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This perspective draws on the record of ancient pathogen
genomes and microbiomes illuminating patterns of infec-
tious disease over the course of the Holocene in order to
address the following question. How did major changes in
living circumstances involving the transition to and inten-
sification of farming alter pathogens and their distribu-
tions? Answers to this question via ancient DNA research
provide a rapidly expanding picture of pathogen evolution
and in concert with archaeological and historical data,
give a temporal and behavioral context for heath in the
past that is relevant for challenges facing the world today,
including the rise of novel pathogens.

ancient DNA j pathogens j disease j health

The process of domestication, which largely started during
the Holocene in multiple locations around the globe, altered
human subsistence, culture, and health. This agricultural
transition is also linked to a demographic transition, where
fertility rates increased, and an epidemiological transition
(often called the first epidemiological transition), where the
parasitic and infectious disease burden increased as a result
of poor sanitary conditions associated with sedentism and
increased close contact with domesticated animals (1–3).
However, the agricultural transition, like the changes in pop-
ulation density and disease ecology, was a process rather
than a rapid shift (4–6), occurring over hundreds if not thou-
sands of years and to varying degrees in different places. It
also affected the built environment and created conditions
that allowed for eventual urbanization and more recently,
industrialization. Below, we offer perspectives about using
crucial information from modern genomics, bioarchaeology,
epidemiology, and biomedical and veterinary sciences in tan-
dem with ancient DNA data to address questions about how
changing human behaviors and environments during the
Holocene have fostered pathogen and parasite successes.

What Are Pathogens?

Anthropologically oriented studies of ancient biomolecules
are uniquely situated to characterize our ancestral rela-
tionship with microbes, including pathogenic relationships.
However, in relation to human health, microbes cannot be
classified into a simple binary of pathogens or probiotics.
The relationship between humans and microbes is ecologi-
cal and evolutionary, which suggests that it may be time to
question the concept of pathogens altogether (7), at least
as a general label. Traditionally, a pathogen is an infectious
agent that causes disease, and many of these agents are
obligate pathogens in that their evolutionary strategy inevi-
tably results in harm to their host; in contrast, some patho-
gens are opportunistic and typically do not cause disease to

hosts, but they can when that host is compromised. Alter-
natively, the microbe–host relationship may be described
using terms such as commensalism, where one organism
benefits and the other is neither harmed nor benefited,
and mutualism, where there is a mutually beneficial rela-
tionship. These labels are often attached to microbes, with-
out ecological consideration. For example, ebolaviruses are
typically considered pathogens. Although current investiga-
tions of ebolaviruses do not assume they specifically evolved
to harm humans, if the host is human, the outcome is often
dire. If our goal is to understand the biology of ebolaviruses
more generally, the term “pathogen” may be a poor fit.
Efforts to find the natural host of ebolaviruses do so by seek-
ing organisms that exhibit little consequence from the viral
“infection” (8), a more commensal relationship. The ecosys-
tem, the host, the evolutionary strategies, and the relation-
ships matter.

Increased population growth and environmental changes
resulting from the sociocultural behavioral modifications
enabled or necessitated by intensive plant cultivation and
animal domestication likely contributed to the emergence
and reemergence of infectious diseases. Over 60% of
emerging infectious diseases have zoonotic origins, and a
subset of pathogens persists in the environment as zoo-
notic infections to date (9–11). Zoonoses are defined by the
World Health Organization as diseases and infections that
are naturally transmitted between vertebrate animals and
people (https://www.who.int/news-room/fact-sheets/detail/
zoonoses). Emerging infectious diseases still cause global
public health and socioeconomic threats as evidenced by the
ongoing COVID-19 pandemic and other recent epidemics
(12, 13). Mechanisms by which pathogens emerge and ree-
merge are yet to be understood fully because they are deter-
mined by many complex factors operating at the level of the
host, the pathogen, and the environment (14). Identifying
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the processes that act at different levels to influence patho-
gen emergence, maintenance, and transmission requires a
One Health approach, which recognizes that there is a con-
nection between people, animals, plants, and their shared
environment (15). For pathogens with an ancient history in
humans, a One Health approach involves integrating data
from such disciplines as archaeology, history, epidemiology,
biology, and traditions of healing (16). New genomic tools
provide novel opportunities to retrieve ancient pathogen
DNA from humans, animals, and the environment to add
additional rich sources of data (17, 18). Generally, the term
ancient DNA refers to damaged and short DNA fragments
obtained from subfossil material, including bones and pre-
served soft tissues, and this can also apply to DNA damaged
by formalin fixation in historical samples, such as biopsy
specimens (18). Together, these fields enable identification
and understanding of the effects of ancient diseases, includ-
ing the sociocultural contexts in which these diseases
occurred. Here, we discuss some factors related to dietary
shifts, sedentary lifestyles, and animal husbandry as well as
climate changes that may have influenced the success of
pathogens after the agricultural transition.

Ancient Environment as a Driver of Pathogens. Environmental
and ecological factors, such as rainfall, temperature, humidity,
land use change, deforestation, agriculture biodiversity loss,
and latitude, influence zoonotic disease emergence and suc-
cessful transmission and can alter the distribution of existing
pathogens (9). The Holocene is characterized by climate stabil-
ity and warm temperatures that provide opportunities for
growth of infective pathogen stages as well the introduction
of vectors and vector-borne pathogens (19, 20). DNA recov-
ered from ancient people shows the presence of patho-
gens typically transmitted by insect vectors, such as ticks,
fleas, lice, and tsetse flies (ref. 21; e.g., refs. 22 and 23) and
could be used to infer vector distributions and examine
pathogen diversity through time. In addition, environmen-
tal changes can be highly dependent on human behavior
and cultural factors. Ancient environmental DNA has been
retrieved from soil, sediments, ice, and water and has
provided valuable information on biodiversity, including
changes in vegetation cover, animal species, and parasites
(24–27). There are mixed results relating the effects of bio-
diversity to the emergence of infectious diseases. In some
instances, increased biodiversity is associated with reduced
infectious disease, possibly due to the dilution effect, which
postulates that the presence of multiple hosts reduces the
likelihood of disease occurrence by reducing parasite den-
sity in hosts and interfering with transmission dynamics
within and between hosts (28, 29). For instance, Sokolow
et al. (30) reported reduced prevalence of human schisto-
somiasis with the reintroduction of a snail (vector) predator
in a community in Senegal. However, this is possibly true
for pathogens that infect multiple hosts and have complex
life cycles, but it is unlikely to affect those that are host
specific and have highly infective parasite stages that
are resistant to environmental changes (31). The alternate
hypothesis is that increased biodiversity may lead to
increased emergence of zoonoses because of the many
parasites that might spill over to humans (32). Studies that
support this hypothesis report the increased burden of

disease (e.g., cutaneous leishmaniasis, simian retroviruses)
in intact forests as opposed to deforested areas (33, 34).
Because ancient data on both biodiversity and pathogens
exist, studies should focus on characterizing the associa-
tions between the two, and this could possibly inform con-
servation management and disease prevention and control
strategies today.

Sedentary Lifestyles and Animal Husbandry Practices. The
domestication of animals and cultivation of plants led to
sedentary lifestyles for both humans and animals (35). This
resulted in increased population sizes and densities; thus,
it facilitated transmissibility of infectious pathogens, espe-
cially those transmitted through contact and respiratory
droplets, and eventually promoted the maintenance of
so-called “crowd diseases.” This new lifestyle resulted in sus-
tained interactions between humans and domesticated ani-
mals and hence, facilitated zoonotic pathogen transfer within
and between these hosts, where the latter probably served
as reservoirs or conduits from wildlife with the potential for
incubating new pathogens (36). Pathogens that can infect a
broad range of hosts (also referred to as generalist species),
such as helminths and other soil-transmitted pathogens,
must have thrived in this new environment (37, 38). Archeo-
logical data on animal husbandry practices are important for
understanding the contexts of disease transmission and/or
emergence. These data can include feeds used, grazing tech-
niques, disease management, manure disposal methods,
housing structures, storage of produce, culling of animals,
and population breeding techniques. Ancient data on inter-
actions between domesticated and nondomesticated ani-
mals (wildlife) and humans are equally important for studies
of zoonoses. Because wildlife is not exposed to husbandry
practices, their infectious disease dynamics are different.

Dietary Shifts for Humans. The Neolithic “revolution” clearly
resulted in changes in human diet. Ancient human diets
have been inferred from analyses of a range of data,
including stable isotopes, dental wear, dental calculus, cop-
rolites, and zooarchaeological remains (39–42), and these
data show a diet shift during the Holocene from one with a
sole reliance on hunting and gathering to one largely domi-
nated by the consumption of domesticated animals and
plants (35). Arguably, at least in some cases, this entailed a
loss of dietary breadth (such as reduced consumption of
meat and greater reliance on domesticated grains), reduced
quality of diets (e.g., fewer micronutrients, such as iron),
and increased vulnerability to food shortages, all of which
could have resulted in declines in health (43). Domestication
of animals, such as goats and sheep, led to the acquisition of
diseases, such as Brucellosis, through ingestion of animal
products, such as milk and cheese (44, 45). Diets also influ-
ence the gut microbiome of both animals and humans and
hence, play an important role in the general well-being
of hosts by influencing nutrition, immune responses, and
chronic diseases (46–48). Plants cultivated and consumed by
humans during epidemics may also have medicinal uses that
could result in selection pressure on pathogens (49).

Given that nutritional status is a crucial determinant of
immune competence and thus, disease susceptibility (50),
combining dietary data with paleodemographic, paleo-
pathological, and pathogen paleogenetic data to examine
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the associations between diet (breadth, quality, and/or
severe shortages), infection, and disease outcomes during
and after the transition to agriculture is important. Previ-
ous work has examined some (but not all) of these inter-
sections in other contexts. For example, Fellows Yates et al.
(51) examined dental biofilms of humans and Neander-
thals, identifying core bacterial genera and microbial coad-
aptation with our lineage’s diet. Richards and Montgomery
(52) summarized studies to date that link stable isotopes
and paleopathology (ref. 53 is a recent example). The
Beaumont and Montgomery (54) application of incremen-
tal dentine analysis of dietary isotopes can produce high-
resolution data regarding the timing of severe nutritional
stress during development, which can be integrated into
the developmental origins of health and disease frame-
work to assess the effects of early life stress on later health
outcomes. Some studies have demonstrated the potential
for integrating demographic data (mortality or conversely,
survivorship) as a reflection of underlying health that is
affected by diet (e.g., refs. 55 and 56). These and similar
studies provide models for research that addresses the
effects of agricultural diets on health and how those
effects might have varied across time and space. However,
the simultaneous analysis of all these lines of evidence—
linked at the individual level to enable clear inferences
about the nature of interactions—remains an untapped
resource for richly detailed reconstructions of the intersec-
tions of diet, disease, and subsistence transitions.

Our Microbial Ecosystems. The classic concept of “diseases
of civilization” has fed academic pursuits for decades,
inspiring debates about thrifty genes (57) and hygiene
hypotheses (58, 59) as well as about the postulate that the
transition to urban (and much later, industrialized) life-
styles had a varied but high impact on health. Strachan
(58, 59) is credited with posing the hygiene hypothesis, the
concept that our changed relationship with microbes, then
attributed to family size, household amenities, and percep-
tions of cleanliness, impacted asthma and hay fever inci-
dence. The desire and effort to build off, modify, and
improve the scope and precision of the hypothesis con-
tinue and include the disappearing microbiota (60) and old
friends (61) variants, each with their own compelling argu-
ments about how the changed relationships of microbial
commensals, symbionts, and pathogens impact health,
including in particular, inflammation and autoimmunity. In
such efforts, a fair argument to abandon the hygiene
hypothesis is made (62); the hypothesis fosters the public
perception that “cleanliness” leads to allergy risk—it does
not, at least not exactly. Despite the calls to abandon it,
the phrase perpetuates (63–65), and the essence and rigid-
ity of the hypothesis give structure to explore similar con-
cepts, even when the original lacks nuance or misleads the
public. Replacing such cornerstone hypotheses when they
well leverage investigations may be less productive than
simply updating them. In that spirit, given the patterns in
nature currently observed, what would be the “hygiene
hypothesis 2.0?” How do pathogens fit into this picture,
and how can ancient DNA and the archaeological record
add to the discussion of this hypothesis?

Lifestyle and Microbial Relationships. Without question, our
lifestyles impact our relationships with microbes. The most
studied human microbiome, the gut, demonstrates a clear
pattern where subsistence practices impact microbiome
composition (66). Specifically, gut microbiomes in individuals
practicing traditional lifestyles show more diversity and a dif-
ferent composition than those from individuals with more
urban–industrial–metropolitan lifestyles. For example, Yatsu-
nenko et al. (67) found that the subsistence farmer lifestyle
had differences from a metropolitan lifestyle, with the
microbiome taxonomic composition of traditional popula-
tions clustering together and more diverse when compared
with metropolitan populations, even if these more tradi-
tional farmers were continents apart: for example, in Africa
and South America. Moreover, traditional hunter-gatherer
populations have microbiome features different from other
lifestyles (68, 69), likely attributed to fiber digestion. In addi-
tion, the taxonomic and functional composition of hunter-
gatherer gut microbiomes from Africa and South America
clusters more tightly together (68) within the broader cluster
of microbiomes from people with traditional subsistence
practices (including subsistence farming), and it is distinct
from urban–industrial–metropolitan-derived gut micro-
biomes. Gut microbiome data from ancient contexts also
shared these more traditional features (70). The pattern
observed by these cornerstone studies has been observed
repeatedly (ref. 71 has a review), and yet, a most fundamen-
tal question remains. Does the loss of microbiome diversity
or a change in microbiome composition matter to health?

The human microbiome, its composition shaped by life-
style and behavior, also associates with a broad range of
complex diseases (72). However, “hygiene,” even broadly
defined, remains insufficient to predict microbiome compo-
sition. For example, with respect to the gut, much of the
microbiome composition is most strongly associated with
diet, exercise, and body composition (72, 73). The evolution-
ary relationship between the microbiome and host is inti-
mate and dynamic and affects resistance to pathogens. The
microbiome forces putative pathogens to compete with
commensals, and hosts have evolved mechanisms to foster
a more cooperative relationship with microbes (74), creating
a coimmunity (75). One of many emerging discoveries is
that the gut microbiome impacts risks for active tuberculosis
(TB) infection (76). In contrast to aiding pathogen resistance,
a broken relationship (a dysbiosis) can turn commensal rela-
tionships into pathogenic ones. In essence, an “opportunistic
pathogen” often reveals a tragic story of a failed relationship
between the host and their microbiota, where a microeco-
logical event occurs that changes the relationship of a
microbe from mutualistic or commensalistic to one that is
pathogenic. For example, Helicobacter pylori is linked to the
majority of stomach cancer cases and a wide range of other
gastric symptoms and disease. Yet, most of the human pop-
ulation harbors H. pylori, implying a predominately commen-
sal relationship, and H. pylori infection appears to bestow
some benefits, such as a reduced risks of asthma, atopic
disease, and other inflammatory diseases (77).

The gut microbiome is also a reservoir of antibiotic-
resistant genes that have been associated with the emergence
of drug-resistant pathogens (78, 79). Antibiotic resistance
is ancient and widely spread in the environment (80). The
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ancient resistome (antibiotic-resistant genes together with
their precursors in pathogenic and nonpathogenic bacteria)
can provide insight into the evolutionary history of these
regions (81). Metagenomic analysis of ancient samples,
such as soil, water, plants, and coprolites, is thus integral
in understanding the drivers of ancient gut microbiome
composition.

Microbes, microbiomes, and their role in disease are
increasingly clearly a microecological phenomenon, a rela-
tionship among the microbes and their host. Revealing
these ecosystem dynamics is essential to our next stage of
microbiome understanding (82). For example, with respect
to the impact on the gut microbiome, it is not simply the
loss of diversity observed in the microbiomes of those with
industrialize lifestyles compared with those with traditional
lifestyles but metabolic resilience potential for key aspects
of microbiome functions, such as short-chain fatty acid
production (83). Important efforts and questions remain in
characterizing keystone taxa and functional diversity and
applying ecological theory to predict and ideally, foster
healthy and resilient human microbiomes. Efforts to bring
such ecological studies to prehistoric context remain chal-
lenging, but they are feasible (84) and essential for determin-
ing the extent to which the Neolithic transition and later,
industrialization have impacted our biology. Given that the
urban–industrial lifestyle has indeed affected our relation-
ship with microbes for the better and sometimes, for the
worse, such ancient data could contribute critical wisdom.

Bioarchaeological Context

A hallmark of bioarchaeology is careful attention to con-
text, and ancient pathogen DNA data promise to improve
our understanding of cultural, environmental, and biologi-
cal contexts further. Pathogen paleogenetic data may pro-
vide a means to examine the widely held perspective that
the transition from hunting and gathering to agriculture
(and subsequent urbanization) was accompanied by a
decline in human health (85). This perspective typically
does not account for variation within groups characterized
as hunter-gatherers and agriculturalists; it assumes that
changes in factors, such as diet, group size, sedentism, and
inequality, that accompany the transition to agriculture
occurred simultaneously, uniformly and unidirectionally,
and it ignores the potential that these factors might have
exerted differential effects on, among other things, expo-
sure to pathogens (85).

The integration of ancient pathogen DNA might disrupt
such potentially oversimplified perspectives and foster a
view of transitioning populations as heterogeneous. Paleo-
genetic data informative about pathogens and disease
ecologies can be combined with data on age, sex, stature,
social status or wealth inequality, residence location (e.g.,
urban vs. rural), and other variables to clarify within- and
between-population variation in pathogen loads, exposures
to zoonotic infection, and outcomes of infection. For exam-
ple, some diseases (crowd diseases) require certain thresh-
old population sizes to be maintained in human populations.
Analysis of pathogens in light of paleodemographic and set-
tlement pattern data would clarify the population-dynamic
tipping points for maintenance of these diseases in the past.

Further, many infectious diseases disproportionately affect
infants and young children. Resulting high rates of infant
and childhood mortality produce relatively low life expectan-
cies at birth, but typically, people who survive this vulnerable
early period can expect to live relatively long lives on average
(86). Targeted analysis of pathogens in the skeletons of
young children would clarify whether observed reductions in
the mean age at death in agricultural populations reflect
general declines in health or a combination of higher fertility
and increased burdens of infant deaths from infectious dis-
eases. Paleogenetic data can also provide a means for
expanding beyond focusing on a single disease at a time
and on those diseases with pathognomonic skeletal patholo-
gies to consider also parasite burdens and other coinfections
that are not visible skeletally or in archaeological contexts.
This may allow for the discernment of otherwise hidden het-
erogeneity in frailty, as described by Wood and colleagues
(87), as well as enable bioarchaeological examination of syn-
demics [the co-occurrence of multiple conditions that pro-
duce outcomes worse than their individual effects (88, 89)].
For example, recent studies, although not focused on the
transition to agriculture, demonstrate the rich potential for
paleogenetic data (combined with or independent of skeletal
signs of infection or other health burdens) to reveal comor-
bidities or coinfections in past populations that might have
shaped health outcomes beyond the individual effects of
each etiology. Studies have found evidence of coinfection
with Mycobacterium tuberculosis and Mycobacterium leprae in
sites from Egypt, Hungary, Israel, and Sweden dating from
the first to thirteenth centuries (90), Yersinia pestis (plague)
and Treponema pallidum pertenue (yaws) in postmedieval
Lithuania (91), and Y. pestis and Haemophilus influenzae (men-
ingitis) in early medieval England (92). Further, Guellil et al.
(92) raise the possibility of Y. pestis infection enhancing pre-
existing or opportunistic bacterial infections via its immuno-
suppressive effects.

Pathogen paleogenetic data may help clarify whether
the introduction of novel pathogens to human popula-
tions, as enabled and facilitated by settled agriculture, by
itself resulted in declines in health. Alternatively, did this
process simply increase the number of potential compet-
ing causes of death without substantially altering individ-
ual risks of death or population-level patterns of general
health? That is, paleogenetics, in combination with skeletal
data on mortality or survival (reflective of general patterns
of health), might make it possible to discern whether a
shift in disease scapes that accompanied agriculture sim-
ply entailed a greater variety of possible morbid conditions
but not an increase in morbidity and mortality overall. If
findings indeed suggest that exposure to increased varie-
ties of pathogens was associated with increased mortality
overall, bioarchaeological data can clarify the syndemic
effects at play within the specific context (i.e., the biosocial
factors that interacted with newly introduced pathogens to
produce declines in health).

Studies of the transition to agriculture have just recently
begun to include paleogenetic data, although not yet path-
ogen DNA (at the time of writing). Recently, for example,
Marciniak et al. (93) assessed the relationship between
stature (determined via DNA and a sign of developmental
stress) and farming, yielding both genomic evidence and
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skeletal evidence of a decline in health for early European
farmers. Although this study focuses on ancient people
rather than pathogens, it points a way forward for integrat-
ing pathogen DNA further into studies of this subsistence
transition.

Pathogen Genomics

Using ancient and modern genetic and genomic data has
provided insights into the relationships and geographic dis-
tributions of pathogens today and in the past. However, the
question about what is a pathogen gains added complexity
when trying to discern the cause(s) of disease in ancient
individuals. For example, today we know of many cases
where the majority of strains of a particular microorganism
do not cause disease, but a subset does (e.g., Escherichia
coli, Yersinia enterocolitica), often depending on the pres-
ence of virulence factors. These virulence factors matter,
but it seems that in many cases, the human ecology (here,
including such things as the current state of the immune
system, competition with commensals, and coinfections
as noted above) likely matters more. For example, patho-
gen coinfections are ubiquitous in nature, and clinical out-
comes are dependent on their interaction with each other
and with the host. The outcomes might be beneficial, det-
rimental, or inconsequential to hosts. In particular, hel-
minth infections were common in the past, and yet, there
are scarce ancient data on their coinfections with other
pathogens. Helminths are known to influence outcomes
of some infectious diseases, including malaria and tuber-
culosis (94–96). Untangling these relationships requires
modern functional and epidemiological data from both
veterinary and human biomedical sciences. Reconstruct-
ing this picture in ancient microbes that no longer exist
adds to this challenge.

Ancient DNA analyses provide a window into past pat-
terns of pathogen distributions and evolutionary changes as
well as timing. An excellent example is that of Y. pestis, a bac-
terial pathogen for which we currently have the most
genome data from ancient individuals. These data show
that in addition to being the cause of the historically known
plague pandemics, Y. pestis also affected people as early as

the Late Neolithic and Early Bronze Age (e.g., refs. 23 and
97–101). Significantly, analyses of the earliest cases point to
the presence of strains that may not have been flea trans-
mitted (inferred from genetic analyses), leaving the mode(s)
of transmission and potential reservoirs unclear, as well as
cases that point to an extended period of overlap with
strains that do show the genomic changes (both chromo-
somal and plasmid) that signal flea transmission or at least
better flea transmission (102–105). Functional studies will be
important to assess how the presence/absence of specific
changes affects transmission and virulence. Phylogenetic
analyses show diversification during the Late Neolithic/Early
Bronze Age (∼5,000 to 3,000 y ago) of these lineages along
with those leading to extant Y. pestis lineages (including
0.PE2, 0.PE4, 0.PE5, and 0.PE7 primarily found in rodents in
central Eurasia). This leads to questions about the ecology
and spread of these lineages within and among species dur-
ing this period in particular and underscores the importance
of understanding the extent and history of Y. pestis from a
One Health perspective.

Ancient genomic analyses of mycobacteria, including
M. leprae (Fig. 1) and M. tuberculosis complex (MTBC), have
also resulted in surprises. For example, unlike the findings
for Y. pestis, both M. leprae and the MTBC were found to
have younger than expected most recent common ances-
tors (both roughly 5,000 y ago), suggesting that these are
not the “heirlooms” that we thought (106–109). Studies
have also revealed significant diversity of strains through
time and coupled with studies of modern strains in both
humans and animals, the clear interchange of these patho-
gens from humans to other species and back again (e.g.,
refs. 107 and 109–111). These mycobacteria are also
among the first where we can see evidence for genetic
susceptibility of particular subsets of ancient populations.
For example, Krause-Kyora et al. (112) extracted DNA
from 85 individuals with paleopathological indications of
lepromatous leprosy buried at St. Jørgen’s leprosarium
(dated between AD 1270 and AD 1550) in Denmark, and
they were able to genotype an allele characteristic of
major histocompatibility complex, class II, DR beta 1 (HLA
DRB1*15:01, a susceptibility marker in modern populations)

Fig. 1. (A) A fourteenth-century miniature of two lepers being denied entry to the city. Reproduced from Speculum historiale of Vincent de Beauvais (circa
1184 to 1264) Biblioth�eque de l’Arsenal, folio 373r (fourteenth-century manuscript). (B) A photomicrograph of M. leprae (in red) taken from a leprosy skin
lesion. Reproduced from the Centers for Disease Control Public Health Image Library (1979, US Government public domain).
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in 69 individuals who also tested positive for M. leprae in
their DNA analyses. After comparing these results with
those from control samples, they found that the individuals
with leprosy were more likely to have the susceptibility
allele at this locus. Susceptibility to severe TB was linked to
a variant of the tyrosine kinase 2 gene in homozygotes that
causes impairment of the Interleukin 23 responsive pathway
(113). Ancient genome analyses in Europeans show that the
frequency of this allele has declined since the Bronze Age,
likely as morbidity and mortality from TB increased, perhaps
as strains of TB were introduced (113–115). Such analyses
are also beginning to see the impact of other pathogens on
human variation. In particular, recent evidence suggests
that the very high mortality produced by the fourteenth-
century pandemic (caused by Y. pestis and commonly known
as the Black Death) had a selective effect on human immune
loci (116).

Ancient DNA has also begun to provide some insights
into coinfections as noted above. Coinfections are likely
influenced by factors including geographic overlap, similar
transmission routes, and pathogen influences on host
immunity (e.g., opportunistic infections brought about by
weakened immune responses). It is also likely that most
people had helminths given the numerous archeoparasito-
logical reports on helminths, such as Trichuris trichiuria,
Enterobius vermicularis, Ascaris species, and Schistosoma
species (117). Data on ancient helminth coinfections with
other parasites are scarce. DNA analyses of helminths
from ancient coprolites can add to this record; however,
most analyses to date are from isolated coprolites or cess-
pits (e.g., refs. 115 and 118) and thus, are not linked to
specific individuals.

Ancient pathogen studies have important limitations.
Most ancient pathogen DNA data (like most modern
genomic data) are heavily biased geographically, and this
bias is often true of the comparative modern data. Also,
what ancient pathogen DNA datasets we have are influ-
enced by the pathogen load at the time of death, the part
of the body that remains, the climate, and in the case of
viruses, likely whether it is composed of double-stranded
DNA (single-stranded DNA or RNA is less likely to pre-
serve). Other limitations include our ability to discern
whether an extinct microbe was in fact a pathogen.
Ancient pathogen studies to date focus on those with
modern representatives. Ancient pathogen data availabil-
ity is also affected by the archaeological record, with
more data from complete adult burials from formal cem-
eteries. Children, individuals who were cremated, single
burials (often characteristic of hunter-gatherer popula-
tions), and parts of the world where paleopathological
analyses are limited are often poorly represented.

Conclusions: How Should We Move Forward?

Ancient DNA analyses of pathogens offer often unexpected
insights into the origin/timing of some infectious diseases
in human populations as well as exchanges back and forth
between humans and other animals. Ancient DNA research
has also enhanced our understanding of how the micro-
biome has changed over time and in different contexts.
However, there are many unanswered questions about

when and where specific microbes/parasites/pathogens
became endemic in humans, their distributions in the past,
and how these might be linked to agricultural transitions
and subsequent urbanization. Were there crowd diseases
in urban centers in the Americas precontact? If so, what
were they, what was their zoonotic origin (e.g., from camel-
ids? From turkeys or wildfowl?), and how common were
they? How do we assess ancient animal diseases as well
considering that most pathogens have zoonotic origins and
considering that epidemics in domesticated animals (and
plants) ultimately affect the health of the populations that
rely on them for food? Where and when did animals
acquire such pathogens, and what enabled them to main-
tain them?

During most of human evolution, population sizes and
densities were low, and the assumption has been that the
pathogens and parasites primarily affecting us were heir-
loom pathogens afflicting us since (and prior to) our diver-
gence with other hominids (1, 3, 119, 120). In addition,
ancient hunter-gatherer populations were likely affected
by pathogens that are found in the environment, including
those encountered in food or water, or that could be trans-
mitted via animal reservoirs and vectors. Such exposures
were not static given the ecological and climatic changes
over time and space as humans moved around the land-
scape … and out of Africa. Some new pathogens that
might “spill over” (e.g., coronaviruses, Ebola virus, bird flu,
and Nipah virus) likely burned out quickly in these typically
low-density populations due to rapid depletion of suscepti-
ble hosts. Today, the world population is growing, surpass-
ing 8 billion, and this growth has been associated with
anthropogenic activities, such as encroachment into wild-
life habitats, logging and deforestation, and rapid long-
distance travel, which increase the likelihood of infectious
disease emergence and spread (9, 121, 122). It is inevita-
ble that humans, animals, and wildlife will continue to
interact and that zoonotic spillovers will continue to occur.
A clear grasp of the processes that influence these spill-
overs will provide insight for prediction of disease emer-
gence and development of strategies for disease prevention
and response. Ancient DNA analyses help us understand
when (and hopefully, also aspects of how/why) past jumps
occurred, although it is important to keep in mind that
much of our data may reflect the most recent successful
jump and radiation of a particular pathogen rather than the
first “jump.”

The pathogenic relationships that burden society today
are a product of ancient events. Ancient genes, exposed to
over a billion years of natural, microbial, and chemical war-
fare, may be repurposed to resist antibiotic medications.
Ancient host-commensal relationships can become unstable
by exposure to new poor-fitting human hosts. Ancient
human microbiome relationships can be disrupted and
become dysbiotic, resulting in an overreaction of host immu-
nity. While we see the evidence of these events, “top down,”
through health and disease today, we lack the details about
the precise precipitating ancient events and contexts that
ultimately gave rise to contemporary observable patterns.
We are thus left with important questions. What ancient and
widespread genes are poised for novel antimicrobial resis-
tance? Why is one host relationship commensal and another
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pathogenic? How do the ecosystems in and surrounding our
bodies change? Addressing these questions is a matter of
finding the coveted biological “mechanism,” the molecular
agents. The molecular characterization informs biological
evolution, forms the bases for medications, and lays the
most basal of foundations, wisdom, for building healthier

relationships to microbes. There is no more direct line of
research into these ancient events than to study ancient
microbes directly via ancient biomolecules.

Data, Materials, and Software Availability. There are no data underlying
this work.
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