurgence of such a cataclysmic event in future? Climate and living
conditions could have presented an environment conducive to large rodent populations
and flea survival, and though this might have supported local surges of Y. pestis
infections as have been demonstrated with modern populations (Enscore et al, 2002;
Parmenter et al, 1999), it does not seem sufficient to explain dissemination of the
disease throughout nearly all of Western Europe in five short years via travel in a ratflea vector model. To explain the rapid transmission of plague, several scholars have
presented the argument that the disease was manifest in the pneumonic form in the
densely populated major centres, which allowed for person to person transmission and
dissemination through the sparser rural areas en route to adjacent towns and cities
(Gottfried, 1983; Benedictow, 2004).

Pneumonic episodes are extremely rare in

modern plague outbreaks (Gamsa, 2006), and this does little to address the
omnipresent mention of bubo-type swellings in historical descriptions of the disease
symptoms (Horrox, 1994). Some medical historians have suggested that a change in
vector from the rat flea to the human louse may have been responsible for increased
transmission of the disease in the bubonic form (reviewed in Cohn, 2008). Laboratory
evidence has demonstrated transmissibility of Y. pestis via the human louse in a rabbit
model (Ayyadurai et al, 2011), though data for efficient transmission via this vector has
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yet to be demonstrated in modern populations. However, these proposed theories
involving biological bases for enhanced transmission speak little to the reasons for
variation in the reported symptoms of the disease in different communities, and why
certain towns and villages escaped the pandemic entirely (Cohn, 2002; Gottfried, 1983).
Since it is known that host genetics can play a decisive role in susceptibility and
resistance to various infectious insults (Anderson and May, 1983; Black 1992; Gagneaux
et al, 2005), it is perhaps fitting to turn our attention to the affected population as
opposed to the vector, especially considering recent investigations that have sought to
characterise the precise relationship between the bacterium and human proteins (Yang
et al, 2011). Infectious disease has been considered a driving force in the evolution of
host populations (Haldane, 1949), and such changes would be apparent as genetic
signatures demonstrating recent positive selection (Woolhouse et al, 2002). Although
experimental evidence from non-human models has provisionally confirmed this
theoretical concept (Navas et al, 2007), translation of this model to human populations
is not straight forward owing to the myriad of social determinants on population health
and susceptibility to communicable disease (reviewed in Farmer, 2006). This point is
acutely relevant to a disease of the medieval era, where poor sanitary conditions, close
quotidian association with domestic animals, and malnutrition resulting from frequent
famines and pronounced social inequities would make the general population at high
risk of infectious insult.
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Current trends in infectious disease research are moving away from an orthodox
model of “single host, single pathogen, single disease”, which has dominated medical
thinking for over a century. A more comprehensive view of disease ecology is surfacing
that acknowledges the biological interactions of several pathogens and underlying
health status in a system to influence the speed of transmission, infectivity, and severity
of disease manifestation. This “epidemiological synergism” (Singer, 2010) posits that
interactions between seemingly unrelated pathogens might be a driving force in
pathogen evolution and adaptation. The notion that interactions between organisms
can result in either “facilitation” or “inhibition” of metabolic systems is a wellestablished concept in evolutionary theory (Woolhouse et al, 2002; Stosor and
Wolinsky, 2001; Cheng et al, 2009), though the unique influence of ubiquitous social
and economic inequalities on the transmission of infectious disease in human
populations necessitates a more detailed explanation for why epidemic disease has
always been part of the human experience, and why certain groups appear to be more
susceptible than others (Herring and Sattenspiel, 2007).
The term “syndemic” has recently emerged in the social sciences literature as “a
set of enmeshed and mutually enhancing health problems that, working together in a
context of deleterious social and physical conditions that increase vulnerability,
significantly affect the overall disease status of a population" (Singer, 2010 p.15).
Inherent in this definition is the notion that more vulnerable members of a community
tend to be more susceptible to infectious disease. For populations faced with food
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insecurity, social and economic marginalisation, and dense living quarters under poor
hygienic conditions, persistent epidemics can define the baseline health status. Since
such conditions characterise urban centres and many rural communities of medieval
Europe, it is conceivable that interactions between co-circulating parasites may have
been partially responsible for the heterogeneity of recoded disease symptoms and
mortality profiles of the Black Death.

Genetic investigations into other endemic

infections of medieval Europe may, therefore, bring us one step closer to understanding
the biosocial context for the medieval pandemic.
The observation that symbiotic relationships can develop between pathogens to
the extent that a single transmission can result in the dissemination of multiple
parasites (Rowbotham, 1980) opens the possibility that interactions between pathogens
may have been responsible for the rapid spread of the disease through the European
population. Facilitation during a massive pandemic such as the Black Death would
certainly exert genetic influence on the main causative agent, and the demonstration
that the Y. pestis pMT1 is derived from an exclusively human pathogen (Prentice et al,
2001) indicates its past association with at least one co-circulating disease.
Furthermore, our observation of microevolution and the potential of multiple cocirculating strains of Y. pestis during the Black Death is worthy of additional comment.
There is some evidence in the literature that relates enhanced virulence potential to
competition between different strains (Woolhouse et al, 2002; Ebert and Bull, 2003),

160

Ph D. Thesis

K. Bos; McMaster University

Anthropology

though additional circulating Y. pestis genomes will be required to address populationlevel differences in bacterial allele frequencies.
While susceptibility and within-host interactions between microbes are
important determinants of disease severity, we cannot escape the fact that illness can
only occur after exposure.

That the Black Death traveled so efficiently through

medieval Europe makes investigations into the mode of transmission paramount.
Modern Y. pestis can survive on a variety of inanimate surfaces for extended periods
(Rose et al, 2007), and perhaps enhanced survivability of the ancient form would have
granted it efficient travel with trade goods, thus circumventing the need for direct
transmission from an infected host. Such arguments as they relate to the transmission
of human parasites in textiles have been raised previously by Twigg (1984), albeit in
support of his view that Bacillus anthracis, or anthrax, was primarily responsible for the
Black Death.
Central to these discussions, however, is the fact that much has yet to be
learned regarding physiological processes in Y. pestis with respect to bacterial survival
and virulence determinants. In vitro models that test the expression of genes under
controlled conditions that mimic mammalian infection may help to identify mechanisms
of transmission (Chauvaux et al, 2007), though models of single genetic changes as
contributing to more virulent phenotypes (Joosten et al, 1994) are probably rare and
overly simplistic since virulence is likely the result of epistatic interactions between
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multiple genetic loci. Better characterisations of virulence determinants will help us to
understand the complex interplay between host and pathogens with respect to Y. pestis
infections, and determine whether indeed this infection model matches proposed
theoretical concepts such as the “tradeoff model” (Anderson and May, 1982; Ewald,
1983), where the end goal of pathogen evolution is to achieve an optimal level of
virulence that balances transmission with host survival, or an “arms race model”, where
evolutionary forces favour increases in virulence (reviewed in Ebert and Hamilton, 1996
and Brown et al, 2006; see Pybus and Rambaut 2009 for an example with human
infection). However, the term “virulence” with respect to models of human infection is
difficult to define, since genetic factors in host and microbe are not the sole
determinants of susceptibility to infection, further exemplifying the need for biosocial
evaluations of the landscape of factors that are involved in population level health
determinants as they relate to the Black Death. Clearly a comprehensive understanding
of the factors influencing infectious disease is necessary for the establishment of
modern treatments and preventative strategies, but genetic data from ancient
pathogens will provide one necessary element to help us achieve this ultimate goal.
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