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ABSTRACT

MICROEVOLUTION OF HUMAN TOLL-LIKE RECEPTORS IN CENTRAL ASIA DURING

BRONZE AND IRON AGES

The Toll-like receptors (TLRs) are an integral component of human immune defense because
they act as first-responders to infection. Previous research has documented the presence of
archaically-introgressed sequences of DNA into the TLR10-6-1 cluster (Deschamps et al., 2016
& Dannemann et al., 2016). This genetic region has also been suggested to be a hotspot for
selection in both contemporary and ancient Eurasian populations (Barreiro ef al., 2009 &
Mathieson et al., 2015). Furthermore, ancient trains of Salmonella, Tuberculosis, and Plague
were present on the Eurasian landmass, all of which would incite response from the TLRs
(Andrades Valtuena et al., 2022; Rasmussen et al., 2015; Key et al., 2020; Wu et al., 2020;
Hajam et al., 2017; Caroff and Karibian ef al., 2003; Strahl and Errington 2017; Mukherjee et
al.,2014). Allen Ancient DNA Resource was used to access genotype data on five archaic TLR
SNPs from 298 individuals who lived between 7922 and 1109 BP is used to examine their
temporal and geographic distribution (Mallick and Reich, 2024 & Mallick et al., 2024). Here,
hypotheses are tested to determine whether lifestyle, time period, a combination of the two, or
geography predict the presence of archaic TLR SNPs. The aim of this study was also to assess
whether that distribution reflects microevolutionary change in the direction of drift or selection.
A peripheral aim of this study was to answer whether that distribution is a result of adaptation to
pathogens. It is concluded that the temporal and geographic distribution of these SNPs is both
stochastic and does not reflect a signal of selection nor are lifestyle, time-period, a combination

of the two, or geography predict the presence of archaic TLR SNPs.
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Microevolution of Human Toll-Like Receptors in Central Asia During Bronze and

Iron Ages

Chapter I
Introduction

The continuation of any species is predicated on their capacity to adapt to changing
conditions in their environment. Adaptation can be defined as a series of adjustments in the form
of traits or behaviors that enhance an organism's ability to survive or reproduce in an
environment (Darwin, 1859). This definition gives credence to the concept of adaptation as an
ongoing process and an end-goal because the environment is constantly shifting (Rosalino et al.,
2014 & Bijlsma and Loeschcke, 2005). Furthermore, if organisms adapt to their environment,
then that fitness is measured in terms of reproductive success. Frequent iterations of reproductive
success reflect adaptation to environmental stimuli which can be one or more variables an
organism has to overcome. Anthropologists interested in adaptation can look to human-pathogen
interactions because they have produced observable human adaptations that occupy many
positions along the continuum from genetic to cultural interventions to pathogen exposure.
Culture serves as an exosomatic means of offloading evolutionary problems from our biology
(Tomassello, 2003). To that end, humans have a generative capacity to adapt to a multitude of
shifting environments and can execute those adaptations within a lifetime. Cooking meat kills
off a surface level population of bacteria that can make one sick (Doyle and Schoeni, 1984).
Clothing shields the body from extreme temperatures (Gilligan, 2018). Both are cultural
adaptations that further enable humans to propagate themselves into the next generation when

faced with harsh conditions.



Humans are not limited to cultural adaptations, a combination of physiological,
developmental, and genetic adaptations are often employed in response to pathogens (Harrison,
1998; Tomassello, 2003; Harris, 2013; Frisancho, 2009). For example, inflammation is a routine
physiological adaptation to infection. Inflammation, which is the recruitment of immune cells,
represents a physiological adaptation because it is a short-term chemical change in the body
(Ahmed, 2011 & Harrison, 1998). Despite the personal inconvenience that comes with
inflammation, it is the immune system's way of building an army in response to infection and
natural selection would likely eliminate individuals without that ability. And while this is
unfolding, the human immune system is making long-term adjustments to the presence of the
pathogens in the form of adaptive, or acquired immunity whereby over time, exposure to certain
pathogens will make an individual better suited to deal with similar ones (Miiller et al., 2018).
This is a developmental process that can take place over the lifetime of an individual. The two
operate on short timescales but have taken many generations of genetic modification to enable
their success.

Similarly, biological anthropologists are keen to explore genetic adaptations because they
reflect intense selective pressure. Genetic adaptations are a last-resort option for humans because
on the short time scale we live on, natural selection prunes the population from unfit individuals
and the time period for the correct adaptation to manifest in response to a pathogen may be
prohibitively long (McDonald, 1983). For example, Klunk et al. (2022) characterized genetic
variation around immune-related genes from 206 aDNA extracts recovered from skeletal remains
discovered in London and across Denmark during the Black Death. They found that
homozygosity of the C allele was associated with an increased ability to control intracellular

Yersinia pestis in macrophages in a replicated sample of modern humans. These results indicate



that homozygous individuals with C allele of 152549794 on the ERAP2 gene are selected for in
response to Y. pestis. More importantly, they represent a genetic adaptation to a specific
pathogen. In total, humans would not have possessed or evolved an adaptation like the one
mentioned above if their shared history with pathogens was not deep and it represents a
last-resort option for how humans have to manage their interactions with pathogens.

Partial human and pathogen genomes recovered from archeological sites demonstrate our
shared history goes back millennia and reflects how humans have had difficulties in evolving
genetic adaptations to overcome them. Studies such as Hershkovitz et al. (2008) and Sabin ef al.
(2019) have sequenced Mycobacterium tuberculosis genomes found in association with
agro-pastoral and agricultural communities in northern Europe between 9250-8160 BP., and the
Levant at 1679 CE, respectively. TB is currently a leading cause of death and these studies
demonstrate that it has been a burden on our species for at least nine thousand years (World
health organization, 2025). This fact alone supports how humans have been unable to evolve
genetic adaptations to deal with it specifically. Similarly, ancient strains of plague and salmonella
have been recovered from human remains throughout Eurasia dated between 6,500-2,920 BP.
and their adaptation to humans can be inferred based on gene losses and additions (Rascovan et
al., 2019; Seersholm et al., 2024; Andrades Valtuenia ef al., 2022; Rasmussen et al., 2015; Key et
al., 2020; Wu et al., 2020).

There is a discrepancy between humans and pathogens' capacity to adapt to each other.
Humans are static targets for infection because we evolve on a slower time scale compared to
pathogens and one mechanism we have evolved to compensate for this discrepancy is through
the innate immune system. By innate, what is meant is that its functions are genetically

predetermined germline-encoded and the genes that code for them bestow a baseline



mechanism for dealing with pathogens (Turvey & Broide, 2010). In the event that pathogens
breach constitutive barriers of the skin, lungs, mouth, and digestive tract, humans possess
biological adaptations to ward against pathogens and one of them lies in the innate immune
system (McDonald and Levy, 2019).

The innate immune system is a readily available defense system against pathogens. One
function innate immunity works by employing a generalized arsenal of receptors to recognize
pathogens. The Toll-Like receptors (TLR) are a family of innate immune receptors that are an
essential component of host defense in response to pathogenic infection. The TLRs are a subset
of pattern recognition receptors (PRRs) that are activated at the onset of innate immune reaction
along with (Pal and Chakravarty, 2020). Their function is to detect pathogen-associated
molecular patterns (PAMPs), detect damage-associated molecular patterns (DAMPs), and initiate
the production of pro-inflammatory cytokines and type-I interferons following detection of
PAMPs and DAMPs. They are also important for phagocytosis too. Macrophages/neutrophils
engulf foreign pathogens via TLRs (Takeda and Akira, 2005; Kawai and Akira, 2006; Akira et
al., 2006). It can be hypothesized that repeated exposure to pathogens from birth would put
pressure on a lineage to evolve a repertoire of defense mechanisms that increase their likelihood
of survival or reproduction. Some authors have contemplated this (Buchmann, 2014; Brennan
and Golmore, 2018), and it can be asserted that the innate immune system, and the toll-like
receptors are both an evolutionarily conserved and ancient system. To that end, if pathogens were
not selective agents then the immune system would not be encoded in human genomes.
However, because humans have an innate immune system, that tells us that since its archaic

development, pathogens have been a constant selective burden within our lineage.



The present study looks at microevolution in humans as a consequence of repeated
interactions with pathogens by examining five archaic-like TLR SNPs in central Asians who
lived between 7922 and 1109 BP. (Mallick and Reich, 2024 & Mallick et al., 2024) for three
reasons. First, central Asians, and Eurasians more broadly, represent a spatio-temporal and
genetic continuity between modern humans and the Neanderthal lineage (Green et al., 2010;
Sankararaman et al., 2014; Li et al., 2024; Villanea and Schraiber, 2019; Wall et al., 2013). The
introgression events culminated in increased genetic variation, especially around the TLR10-1-6
region, within each deme and would have allowed for selection to operate more efficiently than
drift on a microevolutionary scale (Simonti ef al., 2016; Barreiro et al., 2009; Deschamps et al.,
2016; Dannemann et al., 2016; Harris and Nielsen, 2016). Secondly, within the study area,
researchers have documented the presence of several pathogens that would have elicited a
response from the toll-like receptors (Andrades Valtuefia ef al., 2022; Rasmussen et al., 2015;
Key et al., 2020; Wu et al., 2020; Hajam et al., 2017; Caroff and Karibian et al., 2003; Strahl and
Errington 2017; Mukherjee ef al., 2014). More importantly, these pathogens are selective agents
that present an opportunity for human populations they come in contact with to adapt or go
extinct. In either case, individuals whose immune system is more fit for dealing with pathogens
are more likely to reproduce. Third, Central Asians during the time period we are interested in
exhibit a wide range of cultural lifestyles that would differentially put them in proximity to
pathogens (Damgaard ef al., 2018; Narasimhan et al., 2019; Gnecchi-Ruscone et al., 2021).
Because not all populations will equally interact with pathogens and not every population has an
equal amount of Neanderthal TLR genes, selection will preferentially favor the individuals who

are fit to their ecological conditions.



Relevance of this study

It has been a long-held assumption that the advent of agriculture accelerated an
evolutionary arms race with pathogens as a consequence of humans residing in large numbers
and in close proximity to animals for extended periods of time (Diamond, 1999). It is a fact that
pathogens are able to propagate more efficiently when more hosts are available and several
examples of zoonoses transmitting to humans can be traced to agricultural practices (Jones et al.,
2013 & Stephens et al., 2021). Furthermore, it has been proposed that this process has
simultaneously equipped agriculturalists with a more robust immune system, while also making
them more prone to disease. Because pathogens can kill humans that makes them selective
forces, but it is a matter of debate whether humans have adapted to them, and if so, then could it
be observed on a microevolutionary scale? If researchers want to interrogate the biological
implications of adopting agriculture and how it relates to infectious diseases, they need to
consider microevolutionary processes that would have unfolded.

This investigation is based on a nexus that ties introgression with Neanderthals to the
development of agriculture and modern human innate immune system variation. The study of
ancient DNA has come with the revelation that a portion of human immune system variation can
be explained by episodes of introgression with Neanderthals. Such a series of episodic intervals
of admixture would have also represented an epidemiological transition between two previously
diverged lineages (Houldcraft and Underdown, 2016). With genetic variation as a result of
admixture, ancestral populations receive the phenotypic diversity of the two lineages
(Martinez—Abadias et al., 2006). When two previously diverged lineages admix with each other
and introduce genetic variants related to immunological function, it shifts the genetic landscape

and enables selection to operate more efficiently as a result of an increase in genetic variation



(Simonti et al., 2016 & Harris and Nielsen, 2016). Furthermore, it is important to know that a
disproportionate amount of modern human immune system genetic variation has archaic origin
because their longevity would suggest that there is an adaptive benefit to being a carrier of those
alleles. Deschamps ef al. (2016) observed that protein coding genetic regions are generally
depleted among Neanderthal alleles implying a selective sweep in those regions and genes
conferring innate immunity are present at a higher rate in Neanderthal introgressed segments
compared to the rest of the genome. This selective sweep can be thought of as a pruning effect
because it is not Neanderthal ancestry that is specifically being selected for but instead genetic
regions that are crucial for immunological function and in contemporary populations these genes
are present in a disproportionate amount compared to other Neanderthal genes. Their work also
presented evidence of Neanderthal ancestry being selected at the TLR10-1-6 cluster, however
concluded the introgression of those genes is not a source of adaptive variation and that the
variants do not present any signal of positive selection in modern populations. In other words,
contemporary populations are not the recipients of any adaptive benefit. However, Dannemann et
al. (2016) found the TLR10-1-6 cluster to be rich in regulatory elements that overlap many
archaically introgressed sequences which makes them potential targets for selection.

Central Asia is an ideal place to study the relationship between humans and pathogens on
a microevolutionary scale because of three reasons: First, they represent a spatio-temporal and
genetic continuity between modern humans and the Neanderthal lineage (Green ef al., 2010;
Sankararaman et al., 2014; Li et al., 2024; Villanea and Schraiber, 2019; Wall et al., 2013).
Additionally, we see evidence of selection operating on the TLRs in Eurasian populations.
Barreiro et al. (2009) initially reported the TLR10-1-6 cluster exhibits clear signs of positive

selection in Eurasians. Mathieson et al. (2015) later observed a higher frequency of selected



TLR10-6-1 SNPs in Steppe-derived populations compared to European Farmers. Such signals of
positive selection do not come as the result of a stochastic process because these genes play a
role in the immune system's defense against pathogens and without them the consequences are
lethal. Secondly, various populations of central Asians have experienced repeated bouts of
pathogenic exposure. Direct evidence of this comes in the form of archaic Plague strains that
were found in Eastern Kazakhstan, Mongolia, and Russia (Andrades Valtuefia et al., 2022 &
Rasmussen et al., 2015) and ancient Salmonella strains recovered from Russia and the Xinjiang
region (Key et al., 2020 & Wu et al., 2020). These bacteria have left traceable edifices that
provide a spatial and temporal distribution that overlaps with the study population. From that, we
know of selective agents which would have placed pressure on central Asia’s populace to evolve
genetic adaptations to manage infection more readily. Third, sedentary, semi-sedentary and
mobile groups occupied Central Asia during the Bronze and Iron ages (Gnecchi-Ruscone ef al.,
2021 & Damgaard et al., 2018). The Inner-Asian Mountain Corridor [TAMC (Frachetti, 2012)] in
particular served as a conduit through which many of these populations of differing lifestyles
migrated through and admixed with each other during this time (Narasimhan et al., 2019). The
gene flow between them would allow microevolutionary processes by means of natural selection
to operate more thoroughly in contrast to drift when pathogens are a consistent feature of their

environment.

Theoretical framework:
Evolutionary theory hinges on the concept of adaptation — traits or behaviors that enhance
an organism's ability to survive or reproduce in an environment. If organisms adapt to their

environment then that fitness is measured in terms of reproductive success. Biological



anthropologists interested in adaptation look for evidence of fitness along a continuum of
cultural and biological processes. Adaptation on longer and shorter timescales is contingent on
macro- and microevolutionary processes. Macroevolution occurs above the species level and can
lead to speciation over long stretches of time. Morphological differences between taxa can be
accounted for under the lens of macroevolutionary explanation (Hautmann, 2020; Rolland et al.,
2023; Flegr, 2013). In such cases, the concept of adaptation is used to explain these traits.
Contemporary examples of adaptation biological anthropologists regularly point to in the
literature refer to macroevolutionary processes such as bipedalism, increased cranial capacity,
narrowing of the ribcage (Thorpe et al., 2007 Senut et al., 2017; Henneburg, 1987; Bastir et al.,
2020). As a consequence of this fixation on macroevolutionary changes, paleoanthropologists
have overlooked the significance of microevolutionary processes.

Microevolution is more relevant to this study than macroevolution because
microevolution generally deals with shorter-time scales and is an arduous concept to apply to
ancient hominin fossils. Microevolution is the change in allelic frequency within a population
over a short period of time and results in the phenotypic diversification among conspecific
populations or related species (Arnold et al., 2001). Applying microevolutionary processes to the
hominin fossil record has been laden with issues. The rates of anatomical change over a few
generations can mimic evolutionary change over several thousands of years. Speciation events
are often incited in observation of small but distinct morphological differences between taxa.
Cranial capacity, body height, and cranial index are all phenotypes that can gradually shift; the
microevolution of them is several times faster than those observed over longer time periods in
hominid evolution (Henneburg, 2006). A more contemporary example of microevolutionary

change in humans would be the increased prevalence of median artery of the forearms over the



last 150 years; its driving force is still unknown and remains to be said whether it is the result of
changing selection pressures, or health insults to mother and offspring, or both (Lucas et al.,
2020). Together, these are anatomical shifts that reflect accelerated underlying genetic changes
within the populations they were exhibited in.

Microevolution, however, needs a mechanism to explain its occurrence. Wright’s fitness
landscape (Wright, 1932) is a useful device to consider the evolutionary mechanisms that shape
populations. The adaptive landscape can be imagined as a topographical map with fitness peaks
and valleys with a third dimension representing population size. For large populations they will
be relatively high on the z-axis. Here, the landscape appears highly detailed with many modest
peaks and shallow valleys. These are navigable subtle fitness differences and are easily
overcome by the strength of selection which is a function of large effective population size.
Small populations will be relatively low on the z-axis, in contrast. If effective population size is
too small for selection to minimize mutations then drift will take over. From their point of view,
the landscape appears "blurred" or "smoothed out" and these populations can only respond to
large fitness differences; smaller features disappear into an adaptive valley. They will have a
greater challenge in responding to smaller fitness differences. There is a caveat to large effective
population size expressed in the drift barrier hypothesis. The drift barrier hypothesis (Lynch,
2010) posits that selection generally acts to minimize mutation rates but is limited by the power
of genetic drift; stochastic effects of drift impose a precision limit on selections power to
maintain low mutation rate. This would effectively occur at an adaptive peak and in a large

population it would inhibit them from leaving their adaptive peak.
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With respect to the aforementioned, it is worth pointing out that adaptation is a rare
occurrence. Several theoretical models have been proposed to describe the neutrality of many
mutations and rarity of adaptively beneficial mutations. Kimura (1968; 1983) suggested the
majority of existing polymorphisms and fixed differences between species are selectively neutral
and functionally equivalent. Under this model, the frequency dynamics of neutral variants in the
population is determined by their mutation rate and drift, highlighting a linear relationship
between genetic variation and population size. Despite this theoretical prediction, this
relationship is not reflected in the wide range of population sizes across species with similar
genetic diversity. To explain this paradox, Smith and Haigh (1974) proposed genetic hitchhiking
as an explanation. In this scenario neutral alleles that are in high linkage disequilibrium with
favorable alleles will go to fixation which reduces linked genetic variation. Alternatively, Ohta’s
(1992) nearly neutral theory predicts that natural selection eliminates nearly neutral mutations in
large populations but in smaller populations they behave as neutral and are randomly fixed.

At this point, it should be stated though that microevolution and genetic adaptation are
not necessarily the same thing nor does microevolution imply genetic adaptation (Meyer and
Harris, 2013). A population can evolve a genetic adaptation through microevolution but they can
also drift and evolve a maladaptive genetic trait as well. Microevolution is an ongoing process,
so is adaptation but genetic adaptation is contingent upon the mutation and propagation of
beneficial alleles and at the molecular level it is rare.

Applying microevolutionary principles to the fossil record is more challenging for
paleoanthropologists than it is for archeo-geneticists who see signatures of it in ancient DNA
because modern and ancient genomes together provide a temporal and geographic ordering of
genomic events to the archeological record. More importantly, they allow us to infer selective
pressure and whether adaptation occurred. Waves of admixture, introgression, migration,

diffusion, and drift establish geographic patterns of genetic variation and can be observed in time
11



series genetic data in which changes in allele frequencies occur along the human phylogeny
(Hiinemeier, 2024; Pollen et al., 2023; Jay et al., 2013; Green et al., 2010). Human pathogen
interactions, specifically provide high resolution insights into microevolutionary change in the

human immune system. Klunk et al. (2022) serves as a reminder of this claim.

Research Questions and Goals

This study is interested in whether microevolutionary processes are driving populations
in Central Asia up towards an adaptive peak in the span of approximately eight thousand years.
Following previous research documenting the debate over a potential selective benefit of archaic
sequence variants on the TLR10-6-1 cluster, this study focuses on Central Asia because it
represents a spatio-temporal and genetic continuity with the first recipient of these variants
through introgression (Barreiro et al. 2009; Green et al., 2010; Deschamps et al., 2016;
Dannemann et al., 2016). Also, this region was chosen because of the diversity of lifestyles
people have lived for thousands of years (Damgaard et al., 2018; Narasimhan et al., 2019;

Gnecchi-Ruscone ef al., 2021). These lifestyles, it is believed, represent a junction between

12



culture and biology because an individual's lifestyle refers to degrees of mobility and by proxy,
pathogen exposure. The aims of this paper are threefold: First, to examine the temporal and
geographic distribution of five archaic variants of TLR SNPs using genetic data from 298
individuals from central Asia who lived between 7922 and 1109 BP. (Mallick and Reich, 2024 &
Mallick et al., 2024). Secondly, this study aims to test the strength of selection using the
selection coefficient (s). Researchers are better equipped to make inferences about potential
selective agents through the use of s because it is a calculation of relative fitness, or rather, the
likelihood a given allele will propagate into the next generation. The output ranges from 0 to 1
with 1 being total selection and no chance the allele survives whereas outputs closer to 0 reflect
weak selection and are more likely influenced by drift.

Lastly, this study aims to test four interrelated hypotheses. Generally speaking, this study
uses Type III Wald Chi-square to test if the probability that an individual carries an archaic allele
for the TLRs is statistically different when comparing mobility patterns, time period, a
combination of the two, and geography. Each of these variables are broken into their own
hypothesis in redundant fashion as follows: First, Ho: the mean presence of archaic TLR SNP
variants are statistically equal between sedentary, semi-sedentary, and mobile groups. This is in
competition with Ha: If the mean presence of archaic TLR SNP variants is not statistically equal
between sedentary, semi-sedentary, and Mobile groups then the null hypothesis is rejected, and it
is predicted that the mean archaic allele presence of semi-sedentary groups differs from
sedentary and mobile groups. The competing null and alternative hypotheses are mutually
exclusive because a single mobility group that would differ in the proportion of archaic TLR

SNPs negates the possibility of them being immunologically unremarkable in comparison.
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The second hypothesis tested is Ho: The mean presence of archaic TLR SNP variants is
statistically equal across the Bronze Age, Iron Age, and recent history. This hypothesis opposes
H.: if the mean presence of archaic TLR SNP variants is not statistically equal across the Bronze
Age, Iron Age, and recent history then the null hypothesis is rejected, and it is predicted that the
mean presence of archaic TLR SNP variants in the Bronze Age is statistically different compared
to the Mesolithic, Neolithic, Iron Age, and recent history. These hypotheses are in competition
with one another because either Central Asian populations experience a turn point in terms of
their innate immunity or they did not. The two versions of history are thus incompatible.

Third, Ho: the mean presence of archaic TLR SNP variants is statistically equal between
Lifestyle categories and across time periods. This hypothesis is measured up against Ha: if the
mean presence of archaic TLR SNP variants is not statistically equal between Lifestyle
categories and across time periods then the null hypothesis is rejected, and it is predicted that the
mean presence of archaic TLR SNP variants of semi-sedentary groups during the Bronze Age is
statistically different compared to any alternative combination of lifestyle and time period. The
null and alternative hypotheses are irreconcilable with each other because either a unique and
genetic edifice was produced as the result of two convergent circumstances or, those factors
operated independently.

Fourth, this study tests Ho: the mean presence of archaic TLR SNP variants is statistically
equal across Kazakhstan, China, Russia, Mongolia, and Kyrgyzstan. This hypothesis in
competition with Ha: if the mean presence of archaic TLR SNP variants is not statistically equal
across Kazakhstan, China, Russia, Mongolia, and Kyrgyzstan then the null hypothesis is rejected,
and it is predicted that the mean presence of archaic TLR SNP variants in Kazakhstan is

statistically significant compared to the other political entities. The null and alternative
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hypotheses present contradictory statements about the impact of geography on allele frequencies.
this study frames them as opposing views because geography either leaves a detectable signature
within the TLR10-1-6 cluster, or the presence of the archaic TLR SNPs are purely incidental.

Fifth and lastly, this study tests Ho: the mean presence of archaic TLR SNP variants is
statistically equal between the Central Asian study population, and the Kenyan pastoralists. This
hypothesis stands in tension with Ha: if the mean presence of archaic TLR SNP variants is not
statistically equal between the Central Asian study population, and the Kenyan pastoralists then
the null hypothesis is rejected, and it is predicted that the mean presence of archaic TLR SNP
variants in Central Asia is statistically significant compared to Kenya. The hypotheses are non-
overlapping because they ask, "do two different microevolutionary histories and ecological
conditions produce the same immunological outcome?"

This study is being done within the work of firstly, Smith and Haigh (1974)’s work that
predicted neutral alleles in high linkage disequilibrium with favorable alleles will go to fixation.
If the neutral alleles are in high LD with beneficial ones, then selection will be reflected in
genetic distribution of the TLR SNPs between lifestyles, geographic region, and time period.
Secondly, Ohta (1992)’s Nearly Neutral theory in which natural selection eliminates nearly
neutral mutations in large populations but in smaller populations they behave as neutral and are
randomly fixed. Random fixation would inform us whether selection or drift is a more plausible

explanation for their frequency.

Synopses of Chapters

Chapter II provides background information on the molecular biology of the TLRs, the

differences between the toll-like receptors and their signaling pathways and their primary

15



function and importance for the immune system are described here. This chapter also gives a
general overview of central Asia and why this study used the genetic data from that region. The
third chapter contains the materials and methods used for this study. This chapter will first
provide an archaeological and population genetic background of each subsample in the form of a
literature review. The purpose of this is to justify to the readers their inclusion into one of three
mobility groups: Sedentary, Semi-sedentary, and Mobile. Our working logic here is that an
individual's mobility would be reflected in pathogen exposure. The chapter will end with a
detailed description of the statistical methods used to address the research goals previously laid
out. In Chapter IV the results of this inquiry are reported. We start by examining the geographic
distribution of the allele and how that distribution changes through time. Here, summary and
descriptive statistics are dissected in conjunction with the results of the hypotheses tests. A
majority of the figures and tables are presented here as a visual aid. In Chapter V, the results are
discussed within the context of current research on aDNA, immunology, and microevolution in
humans and fit the current study within our broader understanding of Central Asia as well as the
agricultural revolution. Chapter VI concludes this work by summarizing the study and offers

potential avenues of further research.
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Chapter 11

Background

Innate Immunity and the Toll-Like Receptors

Pathogens evolve more rapidly than humans due to their short generation times, large
population sizes, and high mutation rates. Because of these factors, human genetic adaptations to
the stresses they pose are costly because on the short time scale we live on; natural selection
prunes the population from unfit individuals and the time period for the correct adaptation to
manifest in response to a pathogen may be prohibitively long (McDonald, 1983). However, the
human immune system has evolved mechanisms to compensate for this challenge through innate
immunity and adaptive immunity.

The basis of innate immunity is to sustain a discriminatory boundary between self and the
fungal, bacterial, and viral non-self. Innate immunity uses a limited number of generalized
receptors to detect essential molecular components across a broad array of pathogens (Beutler,
2004; Akira et al., 2006; Turvey and Broide, 2010; McDonald and Levy, 2019). Selective
pressures have shaped host populations to optimize this detection capacity.(Beutler, 2004). In
response, pathogens have acquired genetic components via natural selection that mimic the hosts
through natural selection to evade their immune system.

Innate immunity differs from adaptive immunity in the sense that adaptive immunity
exhibits a diverse repertoire of randomly generated receptors shaped by antigen exposure and
clonal selection (Miiller et al., 2018). In contrast, innate immunity is germline encoded and does
not require a developmental phase (Turvey and Broide, 2010). It should be noted however the

two types of immunity are not siloed from each other and their cooperation is essential for
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immunological function. This is evident based on their expression on T and B lymphocytes and
on non-immune cells like epithelial and endothelial cells and fibroblasts (Delneste et al., 2007).

As mentioned earlier, innate immunity works by employing a generalized arsenal of
receptors to recognize pathogens. The toll-like receptors are a subset of pattern recognition
receptors (PRRs) that are activated at the onset of innate immune reaction (Pal and Chakravarty,
2020). Their function is to detect pathogen-associated molecular patterns (PAMPs), detect
damage-associated molecular patterns (DAMPs), and initiate the production of pro-inflammatory
cytokines and type I interferons following detection of PAMPs and DAMPs. The downstream
effects of PAMP-PRR interactions initially begin with the activation of Nuclear Factor-xB
(NF-xB), a transcription factor that is responsible for the production of pro-inflammatory
cytokines and type 1 interferons (Zhang and Liang ef al., 2016).

At present, 10 TLRs have been identified in humans (Takeda and Akira, 2005). While
each has different responsibilities in pathogen detection, for simplification, they are subdivided
based on which locality of the cell they are confined to. TLRs 1, 2, 4, 5, 6, and 10 reside on the
plasma membrane and detect microbial membrane components or PAMPs such as lipoproteins,
flagellin, and lipopolysaccharides (Gay et al., 2014). TLRs 3, -7, -8, and 9 are found in the
endosome and detect foreign nucleic acids. Furthermore, all TLRs have three primary structural
domains. The first structure which is the outer domain and resides on the cell surface consists of
a Leucine-rich repeat (LRR) which is a 20-30 amino acid structural motif that folds into a
curved, horseshoe-shaped solenoid. The second structure is a single membrane-spanning
a-helical segment that is responsible for transmitting a signal to the intracellular homology
domain upon ligand binding. The third is a homology domain in the cytoplasm which consists of

a ~150-160 amino acid chain responsible for initiating intracellular signaling (Jin and Lee, 2008;
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Wang et al., 2024; Brennan and Gilmore, 2018). The LRRs that compose the first domain on the
cell surface are especially important because they confer ligand specificity. This enables them to
discern between various pathogens and damaged host cells but also to allocate responsibility
between themselves (Chen et al., 2024). For example, TLR1 and 6 are functional as a
heterodimer with TLR2. TLR6 however, can heterodimerize with both TLR 2 and 4 whereas
TLR2 can operate independently of the two (Bezhadi et al., 2021). Similarly, there remains some
controversy over the expression of intracellular TLRs 3, -7, and -9 when exposed to HIV and
Mycobacterium tuberculosis (Nguyen et al., 2020). These examples bring to light the observation
that no cell surface TLR is equally attentive to PAMPs because each ligand is tailored to detect a
specific molecular pattern. The structural domains of TLRs — particularly the LRRs that govern
ligand specificity — represent a phenotype under direct selection pressure. If variation in that
structure translates directly into differences in pathogen recognition then the SNPs that impact
TLR structure are unlikely to be selectively equivalent between populations that differ in their
pathogen exposure.

The hypotheses laid out in this study are only plausible in the context of the biological
mechanisms involved in the TLRs recruitment of immune cells. Figure 1 illustrates the steps
involved in TLR signaling, amplification and eventual transcription of immune cells. Five
different types of signaling adaptor proteins can be induced by the Toll/interleukin-1
receptor/resistance (TIR) domain in mammals which include: myeloid differentiation
primary-response protein 88 (MyD88), TIR domain-containing adaptor protein (TIRAP or
MAL), TIR domain-containing adaptor protein inducing IFN-B (TRIF), TRIF-related adaptor
molecule (TRAM) which is a translocon-associated protein that helps insert proteins into the ER

membrane or move them across it, and Sterile a- and armadillo-motif-containing protein
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(SARM) (Akira and Takeda, 2004). TLRs recruit adapter proteins that act as a platform to send
messages back into the genome to produce immune cells. These come in the form of downstream
kinases and signaling intermediates that propagate and amplify the signal received from the
TLRs. They include, IL-1R-associated protein kinases (IRAK) 1, 2, 4, and M which are signal
transducers that trigger inflammatory and immune responses primarily recruited by MyD88,
TGF-B-activated kinase 1-binding protein 2 (TAB2) which is an adapter protein crucial for
mediating NF-kB, Tumor necrosis factor receptor-associated factor 6 (TRAF6) which is another
signal transducer that mediates activation of NF-kB downstream of TLR. The recruitment of
these adaptor proteins and signal transducers leads to nuclear translocation of a pro-inflammatory
transcription factor, NF-xB, upon detection of PAMPs or DAMPs, which it critical for an
ambulatory engagement with pathogens (Li et al., 2010). This is because a transcription factor
like NF-«B is responsible for the transcription of specific genes that encodes different sets of
proteins such as pro-inflammatory cytokines and type 1 interferon , chemokines (CXCL8 and

CXCL10), and antimicrobial peptides (Moresco et al., 2011).
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Figure 1. Image adapted from Chen ef al. (2024) depicting TLR signaling pathway

This study is concerned with five SNPs in the TLR10-1-6 cluster on chromosome 4
(chrd: 38,723,860-38,908,438;). The tandem arrangement of this cluster, seen in Figure 2
appears to be the result of gene duplication as evidenced by a 56% sequence identity between
TLR6 and 1 (Georgel et al., 2009 & Kang et al., 2009). This sequence identity also explains the
heterodimeric relationship between TLRs 1 and 6 with TLR2 (Bezhadi et al., 2021). Both TLR1
and 6 control ligand specificity of TLR 2, thus the function of TLR2 is dependent on the two
(Kang et al., 2009). Additional preliminary research also highlights a competitive role between

the three TLRs. The TLR2-mediated response to phenol-soluble modulin, a factor secreted by
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Staphylococcus epidermidis, was enhanced by TLR6 but inhibited by TLR1 (Hajjar et al., 2001).
TLR1 plays a role in dampening the cytokine response and preventing excessive
immune-mediated tissue damage, whereas TLR6 exacerbates inflammatory response. TLR1 and
2 deficiencies increased intestinal inflammation and overgrowth of Candida albicans and
Escherichia coli populations (Choteau et al., 2017). The function of TLR10 remains elusive in
contrast to TLR1 and 6. Mikacenic et al. (2013) report coding SNPs within TLR10, suggesting it
may contribute to some mediation of disease susceptibility. Influenza virus infection has been
shown to incite reaction from TLR10 yet its direct responsibility is not clear (Lee et al., 2014).
With respect to the aforementioned, this study aims to infer whether the five SNPs discussed in

this study impact the function of the TLR10-1-6 cluster.
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Figure 2. A, location of Toll-like Receptors 10-1-6 on chromosome 4. B, Alignment of TLRs 10-1-6 along hg19 and Neanderthal sequence taken
from the UCSC Human Genome Browser, https://genome.ucsc.edu (Perez et al., 2025)

TLRs are cellular components that are located across many cell lines in the human body.

TLRs are abundantly expressed on all innate immune cells including macrophages, natural killer
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https://genome.ucsc.edu/

(NK) cells, dendritic cells (DCs), monocytes, and neutrophils. TLRs 1, 6, and 10 specifically, are

expressed most acutely in the hemolymphoid system (Figure 3.) which include blood cells, bone

marrow cells, and in lymph nodes (Robinson-Rechavi et al., 2020 & Bastian, 2021). They are not

only distributed the peripheral blood leukocytes but are also expected to be distributed in tissues

such as the heart, liver, pancreas, colon, small intestine, lung, kidney, ovary, placenta, testis,

prostate, skeletal muscle, and brain (Zarember and Godowski, 2002). This whole-body

abundance reflects a concerted effort to ward off pathogens on multiple fronts. More

importantly, the ubiquity of TLRs suggests that despite the evolutionary discrepancy between

humans and pathogens, the former has evolved a suite of mechanisms in the form of adaptive

and innate immunity to deal with entities it has not encountered.
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Figure 3. Expression profile of TLR 1, 6, and 10. Taken from the Bgee expression profile tool
(Robinson-Rechavi et al., 2020 & Bastian, 2021). In all three cases, expression is most prevalent in the
hemolymphoid system, specifically, blood, bone marrow, bone marrow cells, and lymph nodes.

The TLR family is an ancient genetic structure indeed. TLR4 emerged as a distinct entity

around 180 million years ago. Then about 150 million years ago, TLRs 3 and 5 diverged from a

common ancestral gene. The divergence between TLR 3 and 5 is important because all TLRs

23




except TLR3 initiate the MyD88-dependent pathway to produce pro-inflammatory cytokines
(Yamamoto et al., 2003). Furthermore, TLR3 appears to have co-opted the usage of NF-KB, the
evolutionary origin of which dates to one billion years ago among basal lineages of unicellular
organisms on the edge of diversifying into multicellular organisms (Gilmore and Wolenski,
2012). More recently, TLRs 1 and 6 then diverged from a common mammalian ancestral gene
~95 million years ago (Roach et al., 2005). These studies suggest that even on the time scale of

millions of years, the TLRs have remained staunchly conserved.

Inner Asian Mountain Corridor (IAMC)

This section provides an overview of the peoples who have historically called the TAMC
home. A more detailed accounting than the one provided here is found in Chapter 3; the relevant
archaeological literature is reviewed to justify the mobility pattern attributed to each of the
subgroups used in this study. Information referring to their genetic background can be found in
the Appendix.

It has been a long-held assumption that the transition from bands of hunter-gatherers to
agricultural societies in recent history accelerated an evolutionary arms race with pathogens as a
consequence of living in higher population densities and sharing more space with animals for
extended periods of time. It has been proposed that this process has simultaneously equipped
agriculturalists with a more robust immune system, while also making them more prone to
disease. Central Asia serves as a case study for investigating allelic frequency changes related to
this transition because the archeological remains that have been recovered span ages and

belonged to hundreds of individuals who lived various lifestyles (Citations here).
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Hunter-gatherer groups occupied the IAMC during 8000-6000 BP. Then between
6000-4000 BP, cultivation of barley, wheat, foxtail millet and broomcorn varied across the
region and became part of the human diet, though these groups cannot be referred to as
‘agriculturalists’ (Yan et al., 2025). For further clarification, populations in low-middle
elevations consumed more C4 crops, mainly millets because they are drought resistant, than their
higher elevation counterparts. In comparison C3 crops like wheat and barley are more typically
found at higher elevations and can overcome colder climates (Wang et al., 2020). Furthermore,
high altitude valleys of the IAMC were conduits for the spread of broomcorn millet across
Eurasia. C4 plants circulated among mountainous populations, likely as human and animal food
during the third Millenium BC (Motuzaite Matuzeviciute ef al., 2022). Nevertheless, between
4000-3000 BP cattle, sheep and horse were main domestic animals, especially sheep extensive
use of barley, wheat, foxtail millet and broomcorn, indicative of increasing population size. In
3000-2000 BP intensity of human activity spanned a broader range in the IAMC and horses
became substantially more important during this period (Yan et al., 2025).

Between migration, population expansion, and cultural advances such as adoption of
agricultural practices, it has been proposed that central Asia served as a flourishing hotspot
because of climatic factors. The Altai Holocene climate optimum took place during 6500-3600
BP. During its peak between 4700-4300 bp provided a favorable climate for prehistoric
population expansion and cultural exchange (Xiang ef al., 2023). This is corroborated by a body
of archeogenetic literature that suggests semi-sedentary and mobile groups of horse herders
occupied Central Asia during the Bronze and Iron ages (Gnecchi-Ruscone et al., 2021,
Damgaard ef al., 2018; Narasimhan ef al., 2019). While the archaeology and population genetics

of these groups are touched upon in Appendix A, at the moment it is imperative the following is
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stated: the Inner-Asian Mountain Corridor served as a conduit for many populations of differing
lifestyles to migrate through and admix with each other in ancient history.

This study focuses on lifestyle as a proxy for mobility because there are studies that
suggest mobility differentially impacts exposure to novel pathogens and that novelty makes an
individual more susceptible to negative impacts of the pathogens (Barnes et al., 2017 & Harrison
et al., 2019). For example, Harrison et al. (2019) demonstrated that between Batwa rainforest
HG and their agriculturalist Bakiga neighbors from Uganda, the viral burden was heavier among
the Batwa HG cohort and their genomes contained more signatures of positive selection on
innate immune response. A literature review by Barnes et al. (2017) outlined risk factors for
zoonotic parasitic diseases typical among mobile and semi-sedentary pastoral peoples. In
particular, interactions with dogs appear to be a unifying risk factor for the transmission of ZEP.
Aside from dogs, herding animals across large ranges opens the door for multiple intermediate
and definitive host species to proliferate pathogens between themselves. It may even be the case
that the selective pressures imposed by pathogens onto humans may have a limiting factor
related to population size. Slavin and Sebbane (2022) suggests that the domestication of horses
and an increase of regional travel would have widened the variety of hosts available to Y. pestis
but outbreaks would be limited by local communities and the route of transmission would have
required constant contact.

Wherever humans go, pathogens tend to go with them. As mentioned above, this is
evident based on the presence of archaic strains of Yersinia pestis found in Eastern Kazakhstan,
Mongolia, and Russia and ancient Salmonella enterica strains recovered from Russia and the
Xinjiang region (Andrades Valtuefia ef al., 2022; Rasmussen et al., 2015; Key et al., 2020; Wu et

al., 2020). These are rare cases and Musralina ef al. (2019) reported the highest percentage of

26



pathogens among ancient Central Asians were microorganisms associated with dental caries,
gum diseases, and other soft tissue infections in the oral cavity. In contrast, Yersinia
pseudotuberculosis, Y. pestis, M. tuberculosis, and S. enterica were among the lowest proportion
of identified pathogens. The pathogenic burden is not entirely conclusive because we lack
substantial data on the frequency of occurrence. Despite this shortcoming, these studies
demonstrate that the history of pathogens and peoples in Central Asia is deep regardless of

subsistence strategy and that the pathogenic burden is varied.
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Chapter I11
Materials and Methods

In the past decade and a half, genetic studies of ancient populations have used some
amalgamation of various tools and exploratory methods that accentuate particular aspects of the
data to provide useful summaries and visualizations to extract population history and reveal
changes in allele frequencies over time (Peter, 2022). This study follows in a similar vein by
leveraging data from the Allen Ancient DNA Resource (AADR): A curated compendium of
ancient human genomes (Mallick & Reich, 2024). It is a publicly available dataset that includes
over 16k individuals from across the globe, genotyped at approximately 1.23 million single
nucleotide polymorphisms (SNPs) along hg19 (Mallick ef al., 2024). All data filtering, analyses,

and visual productions were performed in Rstudio (v4.2.2).

Exclusion Criteria and Sample Construction

Because this paper focuses on Central Asia, samples in the AADR (Mallick & Reich,
2024 & Mallick et al., 2024) were filtered by political entities and localities to include
individuals found in Kazakhstan, Tajikistan, Mongolia, Kyrgyzstan, the Altai Mountains in
Russian, and the Xinjiang region. After filtering by political entities and localities, the remaining
number of individuals was 869 divided into 385 distinct archeological groups (here,
archeological groups are used interchangeably with distinct genetic populations and populations
more generally).

From there, it was necessary to establish group mobility as a variable in the data. The first
step in this process was to set a 10-person minimum threshold and any group that did not meet
this requirement was removed from the study. If groups spanned multiple sites or could be

subsumed into larger cultural complexes then they were consolidated under such terms. In other

28



cases, a single site would be their designated group name for analysis. After the minimum
threshold was met, archeological literature was used to infer mobility patterns. This was essential
because when referring to subsistence strategy, there are degrees of mobility associated with
them. The groups were given one of three labels of analysis: Semi-Sedentary, where a portion of
its members are sedentary and others have extensive mobility or they inhabit multiple regions
throughout the year in a cyclical manner; Sedentary — groups that inhabit their region on a year
round basis and may build permanent structures; Mobile, the members of these groups do not set
up permanent structures, nor do they set up temporary residence and return to it.

There were several groups of which exceeded the minimum threshold but were removed
due to temporal inconsistencies. Time is an exclusionary criterion because groups that span
millennia are unlikely to exhibit cultural continuity from their inception to their extinction
which makes determining their mobility pattern a matter of subjectivity. Establishing group
mobility is best done when the archeological group in question is localized to a specific time
period. For example, Mongolia Sukhbaatar MLBA XiongnuLateMedieval (n = 11), was
removed from further analyses due to their broad temporal range.

Mongolia Khuvsgul MLBALateMedieval (n = 11) was excluded due to temporal
inconsistencies with the Xiongnu period. This culture lasted about 300 years from 200 BCE to 50
CE — the dating of these samples ranges from 282 BCE to 1376 CE (Brosseder and Miller,
2011). The Xiongnu cultural group whose burials have experienced episodes of intrusion at
multiple sites along with severely high standard deviations in mean dates making their temporal
placement an arduous task was removed from further analyses. Mongolia LBA CenterWest 4
(n = 10) draws from multiple sites whose persons cannot be unified under one cultural/

archeological group; therefore, they were excluded from further analysis. Individuals in
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Mongolia EIA SlabGrave 1 previously reported in Wang et al., (2021), were said to have lived
in a singular region starting around the 10th - 8th century BCE until the 5th century BCE in their
supplementary materials. The authors also mention the presence of burial goods dating to the 1st
millennium BCE," due to a lack of descriptions regarding the archaeological context each of these

sites were excavated in, they were omitted from further analyses.

Archaeological Sample

The data shrunk to 298 individuals grouped into 14 archeological groups from an original
869 after reviewing the relevant literature. Each archeological group's composition that lists the
names used in the AADR can be found in Appendix A. Additionally, certain groups required a
higher order of description and were left in Appendix A. For example, 13 individuals from the
Chemurchek culture (originally reported in Damgaard et al., 2018 & Jeong et al., 2020) were
given the label of “Mobile,” although they were likely a part of a broader agro-pastoralist
economy, given their association with the late Afanasievo culture (Wang et al., 2021). At
present, no settlements have been identified and are known only from their mortuary practices. In
their burials, the remains of sheep, goat, and cattle were recovered and it has been demonstrated
by Ventresca Miller et al. (2022) they consumed sheep (Ovis) and ruminant (Caprinae) milk.
Furthermore, while they had exposure to domesticated animals, the periodicity of said contact is
unknown. The genetic profile of the Chemurchek suggests that southern groups exhibit stronger
ancestry of hunter-gatherers found in the Baikal region (80%), while the northern Chemurchek
individuals are more closely related to a woman found at Botai, a hunter-herder site at ca. 3500

BCE (Damgaard ef al., 2018 & Jeong et al., 2020).
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This study used one control group in our study, "Kenya PastoraIN" (n=12), previously
reported in Prendergast et al. (2019). Carbon and nitrogen isotope values indicate very high
amounts of protein from C4 plants or C4 grazing-herbivores (Ambrose and DeNiro, 1986 &
Ambrose, 1986), yet there is no indication the C4 in their diets came as the result of agricultural
cultivation like in the case of the 13 individuals from the Ji’erzankale (Kumar et al., 2022).
There is also no record of permanent habitation or temporary settlements pointing to seasonal
migration. No grave goods were recovered but artifacts such as a stone bowl and chert flakes
have pointed researchers to the conclusion they were pastoral. However, there are no faunal
remains found in association with the individuals and Prendergast et al. (2019) reported only a
single instance of lactose persistence in an individual not present in the sub-sample used here. In
the view of the author, these are likely mobile individuals whose lives depended on hunting and
gathering.

Chemurchek, Kenyan pastoralists and every other group’s archeological background is
summarized in Table 1 where the subsample name, n, the time period they lived in, political
entity they were excavated from, mobility pattern, and the sources that were consulted during the
process of this study. Additionally, these groups are depicted in Figure 4, which shows where in

Central Asia they are found and the Time period they lived in, based on archaeological data.

Table 1. Archeological Sample

Subgroup n Time Mobility Habitation Mode of Did they Source
pattern subsistence construct
dwellings?
Saka 38 2739 — Semi-Sedentary | Intermittent millet agriculture | Yes Beisenov (2018); Jeong et al. (2019);
1129 BP Gnecchi-Ruscone et al. (2021)
Afanasievo 24 5061 — Semi-Sedentary seasonal millet agriculture | Yes Hermes et al. (2020);
4479 BP migration Honeychurch et al. (2021); Wang et al.
(2021); Kumar et al. (2022);
Narasimhan et al. (2019); Zhang et al.
(2021)
Tian Shan Huns 24 1802 — Sedentary Permanent Unknown No settlement has | Damgaard et al., (2018);
1134 BP settlement been found Gnecchi-Ruscone et al. (2025)
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Sarmatians 24 2400 — Semi-Sedentary Seasonal cattle-breeding No; some Davis-Kimball et al. (1995);
1109 BP migration members adopted | Damgaard et al. (2018);
a totally Gnecchi-Ruscone et al. (2021)
sedentary
lifestyle
Tasmola 22 3318 — Semi-Sedentary Seasonal Small-scale Beisenov (2018).; Beisenov et al.,
2246 BP migration agriculture (2016); Svyatko & Beisenov, (2017);
Gnecchi-Ruscone et al. (2021)
Andronovo 21 3761 — Semi-Sedentary Seasonal Consumption of construction of Outram et al. (2012);
3100 BP migration domestic sheep, fortified Jia et al. (2020); Grigoriev (2021);
cattle and horse settlements Damgaard et al. (2018); Narasimhan
products; no et al. (2019); Kiling et al. (2021);
evidence of Kumar et al. (2022); Blocher et al.
agriculture (2023)
Russian Angara 21 7992 BP | Mobile Frequent Hunting and No evidence of Losey et al., (2016); Losey et al.
HG —4251 migration gathering dwelling (2017); Weber and Goriunova (2013);
BP throughout the construction Yu et al. (2020); Kiling et al. (2021)
area
Sagly 18 2326 — Semi-Sedentary intermittent yes Mary et al. (2019); Jeong et al. (2020);
2131 BP Wang et al. (2021);
Khovsgol 20 3389 — Semi-Sedentary Seasonal Animal Temporary Houle (2010); Frohlich et al. (2010);
2880 BP migration husbandry settlement Jeong et al. (2018)
Zhagunluke 16 2415 — Sedentary Permanent horns and bones Constructed Yang et al. (2025); Want et al. (2025);
1945 BP habitation of sheep, goats, permanent Nobaru et al. (2015); Wang et al.
cattle, and horses settlement (2003); Kumar et al. (2022)
along with
horsewhips,
wheat or barley
products, harrow
and millstone
Pazyryk 19 2300 — Semi-Sedentary Seasonal agricultural Temporary log Tishkin and Dashkovsky
1615 BP migration cattle-breeding dwellings built (2019);Gnecchi-Ruscone et al. (2021);
Polosmak (2023); Rubinson and
Linduff (2024)
Chemurchek 13 4632 — Mobile Frequent No evidence of No settlement has | Damgaard et al. (2018a); Jeong et al.
4038 BP migration agricultural been found (2020); Wang et al. (2021); Ventresca
practices Miller et al. (2022)
Ji’erzankale 13 2515 - Semi-Sedentary Intermittent Small scale No settlement has | Wang et al. (2016); Xie et al. (2022);
2351 BP migration agriculture been found Kumar et al., (2022); Guo et al.
indicated by (2020); Shen et al., 2015
consumption of
C4 plants, likely
millet
Xiaohe 13 3959 — Sedentary No evidence Grain products No settlement has | Qu etal. (2018); Zhang et al. (2017);
3645 BP of outward and animal been found Lietal. (2015); Li et al. (2013);
migration. husbandry Bergman (1939); Yang et al. (2014);
DNA evidence Zhang et al. (2021)
suggests
inward
migration and
settlement
Kenyan 12 3241 — Mobile No evidence Likely hunting No settlement has | Ambrose and DeNiro (1986);
Pastoralists 1654 BP of permanent and gathering been found Ambrose (1986); Prendergast et al.
or temporary (2019)
settlement
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Semi-Sedentary, where a portion of its members are sedentary and others have extensive mobility or they inhabit multiple regions

throughout the year in a cyclical manner; Sedentary groups inhabit their region on a year-round basis and may build permanent structures

Mobile, the members of these groups do not set up permanent structures, nor stay in one spot for extended periods of time.
If groups spanned multiple sites then they were consolidated under identifiable cultures. In other cases, a single site would be their

designated group name for analysis.
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After filtering through the data and determining the groups of interest mobility pattern
through a literature review our sample was reduced to 298 individuals lumped into 9
semi-sedentary, 3 sedentary, and 3 mobile groups based on the archeological data reviewed

above. Appendix B shows how each archeological group was lumped together.

Genetic Sample

Establishing a cadre of SNPs to examine was next. To do this, 30 archaic SNPs from the
supplementary materials found in Table s10 in Danneman et al. (2016) were filtered for with the
AADR. Out of the 30, only 5 were present — rs11466640, rs3924113, rs5743563, rs5743560, and
rs11725779. Once a set of SNPs was established, Ensembl (release 155) [Dyer et al., 2025)] was
used to confirm their genetic components and find associated phenotypes and conditions. Table 2
provides each SNP, its allele, position on chromosome 4, the type of genetic component it is,
how it is coded in the AADR, and phenotypes associated with those loci. Each SNP is described
here: rs11466640 is an intron variant implicated in studies on risk for prostate cancer (Stark et
al., 2009; Tindall et al., 2010; Kutikhin and Yuzhalin, 2012; Rogers et al., 2013),
moderate-to-severe asthma (Dong et al., 2020), and Helicobacter pylori serologic status (Senturk
and Ergoren, 2020). rs3924113 is an intergenic variant factored in circulating cytokine levels
(Konieczny et al., 2025). rs5743563 is a splice polypyrimidine tract variant implicated in studies
on HIV-1 Infection (Rozman et al., 2023), cryptococcal meningitis (Jiang et al., 2018),
Melioidosis (Chantratita et al., 2014), bacterial vaginosis among HIV-1 infected adolescents
(Royse et al., 2012), and Helicobacter pylori serologic status (Senturk and Ergoren, 2020).
rs5743560 is an intron variant associated with rheumatoid arthritis discussed in Jaen et al.

(2009). rs11725779 is an intergenic variant with no known associations with ailments.
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Table 2. SNPs available in AADR

SNP Allele | Position on Chr4 | Type Genotype | Associated Phenotypes
rs11466640 | G 38,778,903 Intron variant 2 Risk for prostate cancer;
moderate-to-severe asthma;
Helicobacter pylori serologic
status
rs3924113 38,796,255 Intergenic variant 2 Circulating cytokine levels
rs5743563 | G 38,806,019 splice 0 HIV-1 Infection;
polypyrimidine cryptococcal meningitis;
tract variant Melioidosis;
bacterial vaginosis among;
HIV-1 infected adolescents;
Helicobacter pylori serologic
status
rs5743560 38,806,200 Intron variant 2 Rheumatoid arthritis
rs11725779 | A 38,811,668 Intergenic variant 0 NA

Genotype matrices such as the one used here, often code SNPs as 1, 2, 0, or 9 (or NA) to

reflect homozygosity for the alternative allele, heterozygosity, homozygosity for the reference

allele, or missing data. But because genomic coverage of ancient samples is often low and

subsequently produced as pseudohaploid data, zygosity is uninferable. To overcome this, it was

decided that an absence/ presence system would be used for various purposes where 1 indicates a

carrier of the archaic allele and 0 signifies the derived variant being present. NAs were left as

they were. This counting system was used to determine the ratio of archaic-to-alternative alleles

present in each archeological group. In Table 3, each subsample, their time period, mobility,

sources, and ratio of archaic to alternative alleles, is depicted below.
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Table 3. Genetic Sample

Subgroup

Political
Entity

Time

Mobility

Source

rs11466640
Archaic :
modern

rs3924113

1s5743563

185743560

rs11725779

Saka

Kazakhstan;
Kyrgyzstan

38

2739 -1129 BP

Semi-Sedentary

Beisenov (2018); Jeong
etal. (2019);
Gnecchi-Ruscone et al.
(2021)

17:5

3:1

414

15:4

5:16

Afanasievo

China;
Mongolia;
Russia

24

5061 — 4479 BP

Semi-Sedentary

Hermes et al. (2020);
Honeychurch et al.
(2021); Wang et al.
(2021); Kumar et al.
(2022); Narasimhan et al.
(2019); Zhang et al.
(2021)

10:6

3:0

2:8

10:4

6:11

Tian Shan Huns

Kyrgyzstan:
Kazakhstan

24

1802 — 1134 BP

Sedentary

Damgaard etal., (2018);
Gnecchi-Ruscone et al.
(2025)

13:2

2:0

3:6

9:5

6:11

Sarmatians

Kazakhstan

24

2400 - 1109 BP

Semi-Sedentary

Davis-Kimball et al.
(1995); Damgaard et al.
(2018);
Gnecchi-Ruscone et al.
(2021)

74

4:6

74

75

Tasmola

Kazakhstan

22

3318 —2246 BP

Semi-Sedentary

Beisenov (2018).;
Beisenov etal., (2016);
Svyatko & Beisenov,
(2017);
Gnecchi-Ruscone et al.
(2021)

16:2

3:0

2:11

16:2

5:16

Andronovo

China;
Kazakhstan

21

3761 -3100 BP

Semi-Sedentary

Outram et al. (2012);
Jiaet al. (2020);
Grigoriev (2021);
Damgaard etal. (2018);
Narasimhan et al. (2019);
Kiling et al. (2021);
Kumar et al. (2022);
Blocher et al. (2023)

10:2

2:10

12:1

0:12

Russian Angara HG

Russia

21

7992 BP—4251
BP

Mobile

Losey et al., (2016);
Losey et al. (2017);
Weber and Goriunova
(2013); Yu etal. (2020);
Kilimg et al. (2021)

82

0:0

0:6

62

Sagly

Mongolia

2326-2131 BP

Semi-Sedentary

Mary et al. (2019); Jeong
et al. (2020); Wang et al.
(2021);

10:6

0:0

2:9

11:3

411

Mongolia_LBA_Khovsgol
6

Mongolia

20

3389 — 2880 BP

Semi-Sedentary

Houle (2010); Frohlich et
al. (2010); Jeong et al.
(2018)

15:1

3:0

39

11:5

3:14

Zhagunluke

China

2415 - 1945 BP

Sedentary

Yang et al. (2025); Want
et al. (2025); Nobaru et
al. (2015); Wang et al.
(2003); Kumar et al.
(2022)

5:6

2:2

54

5:4

8:4

Pazyryk

Kazakhstan;
Mongolia

2300-1615 BP

Semi-Sedentary

Tishkin and Dashkovsky
(2019);Gnecchi-Ruscone
et al. (2021); Polosmak
(2023); Rubinson and
Linduff (2024)

9:2

2:1

10:1

1:12

Chemurchek

China;
Mongolia

4632 — 4038 BP

Mobile

Damgaard et al. (2018a);
Jeong et al. (2020);
Wang et al. (2021);
Ventresca Miller et al.
(2022)

9:2

2:5

8:2

39

China_Xinjiang_Jierzankal
e IA

China

2515-2351 BP

Semi-Sedentary

Wangetal. (2016); Xie
et al. (2022); Kumar et
al., (2022); Guo et al.
(2020)

4:5

0:2

2:3

5:5
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Xiaohe

China 13 3959 — 3645 BP Sedentary Quetal. (2018); Zhang 7:1 2:0 2:4 53 35
etal. (2017); Li et al.
(2015); Li etal. (2013);
Bergman (1939); Yang et
al. (2014); Zhang et al.
(2021)

Kenya_PastoralN Kenya 12 | 3241-1654 BP Mobile Ambrose and DeNiro 42 1:0 23 32 2:4

(1986); Ambrose (1986);
Prendergast et al. (2019)

Ratios of archaic to alternative alleles were based on a binary carrier status. These ratios do not add up to the total number of
individuals (n) in each subsample due to missing data.

Several maps were created to assess when and where individuals in our data carry the
archaic haplotypes for the five SNPs along with stacked bar charts and frequency graphs. This
was essential because it permits inferences about the types of ecosystems that these alleles were
subjected to. It was also important to be able to track how the frequency of these alleles changed

over time in different regions and also among different mobility patterns.

Statistical Procedures

The first question this study aims to answer concerns the strength of selection acting on these
alleles — specifically, the relative fitness difference conferred by each archaic allele, as
quantified by the selection coefficient (s) (Haldane, 1926). To calculate s for SNPs rs11466640,
1$3924113, rs5743563, rs5743560, and rs11725779, stepadna.R, a software described in
Muktupavela et al. (2022), was utilized. This software utilizes pseudohaploid genotypes to
estimate s and confidence intervals for both before and after 5000 BP — this demarcation is used
to account for population dynamics and migration in deeper time. Because stepadna.R tracks 2s
and some alleles were coded as 0, genotype coding was swapped for rs11466640, rs3924113,
and rs5743560. Furthermore, a date of 45,000 ya was used as an anchor for the introduction of
derived alleles via Neanderthal introgression into modern human populations, as admixture
between the two lineages is assumed to have initiated selection in subsequent ancestors
(Sankararaman et al., 2012; Siimer et al., 2024; lasi et al., 2024). Because stepadna.R requires

modern data, a sample of 1,536 individuals from Kazakhstan, Tajikistan, Russia, China,
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Mongolia, and Kyrgyzstan was merged with the ancient dataset for this analysis only. The
outgroup (Kenya PastoralN) was excluded from this analysis, because this study is focused on
the strength of selection within Central Asia.

A principal components analysis (PCA) was then conducted to examine how the groups of
interest cluster. PCA has been widely employed in archaeogenetic research since Reich et al.
(2009); see also Patterson et al. (2006). The method leverages binary SNP data to create useful
summaries of population genetic substructure. A common challenge when applying PCA to
ancient genotype data is high amounts of missing data (Cipollaro et al., 2005; Disotell, 2012).
To overcome this, the mean value of in-group allele frequency was imputed to accommodate
PCA. In rare instances, identical SNP vectors within Group IDs produced duplicate PCA
coordinates. These were identified when multivariate outliers in PC1-PC2 space were detected
using Mahalanobis distance with a ¥*(2, 0.975) threshold, which flagged multiple duplicate
groups (Warren et al., 2011). Although it is commonplace to project ancient samples onto
contemporary ones, it was decided that since finding metadata pertaining to mobility patterns of
contemporary populations would be an arduous task, this practice was neglected. This decision
is also further justified by the fact that this study is not interested in lineage like most aDNA
studies.

This study sought to determine the most significant predictor of allele presence for the five
TLR-related SNPs. In short, the hypotheses under interrogation may be summarized as follows:
factors such as mobility, time period, a combination of the two, and geography are not
significant contributors to allele presence and each one of these variables may be further broken
down into a null repudiating their contribution to allele presence as well. To test these
hypotheses, a set of Generalized Linear Mixed Models (GLMM) were produced. GLMMs have

recently been applied in ancient DNA research to detect signatures of selection (Akbari et al.,
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2024; 2026). The present study follows suit with caveats: absence/ presence data like the one
used here have been incorporated into ecological studies and GLMMs accommodate the non-
normal distribution of repeated observations inherent to genotype data structured by time period
and geography (Bolker ef al., 2009). GLMMs are also well-suited to non-orthogonal predictors,
as time period and geography (and lifestyle) are not orthogonal and likely to be correlated in the
archeological record therefore, archeological group membership must be modelled as a random
effect.

Generally speaking, this study uses Type III Wald Chi-square to test if the probability that an
individual carries an archaic allele for the TLRs is statistically different when comparing
mobility patterns, time period, a combination of the two, and geography. Each of these variables
are broken into their own hypothesis in redundant fashion as follows: First, HO: the mean
presence of archaic TLR SNP variants is statistically equal between sedentary, semi-sedentary,
and Mobile groups. This is in competition with Ha: If the mean presence of archaic TLR SNP
presence is not statistically equal between sedentary, semi-sedentary, and mobile groups. H,
predicts that semi-sedentary groups will differ from both sedentary and mobile groups. A
multilevel logistic GLMM was used, with mobile groups as the reference category, because
sedentary and semi-sedentary populations are more likely to experience pathogen pressures
associated with sedentism.

Hypothesis 2 — Ho: Mean archaic TLR SNP presence is statistically equal across the
Bronze Age, Iron Age, and recent history. H, predicts that Bronze Age presence will differ from
later periods. A GLMM with time period as an unordered factor with the Bronze age as the
reference group was produced. The Mesolithic and Neolithic subsamples were excluded due to
sparse representation (Mesolithic n = 1; Neolithic » = 6). Although population size contributes to

allele frequency, our study is interested in whether an individual conceived during the Bronze
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age or Iron age, for example, is more likely to inherit an archaic variant of the five TLR SNPs,
compared to other time periods. In this analysis Kenyan pastoralists were excluded due to
insufficient representation across time periods.

Hypothesis 3 — Ho: Mean archaic TLR SNP presence is statistically equal across all
combinations of lifestyle and time period. H, predicts that semi-sedentary groups during the
Bronze Age will differ from all other lifestyle—period combinations. A multifactorial GLMM
was used to disentangle the potentially confounding effects of mobility and time period — for
example, semi-sedentary Steppe populations may be disproportionately represented in the
Bronze Age relative to sedentary farmers in the Iron Age. Mesolithic, Neolithic, and Historical
subsamples were excluded due to sparse cells, and Kenyan pastoralists were also excluded
because they perfectly confounded with Mobility for this test.

Hypothesis 4 — Ho: the mean presence of archaic TLR SNP variants is statistically equal
across Kazakhstan, China, Russia, Mongolia, and Kyrgyzstan. H, predicts that Kazakhstan will
differ significantly from the other regions. A GLMM with random effects was used to test if
regional differences account for allele presence. The author thought this would be the
appropriate test because biological variation is almost always correlated across SNPs, a random
effect for SNP was included to control for baseline allele frequency differences would be needed
to prevent inflated Type I error rates. Kenyan pastoralists were excluded from this comparison,
as they perfectly confounded with the outgroup indicator, and were instead compared against the
full Central Asian ingroup in a separate model.

Hypothesis 5 — Ho: Mean archaic TLR SNP variants is statistically equal between the
Central Asian study population and Kenyan pastoralists. H, predicts that Central Asian ancestry
is associated with significantly greater archaic TLR SNP presence. A GLMM with random

effects was used to test whether Central Asian ancestry predicts the presence of archaic TLR
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SNPs.

For all of the tests mentioned, statistical significance criteria were based on the returning p-
values and Chi-square goodness of fit [¢* (Type III)]. Furthermore, there is a substantial
imbalance in group sizes across all predictors. To deal with this, post hoc sensitivity analyses
were performed using balanced subsamples — down-sampled to match the smallest group — to

assess the robustness of results.
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Chapter IV
Results

Chapter Summary

Chapter 4 compiles the results of this study. First, it includes the descriptive and
summary statistics used for initial data analysis. Here, the mean allele presence was calculated
along with allele trajectories for each SNP by lifestyle. Following this, readers can expect to see
the results of a principal components analysis that was used to determine whether any clusters
were formed based on allele presence, lifestyle, time period, and geography. Then the calculation
of selection coefficients (s) for rs11466640, rs3924113, rs5743563, rs5743560, and rs11725779
are reported. Secondly, the chapter includes the results of this study’s tested hypotheses. Each
hypothesis was tested using a Generalized Linear Mixed Model (GLMM) to determine if
lifestyle, time period, a combination of the two, or geography are significant predictors of

archaic TLR allele presence.

Descriptive Statistics and Initial Analyses

Archaic variants are slightly more common than the alternative alleles across all Central
Asian subsamples. Mean allele presence was highest among sedentary groups (0.562; n = 53),
followed by mobile groups (0.531; n = 34) and semi-sedentary groups (0.518; n =211) (Table
X). The elevated presence among the sedentary groups runs counter to the initial assumption
that semi-sedentary groups would have higher mean presence of these alleles as a result of

selection pressure from both novel and endemic pathogens.
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Table 4. Mean allele presence by lifestyle

Lifestyle Mean archaic TLR presence
Sedentary 0.562
Mobile 0.531
Semi sedentary 0.518

This study sought to better understand the temporal and geographic distribution of five
archaic TLR SNPs. Figure 6 depicts the distribution of each SNP by mobility pattern. Each
map shows both allelic variants and individuals who are missing it. Most notably, throughout
all time periods, carriers of archaic TLR SNPs cluster where the borders of Kazakhstan, Russia,
Mongolia, and China meet in the Altai Mountain range. With the exception of rs5743563, the
archaic haplotypes for the other four SNPs appear to be a consistent feature of Tian Shan

populations.
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Figure 5. Archaic TLR SNP allele frequency across time periods by lifestyle. Each curve shows allelic frequency for rs11466640,
1s3924113, 1s5743563, rs5743560, and rs11725779 through time by mobility pattern, with the sample size for each time period
labeled above the line. Orange: Mobile; Green: Sedentary; Blue: Semi-Sedentary.

Figures 6 and 7 show PC1 vs. PC2 and PC1 vs. PC3. No distinct clusters emerged along
any axis for groupings by geography, lifestyle, or time period. Two multivariate outliers were
identified in PC1-PC2 space: an Afanasievo individual from Xinjiang, China, and Iron Age
individuals from Zaghunlug. It was found necessary to plot the first three principle components as

they explain 44.8, 17.5, and 15.6% of the data.
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Figure 6. PC 1 vs PC 2 of each group by Time Period, Lifestyle and Geography, and archaic allele presence. Shapes reflect
lifestyle, whereas color reflects geography. Here, both Xinjang outliers were labeled.
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Figure 7. PC 1 vs PC 3 of each group by Time Period, Lifestyle and Geography, and archaic allele presence. Shapes reflect lifestyle,
whereas color reflects geography.

Selection coefficients before and after 5000 BP are reported in Table 5. For every SNP, s
was higher before the Bronze Age than after it, and post—5000 BP values approach neutrality.
Before 5000 BP, all SNPs had s < 0.02 except rs5743560 (s = 0.0223 [-0.0024, 0.0471]); after
5000 BP, the largest coefficient was rs5743563 (s = 0.0063 [0.0032, 0.0095]), with the
remainder at or near zero. Together these results indicate a marginal weakening of selection
from before the Bronze Age into the current era and become nearly neutral. With the exception
of rs5743560 prior to 5000 BP, all SNPs have an s of less than 0.02 prior to the bronze age and

continued to decrease.
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Table 5. Selection coefficients Before and After 5000 BP

SNP s before CI low CT high s after 5000 CI low CT high
5000

rs11466640 0.0151 0.0085 0.0216 0.0003 -0.0122 0.0128

13924113 0.0171 0.0171 0.0171 0.0003 -0.001 0.0017

155743563 0.0162 0.0161 0.0162 0.0063 0.0032 0.0095

1s5743560 0.0223 -0.0024 0.0471 0.0009 0.0001 0.0017

rs11725779 0.017 0.0034 0.0307 0.0004 -0.0019 0.0027
Hypothesis testing

The present study had a goal of testing five hypotheses to determine if lifestyle, time period, a
combination of the two, or geography predict the presence of archaic TLR SNPs. First, it was tested if
Allele frequency was a function of mobility patterns as they are proxy for pathogen exposure using a
generalized linear mixed-effects model (GLMM). Allele presence was modeled as a binomial response with
Lifestyle as a fixed effect with the five SNPs included as a random intercept. In this scenario, mobility was
not found to be a significant predictor of allele presence (Type III Wald > = 0.776, df =2, p =0.678).
Figure 8A depicts the predictive power of each lifestyle's effect on allele presence. These results indicate
little differentiation in allele frequency between sedentary, semi-sedentary, and mobile groups.

Next, it was of interest whether allele presence is affected by time period. To answer this, a GLMM was
used to model Time Period as a fixed effect and the five SNPs were included as a random intercept with
polynomial contrasts to capture potential linear and nonlinear temporal trends. The results of this were
nonsignificant (Type III Wald x> = 0.010, df =2, p = 0.995; Figure 8B); the null hypothesis is not rejected.
Because the sampled groups are confined to single time periods — so that their temporal, geographic, and
cultural attributes cannot be fully disentangled — lifestyle and time period were also assessed jointly.

Neither predictor was significant in the combined model (lifestyle: > =0.719, df =2, p = 0.698; time
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period: > = 0.000, df =1, p = 0.990; Figure 8C). Inclusion of both predictors did not improve model fit
(AIC=775.9) in comparison to models with single variable predictions. These results indicate that Lifestyle
and Time Period have little combined effect on allele presence. Geography was assessed using two models.
Comparing the ingroup subsamples, geography did not significantly predict allele presence (Type 111 Wald
> =1.262, df =4, p = 0.868; Figure 8D depicts the predictive power of each geographic region's effect on
allele presence. The second model comparing the outgroup to the ingroups was found to be nonsignificant
(Type III Wald x> =0.001, df = 1, p = 0.979). With both of these results in mind, the author fails to reject the
null hypothesis and will maintain the claim that there is no significant geographic differentiation of allele
presence within the scope of SNPs examined here.

As mentioned earlier there is a substantial imbalance in group sizes across all predictors, post hoc
sensitivity analyses on balanced subsamples confirmed that the results were consistent across imbalanced
and balanced models. Two comparisons trended toward significance: in the balanced mobility model,
sedentary versus semi-sedentary groups (p = 0.068), and in the balanced geography model (p = 0.056).
Table 3 provides the results of the sensitivity analyses and results of the initial hypothesis testing. Each row
provides the independent variable, comparative reference group, n for the sensitivity analyses, X* (Type III),

p-value, notes that add context to the results.
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Figure 8. A. Effect of lifestyle on allele presence B. Effect of time period on allele presence C.
Joint effect of time and lifestyle on allele presence D. Geographic Effects on Allele Presence
Table 6. Initial Hypothesis Testing and Post Hoc Sensitivity Results
Model Predictor Ref n df | X?(TypeIll) | p-value Notes
Lifestyle Lifestyle Semi-Sedentary 2 0.776 0.678
Lifestyle Lifestyle 34 2 3.551 0.169 Sedentary trended p =
(balanced) 0.068 vs Semi-Sedentary
Time Period Time Period Bronze Age 2 0.010 0.995 Is Outgroup excluded —
sparse across periods
Time Time Period 36 2 0.211 0.900
Period
(balanced)
Combined Lifestyle Semi-Sedentary / Iron Age 2 0.719 0.698 Historical excluded —
sparse cells. [sOutgroup
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excluded — perfectly
confounded with Lifestyle

Time Period 0.000 0.990
Ingroup Political entity Kazakhstan 1.262 0.868 Kenya excluded —
countries perfectly confounded with
IsOutgroup
Ingroup Political entity 32 3.882 0.422 China trended p=0.056
countries vs Kazakhstan
(balanced)
Outgroup vs IsOutgroup 0.001 0.979
ingroup
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Chapter V Discussion and Conclusions

Discussion

The aim of this study was to investigate the temporal and geographic distribution of five
archaic-like SNPs located in the Toll-like receptor 10-1-6 cluster and assess whether that
distribution reflects microevolutionary change in the direction of drift or selection. More
importantly, it was of interest to answer whether that distribution is a result of adaptation to
pathogens. In doing so, this study was operating under a body of theory involving the
mechanisms of adaptation through microevolution and is recapitulated as follows: Recall
Wright’s fitness landscape (1932) in which phenotypic diversity within species is governed by
effective population size. Depending on effective population size, selection will push
populations towards an adaptive peak, or drift will pull them into a valley. However, there is a
precision limit on selection's ability to maintain low mutation rates imposed by drift which
would effectively keep larger populations on an adaptive peak and inhibit them from leaving,
expressed in the drift barrier hypothesis (Lynch, 2010).
Kimura neutral theory of evolution (1968; 1983) suggested the majority of existing
polymorphisms and fixed differences between species are selectively neutral and functionally
equivalent. However, the wide range of population sizes across species with similar genetic
diversity does not conform to this relationship. Smith and Haigh (1974) proposed genetic
hitchhiking as an explanation for this paradox. Under this model, neutral alleles that are in high
linkage disequilibrium with favorable alleles will go to fixation which reduces linked genetic
variation. In addition, Ohta’s (1992) nearly neutral theory posits that natural selection eliminates

nearly neutral mutations in large populations but in smaller populations they behave as neutral
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and are randomly fixed. To that end, fitness is determined by a combination of alleles for a
narrow set of genes.

Initial explorations of the data set out to describe the temporal and geographic
distribution of rs11466640, rs3924113, rs5743563, rs5743560, and rs11725779. Figure 7 reveals
these SNPs vary in frequency across time by mobility pattern; mobility groups are also varied in
sample size which is the case when looking at the Mobile groups compared to semi sedentary
and they’re numerically different between time periods. One example of how this may raise
concern is that during the Mesolithic, the frequency of rs5743560 is at 1.0, however, there is only
1 individual, when the sample increases and during the next time period, that frequency drops.
Likewise, for several of the time periods, multiple SNPs exhibit a frequency of 0 and a
subsample of 0 individuals who possess the archaic-like variants. But because the SNPs can be
observed in contemporary populations, the most parsimonious explanation for this discrepancy is
the taphonomic constraints on the preservation of DNA in archeological remains (Caruso et al.,
2020; Hedges, 2002; Leney, 2006). In other words, temporal gaps in allelic frequencies are the
result of not having any data from that period. If an allele is observed at 10,000 BP, and it is
observed in modern populations, then the temporal gap that would occur at 5,000 BP for
example could be filled in by the recovery of a sample whose genome occupies that period.

At first this study used a principal components analysis on the data to gauge whether
there were any observable clusters. Following this, 10 outliers were identified using a
Mahalanobis distance. Figure 8 shows the data along PC1-PC2 and does not exhibit any distinct
clusters attributable to allele presence based on lifestyle, time period, or geography. Additionally,
the comparisons of the SNPs s before and after 5000 BP indicate a marginal decrease in the

strength of selection before the Bronze Age into the current era and become nearly neutral. With

62



the exception of rs5743560 prior to 5000 BP, all SNPs have an s of less than 0.02 prior to the
bronze age and continued to decrease. It remains to be said that they were not markers of a
selectively advantageous innate immune system. The SNPs are intron variants or intergenic
variants (Table 2)— relatively “selection free sequences” of DNA that are transcribed but sliced
out before translation. While they can serve many functions, it is typically understood that they
participate in the regulation of transcription and genomic architecture because their presence
ensures proper 5’ to 3’ -end splicing (Chorev and Carmel, 2012). Nevertheless, the low selection
coefficients suggest these SNPs have little responsibility in the performance of the TLRs.
Instead, they likely serve as a mutational buffer to mitigate the consequences of deleterious
mutations since introns reside on average ~40% of the total length of genes (Jo and Choi, 2015).
In Danneman et al (2015) about 42 SNPs distinguish archaic-like core haplotypes from modern
human core haplotypes. 46% of these are introns. The adaptive benefit of these loci may be
instead of warding off pathogens more effectively, are actually meant to bolster the genetic
integrity of the sequences they occupy.

It was thought that lifestyle patterns would contribute to allelic differences in immune
system variation as a consequence of differential exposure to pathogens. However, the data do
not indicate such a pattern. This study tested whether mobility was a significant predictor of
allele presence and failed to reject the null hypothesis (Type III Wald x> = 0.776, df =2, p
=0.678). This is in stark contrast to Harrison et al. (2019) who demonstrated that between Batwa
rainforest HG and their agriculturalist Bakiga neighbors from Uganda, the viral burden and thus,
signatures of positive selection on innate immune response, were more forceful in the HG cohort.
One way to explain this is that if we assume that most pathogens of the type explained in the

introduction, actually employ a sit-and-wait mode of transmission then groups that are more
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mobile are more likely to come into contact with them as opposed to a sedentary group whose
range is limited and the pathogens they’ve interacted with evolve towards benignness whereas
the formers are more novel (Ewald, 1994). If this scenario were true, then we would expect the
mobile groups to possess a higher proportion of archaically derived sequences under selection
than the sedentary groups. However, the data does not follow this pattern and point in the
opposite direction. The archaic variants are more common among the sedentary groups and have
a mean allele presence of 0.56

This study also tested whether time was a significant predictor of allele presence and the
results of our GLMM were not significant (Type III Wald x> = 0.010, df = 2, p = 0.995). Now, it
must be stated that although allele frequencies are impacted by temporal constraints, here, we are
interested if it is more likely one individual will have the archaic over the alternative allelic
variant depending on the time period they are conceived in. In this case the differences in
probability differ only marginally between the Bronze and Iron ages. This study specifically
examines the differences between the two time periods and focuses on Central Asia. Along this
temporal dimension the result is consistent with Deschamps et al. (2016) who suggested a
majority of adaptations on innate immune genes occurred in the last 6,000-13,000 ya, predating a
majority of the data used here.

On their own, Mobility and Time Period were found to not be significant predictors of
allele presence and it was decided to analyze the two factors together; it is also observed that
lifestyle has little effect on allele presence when accounting for time period (Type III Wald y* =
0.719, df =2, p=0.698), and the inverse (Type III Wald %*>=0.000, df =1, p =0.990) holds water
as well, suggesting that across time periods and between lifestyle patterns there is no

combination which would offer a stark preference for the archaic alleles. Central Asians were
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used as the study population for four reasons. First, they represent a spatio-temporal and genetic
continuity between modern humans and the Neanderthal lineage. Secondly, there is evidence of
the Toll-Like Receptors being under selection. Thirdly, archaic strains of various pathogens have
been recovered from archaeological remains in Central Asia. Finally, the Inner-Asian Mountain
Corridor in particular served as a conduit through which many of these populations of differing
lifestyles migrated through and admixed with each other during this time (Deschamps ef al.,
2016; Dannemann et al., 2016; Green et al., 2010; Sankararaman et al., 2014; Li et al., 2024;
Villanea and Schraiber, 2019; Wall ef al., 2013; Barreiro et al., 2009; Mathieson et al., 2015;
Andrades Valtuena et al., 2022; Rasmussen et al., 2015; Key et al., 2020; Wu et al., 2020;
Gnecchi-Ruscone et al., 2021; Damgaard et al., 2018; Narasimhan ef al., 2019). This digression
aside, we may return to the observation that while there is an observable decrease in the
frequency of archaic variants into the historical time period, note that this observation may be
interpreted as an artefact of a dwindled sample size during this period. This is because there are
now more archaic-like-alleles among contemporary populations than there were when the
Neanderthals existed and when the study population was alive as well (Vernot and Akey 2014;
Skov et al., 2020; Witt et al., 2022). Furthermore, a post hoc sensitivity analysis was performed
and it reaffirmed the initial test (Table 3) — across time periods and between lifestyle patterns,
selection has no preference over any combination of lifestyle and time period.

More recently, Simon and Coop (2024) observed the lack of a substantial contribution of
linked selection, also referred to as hitchhiking which is the impact of correlated selection at
neighboring loci. One expects this results in the compounding of positive covariances between
allele frequency changes across generations but this effect is not observed here. They conclude

the time periods under consideration (5425-0 B.P. and 5607-3037 B.P.) are not long enough for
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strong covariances to build up as signals of linked selection reflect the dynamics of coalescent
time scales of hundreds of thousands of years. With respect to the concept of "hitchhiking,"
Barreiro et al. (2009) and Deschamps et al. (2016) noted the TLR genes 10, 6, and 1 to be in
strong LD with each other and the archaic SNPs within the cluster to be in strong LD with each
other as well. Together, these results reflect an evolutionarily conserved structure within the
TLR10-6-1 cluster which has experienced putative selection but not on the time scale observed
here nor related to recent cultural adaptations to Central Asia.

It was found that geography is not a strong predictor of allele presence (Type III Wald y?
=1.262, df =4, p = 0.868). Geographic distribution of the archaic alleles is rather uniform across
political entities and not one locality appears to harbor a disproportionate amount of them.
Ancestry by geography has little influence over which allelic variant one receives. It should be
stated though, the probability does not exceed .60 across all political entities, suggesting a slight
preference for the archaic variants — but this is a very minute edge over the alternative alleles —
the immune system can juggle either variant of the TLR SNPs of interest here in grassy steppes,
arid deserts, foothills, and glacial mountains. One way to explain the statistical insignificance is
to take notice of the geographic distribution of each SNP; they tend to flip back-and-forth in
terms of prevalence throughout the region. The alternative allele of rs11725779 clusters in Altai
mountain range and Tian Shan during the Bronze age and in central Kazakhstan during and Iron
age. The archaic variant A rare is across all time periods. The archaic rs5743560 G allele
dominates central Kazakhstan, Altai mountain range, Tian Shan Mountains during the Bronze
age and increases into the Iron age. The alternative rs5743563 allele is widely dispersed across
all regions and the archaic allele is rare whereas the rs3924113 locus itself is rare across all time

periods and regions. But the archaic rs11466640 G allele dominated China during the bronze
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age. In the Iron age however, the allele clusters in Tian Shan, Tajikistan and central Kazakhstan.
Also, during the Iron age, the alternative allele appears to span an East-to-West gradient across
northern Kazakhstan, Altai mountains, and north Mongolia. All that to say, the archaic alleles do
not exhibit a pattern one might expect if they were being selected for. This geographic hopping is
likely an artefact of admixture events and eventual settlement because if they were selected for,
there would be an observable discrepancy between the regions.

The present study differs from previous work that examines geographic patterns of allelic
distribution in several ways. For example, Valente ef al. (2015) identified CYP3AS, a locus
involved in metabolic pathways, as the target of selective factors determined by proximity to the
tropic of cancer. The present study does not specify geographic features nor looks at allelic
distribution in relation to them. Here, national borders are used to sort groups and can overlook
specific environmental conditions. Geographic clustering of populations based on thousands of
loci have been revealed by PCA but in cases where geographic patterns regarding the distribution
of particular genes that hold responsibility for phenotypes like lactase persistence (Ségurel and
Bon, 2017), skin pigmentation (Sturm and Duffy, 2012), and sickle cell (Livingstone, 1958),
researchers incorporate the selective stimuli that would incite those traits; that theoretical and
subsequent methodological component is missing here and we do not have any pathogenic
frequency of occurrence to measure up against the presence of the Toll-like receptor SNPs.
Lastly, local conditions may provide very weak selective forces on the populations that inhabit
them when underlying population substructure dominates genetic variation. Coop et al. (2009)
indicates that while high Fst SNPs are rare in the genome, alleles that rise to fixation are rarely
driven by selection; signals of selection can be mimicked by the stochastic nature of processes

like drift and admixture because rapid adaptation to local environments do not occur at single
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loci on the scale of a few thousand years. In the current study many of the populations have a
genetic record of admixture which can also be traced to source populations; a scenario such as
this could establish underlying population structure so that local adaptation is unobservable.
Considering the alleles under interrogation here are introns, intergenic variants, or a splice
polypyrimidine tract variant, and not exons, their exposure to local conditions is rather limited,

thus reducing geography's predictive power.

Outgroup Discussion

It is at this point in the discussion, a section has been reserved to contemplate the
outgroup used here. Because the Kenyan pastoralists occupy a phylogenetically distant branch
compared to the central Asian groups, it was assumed that the data on them would act differently
and this did not manifest. Kenyan Pastoralists were found to be an outlier in PCA space, likely
because it carries the weight of being geographically isolated from the remaining subsamples.
Furthermore, prior assumptions on their data would reflect a genetic architecture dissimilar to the
Central Asian groups and unaffected by Neanderthal introgression (Sanchez-Quinto et al., 2012;
Llorente et al., 2015; Haber et al., 2016; Chen et al., 2020). However, Kenyan Pastoralists were
unaffected by Mobility (p=0.678) and in the model comparing ingroup and outgroup association
between allele presence and geography, a p-value of 0.979 was produced. In summary, when the
subsamples are compared to Kenyan pastoralists, neither mobility nor geography have little
predictive power over the presence of rs11466640, 13924113, rs5743563, rs5743560, and

rs11725779.

Conclusions
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Intellectuals often aspire to overturn hypotheses. This study is a divergence from that
inclination and instead furnishes one more brick in the wall which is a canon on the Neanderthals
contribution to modern human immune system variation. The presence of archaic alleles in
central Asian populations during the Bronze and Iron ages are not predicted by mobility, time
period, or any combination of the two, nor geography. Together, the results of this study reflect
an evolutionarily conserved structure within the TLR10-6-1 cluster which has experienced
putative selection but not on the scale observed here nor related to recent cultural adaptations to
Central Asia. As population geneticist Sewall Wright suggested almost a century ago: selection
doesn’t operate on single alleles, it operates rather on how those alleles work in concert with
each other (1931). With respect to Wright's comment, the archaic TLR SNPs likely serve as a
mutational buffer to mitigate the consequences of deleterious mutations.

Nevertheless, the results of this study are most consistent with Ohta’s nearly neutral
theory. Initially they appear to be consistent with Kimura’s neutral theory (1968; 1983) because
the allelic distribution stays relatively constant throughout time and between lifestyles and
comports with his idea that allelic frequency dynamics are directed by drift and mutation rate,
not purely selection. When we consider the selection coefficients however, it becomes clear that
these alleles are operating under very weak-to-moderate selection and are driven to a state of
being nearly neutral, as Ohta would suggest. This is because the alleles behave differently
depending on population context. As populations increase and expand into empires as they did
during the bronze age, rs11466640, rs3924113, rs5743563, rs5743560, and rs11725779 collapsed

under such complexity and behave as nearly neutral.
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To determine the sample’s mobility patterns a literature review was used — because the
past is an inaccessible entity, the best one can do is make use of current archeological literature
which may be wrong at times. Although this is a very weak problem, the lack of an overarching
consensus on the mobility patterns of archeological groups opens the door for inconsistencies.
The temporal range under investigation here and the geographic setting is heavily biased towards
bronze and iron age nomadic cultures and the given populations under examination here are
highly admixed and derive from similar source populations which may be a contributing factor to
the lack of differentiation between groups. That is to say, this study suffers from previous
observations in the sense that meaningful differences between them cannot be brought to light
because of their similar genetic architecture — population history will govern much of the
variation we see and override any environment effect having taken place on the scale of a few
thousand years. Five SNPs is an extremely humble number of genetic markers to investigate and
does not offer much room especially when looking at less than 300 individuals across several
thousand years.

It is not unrealistic to think that selection on these innate immunity-related SNPs was not
strong enough to exert drastic changes in allele frequency. Most of this is undergirded by
population history that would require repetitive instances of admixture with newer populations to
underdo. Furthermore, since rs11466640, rs3924113, rs5743563, rs5743560, and rs11725779 are
not exons, the results of our GLMMs are consistent with evolutionary theory; protein coding
genes, exons, are more consequential since they actually result in phenotypes. In comparison,
introns and intergenic variants, because they remain in the nucleus, are less likely to be targets

for selection and remain nearly neutral. To better understand the functional implications of these

70



alleles, comparative experiments may be necessary; selection operates on phenotypes — genes
happen to direct them though — this may be easier under observation of model organisms.

The human innate immune system encompasses a set of mechanisms evolutionarily
designed to alert the body of an infection. Without it the body would be less ambulatory in its
response to healing itself and survival would be impeded. The genetic architecture that upholds
those mechanisms is complex. As a part of that architecture is the presence of archaically
introgressed sequences of DNA which have been a topic of debate for over a decade. While other
research has placed emphasis on the source of these SNPs, the current study aimed to place them
within an evolutionary framework. Dannemann et al. (2016) suggested they were not a source of
adaptive introgression and the current study is in agreement with this assertion. The archaic TLR
SNPs studied here exhibit a temporally and geographically stochastic distribution. In addition to
this, lifestyle, time period, a combination of the two, and geography are not significantly
predictive of the presence of them either. What this means for the innate immune system is that
the genetic structure that undergirds the Toll-like receptors is resilient to microevolutionary
change despite successive bouts of introgression from the Neanderthals and subsequent

admixture
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Appendix A: Archaeological and Genetic background of subsamples

Saka

There are several groups that are associated with the Scythian tribes. Namely, Tasmola,
Saka and their sub-tribe, the Pazyryk. Scythian ancestry can be modelled as a three-way mixture
between Khovsgol (inner Mongolia), steppe MLBA, and small contributions from populations
inhabiting the southern regions of the Caucasus/ Iran or BMAC (Bactria—Margiana
Archaeological Complex). That proportion of Caucus/Iranian ancestry increases through time
with up to ~20% in the Tian Shan Saka groups (Gnecchi-Ruscone et al., 2021). It should be
noted though the genetic profiles of these groups are distinct from those in the western part of the
Scytho-Siberian world whose genetic profile receives substantially less influence from the steppe
(Andreeva et al., 2025).

The Saka were part of the Scythian federation of local groups which also included
Tasmola, Sagly-Uyuk, and Pazyryk (Yablonsky, 1995) whose genetic heterogeneity can be
explained by geography. Jeong et al. (2019) suggests Tian Shan populations may have derived
some of their ancestry from populations originating from West/South Asia during the middle of
the first millennium BC and into Kazakhstan. Alternatively, Kazakhstan Saka may be modelled
as Ngansan + Srubnaya or Ulchi + Srubnaya + AG3. This is in agreement with Gnecchi-Ruscone
et al. (2021) who later suggested Nomadic IA populations of the Kazakh steppe formed through
consistent pulses of admixture between preceding MLBA populations from the steppe and the
neighboring regions. Eastern groups may have descended from a homogeneous gene pool
associated with Sintashta, Srubnaya, and Andronovo and from a specific eastern Eurasian source
already present in Mongolia during the late Bronze Age. However, they suggest the ancestry of

the Saka groups in Kazakhstan and Tian Shan can be explained differently. Tian Shan Sakas can
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be modelled as a mixture of BMAC, steppe MLBA and Khovsg6l with higher ancestry yet less
uniformly distributed contributions from the southern Caucuses between 400-100 BCE-CE
(Gnecchi-Ruscone et al., 2021b).

Even though the Saka were considered nomadic horse warriors, some members engaged
in sedentism and constructed dwellings and used millet agriculture (Yablonsky, 1995; Beisenov
et al., 2017; Ventresca Miller et al., 2021; Polosmak, 2023). Saka sample was given the
“Semi-Sedentary” label because of this. Likewise, their sibling culture, Sagly-Uyuk is
represented by 18 individuals (originally reported in Jeong et al., 2020 & Wang et al., 2021) was
also given the “Semi-Sedentary” label for analysis.

Tasmola

This study incorporated 22 individuals belonging to the Tasmola culture previously
reported in Gnecchi-Ruscone et al. (2021). Furthermore, the genetic structure of Early IA
Tasmola culture appears to be of equal mixture between preceding Sintashta, Srubnaya, and
Andronovo groups as well as BMAC, although miniscule amounts of gene flow from Iranian
farmers is also required (Gnecchi-Ruscone et al., 2021). Tasmola sites provide evidence that
their members had agricultural practices, consumed millet, strategically brokered seasonal
migration between summer and winter pastures, and contain equipment used for horse
harnessing (Beisenov n.d.; Beisenov et al., 2016; Svyatko and Beisenov, 2017). The
archeological findings suggest that they were mobile in the sense that they migrated between
seasonal pastures with the assistance of horses and during those seasons, differentially used
agriculture to subsist while they settled in those areas. They were given the “Semi-Sedentary”

label for those reasons.
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Pazyryk

The genomes of 16 people who belonged to the Pazyryk culture, originally reported in
Gnecchi-Ruscone et al. (2021), were used in this study. The genetic architecture of the Pazyryk is
similar to that of other Scythian groups — BMAC influence is present in the later fourth to first
century BCE-CE Pazyryk site of Berel in Kazakhstan yet received more ancestry from a
Eurasian source when compared to Tian Shan Sakas (Gnecchi-Ruscone et al., 2021).
Archaeological literature suggests the Pazyryk people had a mixed economy of nomadism and
sedentary agricultural cattle breeding which was aided by the construction of log dwellings built
on summer and winter pastures (Polosmak 2023 & Rubinson and Linduff 2024). As such, they
were assigned to the “Semi-Sedentary” label of analysis because of the cyclical habitation and

agricultural practice they engaged in.

Andronovo

Andronovo culture represents a temporal and geographical extension of Sintashta culture
whose genetic origins can be pin pointed either by eastward migration of Corded Ware peoples
or descent by an earlier steppe population. In both cases contributions from EHG and CHG are
required with differing amounts of Anatolian Farmer related ancestry between Andronovo and
Sintashta groups. Regardless, Andronovo culture was later replaced in Xinjiang by East Asian
peoples that appear in the later cultures such as Mezhovskaya and Karasuk (Allentoft et al.,
2015; Damgaard et al., 2018; Kumar et al., 2022). This study incorporates the data of 21
individuals from the “Andronovo cultural-historical commonality,” which also includes groups
known as the Federovo and Alakul (originally reported in Damgaard et al., 2018; Narasimhan et

al., 2019; Kiling et al., 2021; Kumar et al., 2022). They were designated as being
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“Semi-Sedentary.” The justification of the “Semi-Sedentary” label was based on the work of
Outram et al. (2012), who showed that the meat and milk of sheep, cattle and horses were
consumed at a number of Andronovo sites. While there is no indication of cereal consumption, a
level of sedentism is further supported by the construction of fortified settlements (Grigoriev
2021). Similarly, the work of Jia et al. (2020) compares the settlement pattern of modern
pastoralists to the Andronovo and concludes that the Andronovo settlement pattern indicates
seasonal migration.

The semi-sedentary label has some support on the molecular front as well — an Alakul
site revealed the practice of exogamous marriage. Blocher et al. (2023) reported genomic data of
32 individuals dated to ~3800 years old belonging to the “Srubnaya-Alakul” culture in the
Southern Urals. They received genetic contributions from a substrate of preceding Sintashta-like
people, Eneolithic Shamanka hunter-gatherers from lake Baikal, and the Russian Eneolithic
Steppe. The authors also investigated familial ties among the recovered individuals. A
reconstruction pedigree of 23 individuals placed six brothers at the center. The genetic
relationships between this family indicate an emphasis on patrilineal descent and organization
around the male line. In contrast, female contributions were more diverse, and female children
above the age of five were absent from the site, suggesting they originated from neighboring

groups.

Afanasievo
Much debate around the emergence of the hunter-herding Afanasievo culture has been
recently based on archaeogenetic research (Honeychurch et al. 2021; Wang et al., 2021; Kumar

et al., 2022; Narasimhan et al., 2019; Zhang et al., 2021). Narasimhan et al., (2019) suggest the
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genetic profile of Afanasievo people contained contributions from Eneolithic peoples on the
steppe, an Iranian farmer population, and a European farmer population. While they do exhibit
some genetic similarity to Yamnaya, they do not form a clade with Western Steppe EMBA.
This can be explained by an eastward migration of individuals with Yamnaya-related ancestry
onto the steppe. The people of the Afanasievo culture were given the “Semi-Sedentary” label for
analysis (n= 24, originally reported in Wang et al., 2021; Kumar et al., 2022; Narasimhan et al.,
2019; Zhang et al., 2021). Afanasievo individuals in this study were given the semi-sedentary
label for the following reasons: first, one settlement confirmed the use of domestic sheep at the
site based on the presence of mitochondrial cytochrome b gene (MT-CYB) in Ovis aries
(Hermes et al., 2020). Secondly, tools such as saws, burins, and grinding tools, point to both
wood-working capabilities and metal processing. Faunal remains of cattle, sheep and horse were
recovered as well (Tishkin et al., 2021). Third, Qu et al. (2020) presented evidence of differential

millet consumption across multiple Afanasievo sites.

Tian Shan Huns

This study uses the genetic data of 24 individuals, originally reported in Damgaard et al.,
(2018), described as Tian Shan Huns. They have no genetic nor archaeological association with
European Huns yet they also are distinct from Xiongnu or other Tian Shan inhabitants
(Gnecchi-Ruscone et al., 2025). Despite their elusive context, it appears as though these
individuals were part of a sedentary family. This is based on the single site location, genetic
relationships, and the fact that the dating of these individuals' burials are separated by a few
years. This represents a relatively sedentary community whereby individuals also left offspring

who were recovered from nearby sites; justifying the “Sedentary” label of analysis in this study.
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As a side note: individual DA101 showed detectable traces of Yersinia pestis in Damgaard et al.
(2018) with full bubonic potential and flea-transmission. This is of particular importance because
it demonstrates the presence of plague being found along the silk road, which would have

provided ample hosts for propagation.

Sarmatians

Archeo-genetic studies on the Sarmatians such as Gnecchi-Ruscone et al. (2021) suggest
they maintained a high level of genetic homogeneity whose members receive contributions from
Iranian farmers, Khovsgol and steppe MLBA-related ancestry while covering a wide geographic
range and for multiple centuries. The Sarmatians in this study (n= 24; originally reported in
Damgaard et al., 2018; Narasimhan et al., 2019; Gnecchi-Ruscone et al., 2021) were given the
“Semi-Sedentary” label for analysis to account for the observation that different portions of their
cultural complex were quite mobile, while others were on the other extreme and sedentary.
Marina Moshkova writes in Davis-Kimball ez al. (1995; pp. 184-188), the Sarmatians
participated in an incredibly mixed economy, composed of cattle breeders seasonally mobilizing
their livestock between summer and winter pastures. Pursuits such as metallurgy, pottery
production, and leather dressing were likely done by sedentary groups within their territory at the

behest of nomadic aristocrats and militias.

Khovsgols
20 LBA Khovsgols (originally reported in Jeong et al., 2018) were included into the
current dataset for analysis and given the semi-sedentary label for four reasons: Jeong et al.

(2018) found that the dairy-adaptive -13910\*T (rs4988235) lactase persistence (LP) allele

96



was not present in this group despite 7 out of 9 tested individuals containing dairy proteins in
their dental calculus. Secondly, Jeong also found Early Bronze Age hunter-gatherers from the
Baikal region to be their largest genetic contributor. Third, despite the burials were made entirely
of stone and no culturally identifiable artefacts were recovered (likely due to looting having
occurred shortly after burial), and many remains showed signs of violent interactions (), their
burials reflect an association with the Deer Stone-Khirigsuur Complex (DSKC) which provides
the highest fidelity of evidence for animal pastoralism on the Steppe prior to ca. 1200 BCE
(Houle, 2010 & Frohlich et al. 2010). Fourth, in Houle, their typical settlement pattern is
restricted to floodplains and foothills which reflects a cycle of seasonal migration between
summer and winter pastures. Based on the genetic literature, a majority of LBA Khovsgols
received ancestry from an ANE source during the Neolithic period, and a much smaller
proportion of WSH ancestry in the early Bronze Age. Genetic outliers varied in ancestry
proportions. one showed higher affinities with early Neolithic individuals from the Russian far
east and in general with contemporary Han Chinese. Another exhibited affinity toward MBA

Sintashta culture, and early Bronze age Shamanka (Jeong et al., 2018).

Baikal HG

The sub-sample of 21 individuals (originally reported in: Kiling et al., 2021; Flegontov et
al., 2019; Sikora et al., 2019) from Angara River HG and the HG within the broader Baikal
region were given the “Mobile” label for analysis here. This is because the populations in the
Baikal region generally engaged in a pattern of HG in which they consumed large amounts of
game, fish, and seal up until 2900-3275 cal. BP (post dating the subsample used here) where we
see a dietary shift with the arrival of domestic herd animals (Weber and Goriunova, 2013; Losey

et al.,
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2016; 2017). Furthermore, there is no evidence they constructed dwellings, or engaged in
agriculture. Genetically speaking, Baikal populations reported in Yu et al. (2020) showed highest
genetic affinity with previously published Early neolithic and LNBA Baikal Populations.
Admixture timing estimates ranged between ~8,000 and 5,500 BP suggesting LNBA could have
been formed through a prolonged process of admixture between local groups and northeast Asian
related populations in southern or central Siberia. For example, ANE ancestry increased from
14.3% among Baikal EN to 22.7% in the LNBA population. However, outlier individuals point
to interaction between LNBA Baikal and multiple bronze age western steppe populations, most
likely from nearby Afanasievo in the Altai-Sayan region. This was later elucidated by Kiling et
al. (2021) who revealed the shift occurred between ~6100 and ~3700 where an increase in
Western Eurasian-related ancestry was observed along with comparably low amounts of
Northeast Asian components (Kiling et al., 2021).

We also regard this region to be of interest because of the presence of Y. pestis on
multiple occasions — two individuals in Yu et al. (2020) at 4,556 and 4,430 BP showed evidence
of Y. pestis and both lacked Yamnaya related steppe ancestry. The two reconstructed Y. pestis
genomes fell on the LNBA lineage previously described by Andrades Valtuena et al. (2017).
These findings are consistent with Kiling et al. (2021) who also documented the presence of Y.

pestis in the Cis-Baikal region of Yakutia between ~4400 and ~3800 years ago.

Xiaohe
13 individuals, dated to Cal. 4-3.5 ka BP from the Lop Nur region of Xinjiang at the
Xiaohe cemetery (originally reported in Zhang et al., 2021) were selected for the current study

(Li et al., 2013). Genetically speaking, EMBA individuals buried at Xiaohe form a tight cluster
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along a PCA with pre-bronze age central steppe and Siberian inhabitants who carry high amounts
of ANE ancestry. These individuals were given the “Sedentary” label for several reasons: first,
Inhabitants were able to practice agriculture nearby along the rivers due to an Oasis formation
during 4.8--3.5 ka BP despite being mostly desert today (Zhang et al., 2017). Secondly, the
discovery of common millet (Panicum miliaceum), caryopses of bread wheat (Triticum
aestivum) and love grass (Eragrostis sp.) remains within tombs at the cemetery suggests
agriculture was a common practice (Yang et al., 2014). Third, the commonality of Populus
euphratica suggests it was not exclusively used for constructing coffins but also dwellings as
well (Li et al., 2013 & Bergman 1939). Fourth, 15N and 813C values of M13 from human
remains suggest a high intake of animal protein (Qu et al., 2018). Fifth, mtDNA haplotype
diversification suggests continued migration and settlement into the area and subsequent

admixture (Li et al., 2015).

Zhagunluke

In this study, the genomic data of 16 individuals (originally reported in Kumar et al.,
2022) belonging to the Zhagunluke culture were incorporated and treated as a sedentary group.
The excavation of the Zhagunluke site revealed horns and bones of sheep, goats, cattle, and
horses along with horsewhips, wheat or barley products, harrow and millstone (Wang et al.,
2003). Furthermore, Nobaru et al. (2015) revealed a nearby settlement though no date of its
construction has been ascertained. Despite this shortcoming, Isotopic analysis (87St/86Sr, 6180,
013C and 815N) of human dental remains and nearby plant remains from the sixth century BC to
the first century AD done by Wang et al. (2025) would suggest the inhabitants of Zhagunluke

were sedentary and were not integrated within a network of mountain pastoralists in the IAMC
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model provided by Frachetti (2012). Genomic data generated from two individuals dated to
2800-1900 BP in (Yang et al., 2025) have some overlap with the 16 analyzed in the present study
2415 — 1945 BP), a majority of which date to 2190 BP. Their analysis reveals the continuation
of Late Bronze age and Early Iron age Western Steppe pastoralist DNA at Zhagunluke with
limited contribution from Scythian-Saka tribes and a notable contribution of genes from Yellow

River farmers suggesting a migration and eventual settlement into the area.

Chemurchek

13 individuals from the Chemurchek culture (originally reported in Damgaard et al., 2018
& Jeong et al., 2020) were given the label of “Mobile,” although they were likely a part of a
broader agro-pastoralist economy, given their association with the late Afanasievo culture
(Wang et al., 2021). At present, no settlements have been identified and are known only from
their mortuary practices. In their burials, the remains of sheep, goat, and cattle were recovered
and it has been demonstrated by Ventresca Miller et al. (2022) they consumed sheep (Ovis) and
ruminant (Caprinae) milk. Furthermore, while they had exposure to domesticated animals, the
periodicity of said contact is unknown. The genetic profile of the Chemurchek suggests that
southern groups exhibit stronger ancestry of hunter-gatherers found in the Baikal region (80%),
while the northern Chemurchek individuals are more closely related to a woman found at Botai,

a hunter-herder site at ca. 3500 BCE (Damgaard et al., 2018 & Jeong et al., 2020).

Ji’erzankale

The genomes of 13 individuals from the Ji’erzankale site previously reported in Kumar et

al., (2022) were used. Their genetic background is little understood but they cluster with East
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Asian hunter-gatherers and Iranian farmers. That being said, they were given the semi-sedentary
label for this study. The choice to designate them as semi-sedentary in this study came as a result
of the followings reasons: Wang et al. (2016) suggests 10 people at ~2500 BP were migrants who
permanently settled in the area following a previously mobile lifestyle whereas the remaining 24
were born and raised there, based on the ratios of strontium isotopes in dental enamel, and were
found in association with several types of wood used to construct food vessels. Results of 615N
from excavated sheep show a wide range of variation (+6.1 to +11.5%o with a mean = SD of +8.3
+ 1.5%0) suggesting they might have consumed a wide variety of plants in different environments
(Guo et al., 2020). Human bioapatite-collagen 613C spacing indicates that there was a minor
input of C4 plants in the diet, likely millet (Xie et al., 2022). This would suggest some level of
sedentism because they either stayed at the site and maintained the crop for cultivation or it was
planted and they returned to cultivate it. but no permanent settlements have been identified. In
the dataset of the present study, one individual is dated to 2351 BP; the following 12 are dated to

2515 BP (Kumar et al., 2022) which may be indicative of frequent usage throughout the year.
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Table S1. Terms and acronyms

Appendix B: Supplemental Tables and Figures

Adaptation A series of adjustments in the form of traits or
behaviors that enhance an organism's ability to survive
or reproduce in an environment. Such examples come
in the form of culture, physiological, developmental,
and genetic.

Admixture The exchange of genes between populations

Microevolution shifting allelic frequency within a population over a
short period of time and results in the phenotypic
diversification among conspecific populations or
related species

Macroevolution Above species-level change that can be observed in
terms of morphological differences

TLR Toll-Like Receptor

SNP Single Nucleotide Polymorphism

BP Before Present

ZEP Zoonotic enteric parasite

BMAC Bactria—Margiana Archaeological Complex

IAMC Inner Asian Mountain Corridor

LNBA Late-Neolithic Bronze Age

MLBA Middle-to-Late Bronze Age

Pseudohaploid Genetic data that represent the individual by a
randomly sampled sequence at each analyzed position

LBA Late Bronze Age

1A Iron Age

Innate Immunity

The baseline genetically predetermined and
germline-encoded system for combatting pathogens

Introgression Transfer of genetic material between distally related
populations

EMBA Early-to-Middle Bronze Age

ANE Ancient North Eurasian

102




HG Hunter-Gather

CHG Caucasus Hunter-Gatherer

EHG Eastern hunter-gatherer

LP Lactase persistence

LD Linkage disequilibrium

Intron non-coding DNA sequence within genes that are
transcribed into pre-mRNA but removed during
translation

Exon Coding DNA sequence that goes through the process

of transcription and translation

Innate Immunity

The body's immediate front-line defense against
pathogens

Adaptive Immunity

A specialized and learned immune defense mechanism
tailored to defend against re-infection

Clonal selection

Generation of specific antibodies against pathogens

PAMPs Pathogen-Associated Molecular Patterns

DAMPs Damage-Associated Molecular Patterns

PRRs Pattern Recognition Receptors

TIR domain Toll/Interleukin-1 Receptor proteins; a 135—160 amino
acid signaling module that forms the homology
domain of TLRs

MyD88 Myeloid Differentiation Primary-Response Protein 88;
an adapter protein that activates nuclear
factor-kappa-B (NF-kB)

TIRAP/MAL Toll-interleukin-1 receptor domain-containing adapter
protein or MyD88-adapter-like protein that binds
MyD88 to TLR2 and TLR4

TRIF TIR-domain-containing adapter-inducing interferon-f3
; a protein that mediates TLR3 and TLR4 signaling to
produce type I interferons and cytokines

TRAM Translocating chain-associating membrane protein; a
translocon-associated protein that helps insert proteins
into the ER membrane or move them across it.

SARM Sterile alpha and HEAT/Armadillo motif-containing
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protein; an adaptor protein that regulates
pro-inflammatory cytokine expression

IRAK

Interleukin receptor-associated kinase; a signal
transducer that triggers inflammatory and immune
responses primarily recruited by MyD88

TRAF6

Tumor necrosis factor receptor-associated factor 6; an
E3 ubiquitin ligase and signal transducer that mediates
activation of NF-kB downstream of TLR

TAB2

TGF-B-activated kinase 1-binding protein 2; an
adapter protein crucial for mediating NF-xB

NF-«xB

Nuclear Factor-«B; a transcription factor that activates
or deactivates genes responsible for the production of
immune cells such as pro-inflammatory cytokines and
Chemokines

Leucine-Rich Repeat

20-30 amino acid structural motifs that fold into
curved, horseshoe-shaped solenoid domains

Heterodimer

a molecular complex composed of two distinct,
non-identical polypeptide chains or monomers that are
closely joined

Pro-inflammatory cytokines

signaling proteins produced by macrophages and Th1
cells that initiate, amplify, and regulate inflammation

Type I interferons

a family of cytokine signaling proteins produced by
infected cells to induce an antiviral state, activate
immune cells, and modulate adaptive immunity

TNF-a

Tumor Necrosis Factor Alpha; a pro-inflammatory
cytokine primarily produced by activated
macrophages, T-lymphocytes, and NK cells

IL-1B, IL-6 (Interleukins)

interconnected pro-inflammatory cytokines

IFN-a, B (Interferons)

Type I cytokines crucial for innate immunity,
primarily induced by virally infected cells to inhibit
viral replication and modulate immune responses

Chemokines

a family of small, signaling proteins (cytokines) that
guide the movement of white blood cells to tissues

CXCL8, CXCL10

proinflammatory chemokines that recruit leukocytes to
inflammation sites

Antimicrobial peptides

small, naturally occurring cationic and amphiphilic
molecules acting as a first-line innate immune defense
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against bacteria, viruses, fungi, and parasites

Macrophages specialized white blood cells of the innate immune
system that engulf and digest pathogens
Natural Killer cells specialized lymphocytes that move throughout the

body and target infected and diseased cells

Dendritic cells

bone marrow-derived immune cells that communicate
between the innate and adaptive immune systems

Monocytes white blood cells that fight infections, remove dead
cells, and repair tissues by transforming into
macrophages or dendritic cells

Neutrophils The most common white blood cell that fights
infection

T lymphocytes A type of white blood cell originating from the bone

marrow that migrates to the thymus to undergo a
rigorous selection process, whereby they are screened
to ensure they can recognize protein-based antigens
bound to receptors on other cells without attacking the
body’s own tissues

B lymphocytes

white blood cells that mature in the bone marrow that
produce antibodies

Hemolymphoid system

Bodily system that comprises bone marrow, thymus,
spleen, and lymph nodes, functioning to produce
blood cells and immune cells (lymphocytes,
monocytes)

Lipoproteins a membrane-associated protein that has a lipid
molecule covalently attached to it. They are important
for the nutrient uptake, transportation, and virality

Flagellin the whip-like appendages bacteria use for movement

Lipopolysaccharides a protective layer of gram-negative bacterial

membranes

Phenol-soluble modulin

a family of small, amphipathic peptides that allow
bacteria to attach and remove themselves from new
sites, killing immune cells

Sepsis

An overwhelming and whole-body immune response
in response to toxin-producing bacteria
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Table S2. Sample breakdown.

Subgroup

Group ID in the AADR

Total n

Saka

Kazakhstan Central _Saka.SG
5

Kazakhstan_Central Saka.SG_father.or.son.DA13.SG

1

Kazakhstan CentralSaka 01.SG
1

Kazakhstan CentralSaka 02.SG
2

Kazakhstan IA Saka dup.I3752.SG
1

Kazakhstan IA Saka dup.I7110.SG
1

Kazakhstan Saka EIA
1

Kazakhstan Saka 1A
3

Kazakhstan Saka 1A o
1

Kazakhstan TianShan Saka.SG
1

Kazakhstan Wusun_LateSaka dup.111524.SG
1

Kazakhstan Wusun_LateSaka o_mother.I111525.SG
1

Kyrgyzstan_Saka 1A

7

Kyrgyzstan_Saka IA o

1

Kyrgyzstan_TianShan Saka.SG

8

Kyrgyzstan TianShan Saka.SG_brother.DA57.SG
1

Kyrgyzstan_TianShan Saka 01.SG
1

Kyrgyzstan_TianShan Saka 02.SG
1

38

Afanasievo

China_Xinjiang Ayituohan Afanasievo BA.SG
2

China_Xinjiang_Ayituohan BA_Afanasievo
2

China_Xinjiang G218 _BA_Afanasievo
2

China_Xinjiang G218 BA_Afanasievo_oWestEurasia

1

24
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China_Xinjiang Nileke Afanasievo BA.SG
2

China_Xinjiang_Songshugou_Afanasievo BA.SG
1

China_Xinjiang_Songshugou BA_Afanasievo
1

Mongolia_Chalcolithic_Afanasievo_1
1

Mongolia_Chalcolithic Afanasievo 2
1

Russia_Afanasievo
8

Russia_Afanasievo_sister.13950
1

Russia_Afanasievo son.I3388 son.I3950 brother.1394

9
1

Russia_Afanasievo_son.I3388 son.I3950 brother.1671

4
1

Tian Shan Huns

Kazakhstan Hun_ Elite LIA
1

Kazakhstan TianShan Hun 0.SG
1

Kyrgyzstan_TianShan Hun.SG
16

Kyrgyzstan TianShan Hun.SG_daughter. DA385.SG

1

Kyrgyzstan_TianShan Hun.SG son.DA104.SG
1

Kyrgyzstan_TianShan Hun 0.SG
4

24

Sarmatians

Kazakhstan_EarlySarmatian
1

Kazakhstan LateSarmatian
1

Kazakhstan Sarmatian.SG
3

Kazakhstan_Sarmatian_IA
12

Kazakhstan_Sarmatian_IA_ol
1

Kazakhstan Sarmatian [A 02
1

Kazakhstan_Sarmatian_IA 03
1

24

107




Kazakhstan_Sarmatian_IA o4
1

Kazakhstan Sarmatian_IA_sister.BSB001
1

Kazakhstan Sarmatian Turk IA
2

Tasmola

Kazakhstan_Birlik Tasmola EIA
2

Kazakhstan Central_Tasmola 01.SG
1

36

Kazakhstan Central_Tasmola 02.SG
1

Kazakhstan_Tasmola_EIA
13

Kazakhstan Tasmola EIA 1d.or.2d.re. AKB0O1
1

Kazakhstan Tasmola EIA 1d.rel. KZL0O1
1

Kazakhstan_Tasmola EIA_brother. KSH0O01
1

Kazakhstan Tasmola EIA_father.or.son. TALO03
1

Kazakhstan Tasmola LBA
1

22

Andronovo

China_Xinjiang Jirentaigoukou LBA_Andronovo Ka
rasuk_possible
1

China_Xinjiang Kuokesuxi LBA Andronovo
1

China_Xinjiang_Tangbalesayi LBA_Andronovo
1

China_Xinjiang Wutulan LBA Andronovo
1

China_Xinjiang Wutulan LBA Andronovo_oSiberia
1

Kazakhstan_Andronovo.SG
1

Kazakhstan Shoendykol MLBA Fedorovo
3
Kazakhstan_Maitan_MLBA_Alakul

7

Kazakhstan Maitan MLBA_Alakul ol
1

Kazakhstan Maitan MLBA_Alakul 02
1

21
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Kazakhstan MLBA_Alakul Lisakovskiy
2

Kazakhstan MLBA_Alakul_Satan
1

Russian Angara HG

Russia_AngaraRiver BA.SG
5

Russia_AngaraRiver EN.SG
1

Russia_AngaraRiver N.SG
3

Russia_UstBelaya Angara
9

Russia_UstBelaya Angara.SG
1

Russia_UstBelaya Angara o
1

Russia_UstBelaya Angara 0.SG
1

21

Sagly

Mongolia EIA Sagly 4
16

Mongolia EIA_Sagly 4 lc
1

Mongolia EIA Sagly 4 o lc
1

Khovsgol

Mongolia_LBA_Khovsgol_6

20

Zhagunluke

China_Xinjiang_Zhagunluke(Zaghunluq) IA Zaghunl
uq
1

China_Xinjiang Zhagunluke 1A
7

China_Xinjiang_Zhagunluke IA o
1

China_Xinjiang Zhagunluke IA Zaghunluq
7

16

Pazyryk

Kazakhstan Berel Pazyryk
4

Mongolia_EIA Pazyryk 6
1

Kazakhstan_Berel IA
9

Kazakhstan Berel 1A ol
1

Kazakhstan Berel 1A 02
1

Kazakhstan Berel IA 03
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Chemurchek China_Xinjiang Bolati BA Chemurcheck 13
1
China_Xinjiang_Chaganguole(Chagangole) BA_Che
murcheck
1
China_Xinjiang_Chaganguole BA_Chemurcheck
9
China_Xinjiang Tuoganbai BA Chemurcheck
2
Ji’erzankale China_Xinjiang Jierzankale(Jirzankal) 1A 13
1
China_Xinjiang_Jierzankale IA
12
Xiaohe China_Xinjiang Beifang Xiaohe BA.SG 13
2
China_Xinjiang_Xiaohe BA
7
China_Xinjiang Xiaohe BA.SG
4
Kenyan Pastoralists Kenya PastoralN 12
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