In search of earliest records of endemic Plague: Past research and new endeavors
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ABSTRACT

Yersinia pestis, the bacterium responsible for at least three pandemics in the past, is still a threat to modern
populations. The bacterium has potential to evolve rapidly and persists in natural animal reservoirs around the
globe. Epidemic diseases such as plague can dramatically alter and shape human demography, biology, and
socio-cultural practices. Through the synthesis of biomolecular analyses with bioarchaeological data,
researchers have begun to uncover the effects of past epidemics on modern populations and are also searching
for the origins of the Y. pestis bacterium. Understanding the origins, behaviors, and consequences of diseases
with epidemic potential in the past can contribute to ongoing discourse in public health, social policy, economy,
and biology, as well as inspire positive changes in living populations. We review here recent literature on Y.
pestis ecology and evidence of the bacteria’s evolution in prehistory before discussing ongoing research at the

Hamin Neolithic settlement site that is suspected to have collapsed from an epidemic disease.
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Introduction

Plague, a disease of zoonotic origins caused by the bacterium Yersinia pestis, is a re-emerging infectious
disease that has caused the death of millions of people for millennia. A persisting threat to modern populations
around the world, plague has been the source of at least three pandemics: the First Plague Pandemic (6%-8%
century CE, also known as the Plague of Justinian), the Second Plague Pandemic (14"-19'" century) that
included the Black Death (c. 1338-1353), and the Third Plague Pandemic (which started in 1772 before
becoming global in 1894). Due to the global nature of the Third Pandemic, natural plague reservoirs are now
present around the world and therefore remain an endemic threat to modern populations, as demonstrated as
recently as the outbreak in Madagascar in 2017 (Nguyen, Parra-Rojas, and Hernandez-Vargas, 2018). The
ongoing COVID-19 Pandemic, which has caused nearly 652,000,000 reported cases and over 6,650,000
reported deaths globally at the time of writing (15 December 2022 — https://coronavirus.jhu.edu), has strained
modern societies differently, depending on preexisting health, demographic, socioeconomic, and political
conditions. It therefore stands to reason that an effort to understand how natural and anthropogenic factors
influencing the spread of diseases, like plague, retrospectively can inform the present for the future. By
recognizing the lifeways before, during, and after an event such as an epidemic we can better understand the
vulnerability and resilience within and between systems. As such, in this article we briefly review the different
facets of recent plague research with the intention of describing what and how we know about plague in order
to explore current research foci and future directions. We first describe the ecology of Y. pestis before
discussing its clinical syndromes. After these points, we then discuss past and current trends in

bioarchaeological research that lead to a better understanding of the plague’s origin in human populations.
Plague Ecology

Y. pestis is primarily found in wild population reservoirs of mammals, most commonly in burrow-dwelling
rodents (WHO, 2010; Mahmoudi et al., 2021). Spillover into human populations from wild reservoirs
commonly occurs as a result of host-vector-host synchrony, i.e., pathogen levels within a wild mammalian

host population are maintained at a stable level until the host population size drops to levels that drive the



insect vector to seek out new hosts (Hudson and Cattadori, 1999; Schmid et al., 2015; Stenseth et al., 2022).
The most common transmission route today is by infected flea spillover from rodent epizootics. However, it
has been demonstrated that human fleas or body lice are also able to transmit the disease with differing
efficiency in human populations (Dean et al., 2018; Barbieri et al., 2020; Barbieri, Drancourt, and Raoult,
2021). Other pathways of animal-human infection have been demonstrated in various regions and ecosystems

(WHO, 2010; Carlson, Bevins, and Schmid, 2022; Jullien, de Silva, and Garner, 2021).

Natural plague reservoirs, which are areas where host, vector, and pathogen can and do survive indefinitely,
are located in relatively arid areas or those that have a continental climate (Dubyanskiy and Yeszhanov, 2017,
Mahmoudi et al., 2021; Stenseth et al., 2022). Examples of these climates are the Eurasian Steppe and the
plains savannahs of the western United States. Additionally, due to the development and spread of human
populations, symbiotic rodent populations in cities have also been described as foci despite possibly being in
wet or tropical climates (Dubyanskiy and Yeszhanov, 2017). If humans are eliminated from the reservoir
paradigm momentarily, these “natural plague reservoirs” would limit the range of Y. pestis globally, as
demonstrated by Stenseth et al. (2022). However, once introduced by humans to an unnatural geography,
Stenseth et al. (2022) suggest that temporary reservoirs may have been established and allowed the bacteria to
remain in geographic areas that allowed for multiple reintroductions to human populations in the past, thus
allowing pandemics to persist in locations such as Europe. Previously, Schmid et al. (2015) had demonstrated
that fluctuations in climate allowed for plague bacterium to be introduced into Europe repeatedly every 14-16
years during the Second Pandemic and concluded that there was no support for a “permanent” reservoir during
medieval Europe. These two scenarios should not be in opposition with one another; both cyclical introduction
and temporary reservoir establishment should likely be considered in the case of plague in Europe and
elsewhere where a natural reservoir is not established. These two scenarios allow us to further question the
adaptability of the Y. pestis bacterium and its ability to persist within differing environments both genotypically

and phenotypically in future research.,

Clinical Manifestations



Plague occurs in various clinical forms in human populations, and the three most common types are: bubonic,
septicemic, and pneumonic. Without intervention, bubonic plague has a mortality rate of 50-90% while
primary septicemic and pneumonic forms have a near 100% mortality rate (Prentice and Rahalison, 2007;
Stenseth et al., 2008). The bubonic variant is a primary infection that concentrates within the lymphatic system
creating its characteristic buboes due to cutaneous or mucous membrane exposure via arthropod vectors.
However, with modern medical interventions, bubonic plague has a mortality rate of 10-20% and is the
principal clinical form of the disease accounting for 80-95% of global cases reported (Prentice and Rahalison,
2007; WHO, 2021). A small subset of bubonic plague victims (10-20%) have been known to develop a
secondary septicemic plague that increases the chance of mortality to 22% (Prentice and Rahalison, 2007). In
a 2015 study, Kugeler et al. described that 10% of plague infections in the United States from 1900-2012 were
primary septicemic infections that 9% of which were acquired from flea bite. Having a nearly 100% mortality
rate if left untreated, primary pneumonic plague is the rarest form of the disease but is the most contagious
variation. Pneumonic plague may also be developed secondary to bubonic or septicemic plague if the infection

spills over into a patient’s pulmonary tissues.

Currently, the nations with the highest disease incidence are the Democratic Republic of the Congo,
Madagascar, and Peru. However, 95% of all cases since 2000 have occurred in Africa, with the most notable
outbreak being 2017’s outbreak of pneumonic plague in Madagascar (WHO, 2021). Despite its high mortality
rate, even in modernity, the global cases of infection numbered 38,310 with 2,845 deaths from 1989 to 2003,
and since 2005 only cases of the pneumonic variation and infection occurring outside of endemic zones require
notification to the World Health Organization (Eisen et al., 2010; Barbieri et al., 2020; WHO, 2021). Detection,
treatment, and containment are the priorities for clinical research on plague. Due to its historical relevance and
epidemiological potential, genetic analyses of plague bacterium have progressed in recent years with multi-

disciplinary teams.

Bioarchaeological Studies of Plague



Despite its documented historical prevalence, plague as a disease caused by the Y. pestis bacteria was only
identified in the late 19" century, and the term “plague” in historical documents was not necessarily specific
to this disease. Given the ambiguity of the term “plague”, excavation of mass burials associated with plague
events in past populations spurred debates about whether the individuals interred in them were victims of
“yersinial” plague or some other epidemic disease. However, partially due to this critical skepticism, large
strides have been made in fields such as paleoepidemiology and paleogenomics. It is now well-established that
Y. pestis was the etiological agent that caused the three pandemics, and Y. pestis has been identified in
numerous historical burial sites by anthropologists and other scientists (Raoult et al., 2000; Achtman et al.,
2004; Wiechmann and Grupe, 2005; Drancourt et al., 2007; Bos et al., 2011; Schuenemann et al., 2011;

Willmott et al., 2020).

Since 2000 the Y. pestis genome has been reconstructed using multiple approaches and samples (Bos et al.,
2011; Barbieri et al., 2020; Valtuena et al., 2022; Spyrou et al., 2022; Klunk et al., 2022). In tandem with the
development of plague paleogenomics, new models and understandings about human populations living during
plague pandemics were being developed (DeWitte, 2010; Harbeck et al., 2013; Wagner et al., 2014; Castex
and Kacki, 2016; Keller et al., 2019; Godde, Pasillas, and Sanchez, 2020). Consequently, once foundations or
nodes of research were developed, the next logical step was to develop connections within and between these
different points. For example, Klunk et al. (2022) have demonstrated the selective pressure of and the genetic
bottleneck created by the Black Death (the first wave of the Second Plague Pandemic) that has consequences
for modern populations, specifically affecting susceptibility to autoimmune disorders. The findings from this
research are but one example of how an understanding of plague has great potential to invoke change to
societies and populations, which raises questions about the long-lasting effect of other disease-causing
microbes in both the present and the future. Other examples of the power of paleogenomics abound and are
being contextualized to better understand causes and consequences within and between populations, both past
and present (Rasmussen et al., 2015; Damgaard et al. 2018; Miihlemann et al., 2020; Susat et al., 2021;

Pedersen et al., 2021).



In a world that is still actively experiencing the COVID-19 pandemic and that has been able to recognize the
role of social inequity during it, it should be time to recognize we are a part of nature and not separate from it.
As such, research that allows us to discuss and develop proactive interventions instead of reactive responses
is critical to benefit nature and people, develop equitable benefits for people, and empower the marginalized.
With a strong biomolecular foundation and a growing pool of genetic data available to researchers, the
opportunities to explore the evolutionary origins of and changes to pathogens such as Y. pestis are more
abundant and critical than ever. A robust synergy is created by integrating biomolecular analyses with other
disciplines, such as bioarchaeology. By contextualizing the risks of morbidity and mortality that are brought
about biologically and socially, anthropologists can significantly contribute to dialogues that may improve
health equality. Studies of plague in the past have created a powerful lens for paleoepidemiologists to develop
and contribute to discourse in both the past and the present (DeWitte, 2010; DeWitte, 2018; Willmott et al.,

2020; DeWitte and Wissler, 2022).

In bioarchaeology the idea of frailty has been adjusted from the clinical idea of comorbidity that predisposes
an individual to poor health and to potential death into age-adjusted relative risk of death compared to the
broader living population (DeWitte and Wood, 2008). As bioarchaeologists are utilizing skeletal populations
regularly, they must contend with the fact that mortality e.g., death, is the ultimate expression of poor health
and is therefore selective of frailty despite the hidden heterogeneity of individuals. Selective mortality patterns
such as those demonstrated during the Black Death did not occur in a vacuum and had implications for
individuals, communities, and populations (DeWitte and Wood, 2008; DeWitte, 2009; DeWitte, 2010;
DeWitte et al., 2016; DeWitte and Lewis, 2020; Godde, Pasillas, and Sanchez, 2020; Willmott, 2020; DeWitte
and Wissler, 2022; Klunk et al. 2022; Gopalakrishnan et al., 2022). At the same time, the choices and policies
made in the past had consequences for more than just human bodies but also our social and biological
environments. Prior to the Black Death in 14" century London, there is ample evidence that population health
was worsening due to famines, war and increased social inequalities, and thereby inflated the mortality rate of

the Black Death (DeWitte, 2015, 2018). However, in cases where a population is undocumented, as in many



archaeological contexts, the ability to detect and identify sites of past epidemics remains crucial to understand
the far-reaching implications of such a natural disaster. Even in cases of historical epidemics, such as in the
case of Willmott et al. (2020), the identification of Y. pestis in a rural location was the first discovery of its
kind in Britain during the Black Death period and has implications to consider for small community behavior

during a disaster, and urban-rural interactions of the time.

Plague in Prehistoric Times

Plague infection, if not treated as early as possible, causes death within a matter of days. Because of this rapid
process, the skeleton of an infected individual is not stimulated like other organ systems and therefore leaves
no traces behind externally for the anthropologist. As such, prehistoric evidence of plague outbreaks is difficult
to identify. However, significant steps have been made through the synthesis of biomolecular analysis with
bioarchaeological analysis. The molecular clock for plague and its introduction to human populations has been
stepped back progressively through the Bronze Age into Neolithic with the earliest known origins of virulent
Y. pestis at least 7,000 years ago (Rasmussen et al., 2015; Valtuenia et al., 2017; Spyrou et al., 2018; Rascovan

et al., 2019; Susat et al., 2021).

Sampling 101 individuals from across Eurasia, Rasmussen et al. (2015) identified Y. pestis in seven individuals
and a lineage of Y. pestis that at the time of publication was basal to all known Y. pestis genetic sequences.
The bacterial phylogenetic sequence from RISE505 and RISE509, two Bronze Age individuals from modern
day Russia separated geographically, temporally, and culturally, were used to statistically estimate the
divergence date of the Y. pestis bacterium from its most recent common ancestor to 5,783 years ago. The
reconstructed genetic sequences except for one did not include the Yersinia murine toxin (ymt) gene that is
known to code for the enzyme that enhances bacterial survival in the flea gut but is not required for virulence
(Rasmussen et al., 2015). The lack of ymt gene in conjunction with the presence, absence, or mutations to other
pathogenicity genes led Rasmussen et al. (2015) to suspect that Bronze Age plague were likely unable to cause

bubonic plague but were able to convey septicemic and pneumonic infections.



Further validating Rasmussen et al. (2015)’s phylogenetic and molecular clock results, Valtueia et al. (2017)
screened 563 skeletal and tooth samples from the Late Neolithic to the Bronze Age (LNBA) and identified
five strong positive Y. pestis sequences. Two of the five strong positive samples were enriched for further
statistical testing. One of these two samples originated from modern day Russia and formed a genetic clade
with samples tested by Rasmussen et al. (2015) while the other originated from Croatia and temporally dated
to a similar time as the Russian sample with which it was enriched (Valtuefia et al., 2017). Virulence and
pathogenicity were similarly assessed and resulted as described in Rasmussen et al. (2015). However, the
primary discussion of the article was not the presence of or the genetic makeup of Y. pestis but how it was
introduced into Europe originally. With the available human genetic and archaeological data, Valtuefia et al.
(2017) proposed two models for plagues introduction to Europe. Ultimately it was hypothesized that plague
was introduced once from the central Eurasian Steppe in Siberia through LNBA Eurasian trade networks before
disseminating throughout Europe further from a newly established reservoir. Plague was then genetically
reintroduced to the Eurasian step during the Bronze Age. Valtuefia et al. (2017) supplied an additional
discussion of disease transmission and disease dynamics that allows for plague’s bubonic form and/or its

adaptability to hosts during a period of cultural change.

In an analysis of nine Middle Bronze Age individuals from the Samara region of modern-day Russia, Spyrou
et al. (2018) identified two individuals infected with plague. These genomes were demonstrated to be
contemporaneous with by phylogenetically distinct from the clades described by Rasmussen et al. (2015) as
well as Valtuena et al. (2017) with major distinctions being that this genome is flea adapted with ym¢ and other
genes related to pathogenicity present, and it is closely related to existent Y. pestis. Prior to Spyrou et al.’s
2018 publication it was believed that these genetic characteristics originated at approximately 3,000 BP.
However, the analyses presented in relationship to individuals RT 5 and RT6 would suggest an earlier
arthropod adapted Y. pestis originating approximately 4,000 BP. The phylogeny produced by the data is
interesting in that it demonstrates the presence of multiple lineages that can cause plague in human populations

during the Bronze age.



Further exploring the possibility of prehistoric epidemics, Rascovan et al. (2019) re-examined the genetic data
available for an early Neolithic mass burial site in western Sweden dating to 5,100-4,900 BP where they found
strong evidence of plague infection in two of the 78 buried individuals. Performing phylogenetic, genotyping,
and molecular clock analyses, Rascovan et al. (2019) identified a Neolithic strain of Y. pestis (Gok2) that was
basal to all known Y. pestis strains. This new strain, like Rasmussen et al. (2015) and Valtueiia et al. (2017),
lacked virulence plasmids such as the plasmid that includes the ymt gene. Gok2 was also identified as being
separate and from the Bronze Age clade. The molecular clock analysis performed with the newly identified
Gok?2 sequence demonstrated a divergence time between 5,250-6,364 BP while previously the more basal
Bronze Age clade diverged between 4,953-5,731 BP (Rascovan et al. 2019). Following their genetic analyses,
Rascovan et al. (2019) also did a comparison of human genomes in order to explore the possible role of human
migrations during the Neolithic decline. The authors concluded following their analyses was that there was

evidence of a prehistoric plague pandemic that contributed to the Neolithic decline of Europe.

Recently, Susat et al. (2021) identified the Y. pestis bacterium in a hunter-gatherer in Latvia dated to 5300-
5055 cal. BP. This identification makes it the earliest known case of plague in a human population and dates
to the beginning of the Neolithic period in Europe. The new molecular clock analysis presented in this study
hypothesized the emergence of this Neolithic strain to 7,000 years ago; whereas the division of Y. pestis from
its most recent common ancestor was 7,400 years ago, which is 1,000 years earlier than previously calculated
(Susat et al., 2021). Missing only the ymt gene for flea gut adaptation, the genetic analysis of the Y. pestis
bacterium in this study is interesting when considering the pathogen’s evolution and the interactions between
the bacterium, non-human, and human host where it was identified. Despite the low transmissibility from
human to human, the interface between humans and animals, as well as animals and the environment, warrants

further exploration especially considering current climate change.

Additions and refinements to the molecular clock from Rasmussen et al. (2015) and Valtuefia et al. (2017)
demonstrated the existence of Y. pestis in the Bronze Age and Rascovan et al. (2019) traced plague infections

of the Eurasian Steppe to the Neolithic. Now Susat et al. (2021) have indicated that there is a correlation to Y.



pestis infections dating to the Neolithic at the western edge of the Eurasian Steppe. A study by Yu et al. (2020)
further validated the results from Rasmussen et al. (2015), Valtuefia et al. (2017), and Rascovan et al. (2019)
and additionally demonstrated that Y. pestis was at the eastern end of the Eurasian Steppe during the Early
Bronze Age. Further, Yu et al. (2020) demonstrated the admixture of populations occurring the Eurasian
Steppe from the Upper Paleolithic to the Bronze Age. Given the newest date of Y. pestis in the Neolithic Age

by Susat et al. (2021) in addition to the findings from Yu et al. (2020) there is a distinct need to explore whether

there is earlier evidence of plague outside of Europe, and more explicitly in Asia.

In part due to the need of more paleodemographic and paleogenomic work in Asia, we have turned our attention
to the Neolithic Hamin settlement that has approximately been dated to 5,100-5,600 years ago and was
abandoned likely due to an epidemic disaster (Zheng et al., 2014; Zhu et al., 2014; Zhou et al., 2022). At the
Hamin site at least 181 individuals were buried in a short timeframe in dwellings, and of which at least 97
individuals were interred in a single structure. There is no evidence of physical violence or geological disaster,
but the abandonment of the site is evident from excavated cultural remains or lack thereof in the 54 pit houses.
This large settlement (relative to other Neolithic period settlements) relied on hunter-gatherer subsistence
practices with limited farming (Chen et al., 2016). Dietary animal remnants consist of rodents, birds, and
mussels in large proportion with a smaller proportion of roe deer, horses, pigs and rabbits (Chen et al., 2016).
Additionally, rodent burrow remnants are exhibited throughout the cultural layers of the site (Tang et al., 2016).
Located geographically in the northeastern Eurasian Steppe that is part of even today’s natural reservoir for Y.
pestis, the Hamin Site may potentially have collapsed from plague. However, given the mobile lifeways of the
Neolithic period in conjunction with the proximity of both humans and other animals, another zoonotic

infection may be possible.
Conclusions

Bioarchaeological studies of plague continue to have great potential across research disciplines and lend
themselves to multidiscipline research. In this brief review we broadly discussed the recent and current trends

in the study of plague as a disease caused by the bacterium Y. pestis. Understanding the ecology of the pathogen



is strongly linked to the environment it resides in and its ability to adapt and persist in different environments
as it inevitably spills over from its endemic populations. Future studies in the ecology of the bacterium are
warranted to detect and monitor the pathogen safely within its endemic niches. Continued clinical work should
be continued in order to better address infections and responses to infections as the disease regularly enters
human populations. Additionally, plague and biomolecular analyses complement the growing field of
evolutionary medicine. By utilizing bioarchaeological models of past populations that lived before, during,
and after plague infections, population structures and histories can be used to identify meaningful patterns,
how they were developed, and their trajectories that can in turn be integrated cross-disciplinarily to generate
positive changes in living populations and for the future. In the future it is essential to gather samples of Y.
pestis genomes from outside of Europe to better understand past evolutionary trends and predict future

evolutionary trajectories that may also be applied to other pathogens.
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