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Insights into human adaptation from  
ancient DNA
 

Dina MemarMoshrefi    , Olivia L. Johnson     & Christian D. Huber     

Ancient DNA (aDNA) has revolutionized our ability to study human evolution 
by enabling the direct observation of genetic changes through time. This 
has reshaped our understanding of human adaptation and its relevance for 
modern health and disease. In recent years, high-quality ancient genomes 
and large datasets have made it possible to track allele frequency dynamics 
and identify episodes of natural selection with unprecedented resolution. 
Here, we synthesize insights from recent studies that have systematically 
investigated how humans adapted to shifts in diet, mobility, pathogen 
exposure and environment. We summarize the approaches used to detect 
selection in aDNA, examine the role of major migration and admixture 
events and connect results across time periods and archaeological contexts. 
Finally, we outline future challenges and opportunities that need to be 
addressed for aDNA studies to provide new insights into human adaptation 
that could not be inferred from present-day genomes alone.

Interest in natural selection and adaptation has long been central to 
evolutionary biology1. Understanding how selective pressures shape 
biological diversity has been key to explaining the origins of species, 
the maintenance of genetic variation and the emergence of complex 
traits2–6. In humans, questions about adaptation touch directly on 
our biology, behavior, and health, providing insight into how we have 
responded to changing diets, climates, pathogens and ways of life over 
time7. As genomic technologies advanced, particularly with the rise 
of population-scale sequencing projects, such as the HapMap8 and 
1000 Genomes9, this long-standing focus began to shift from studying 
adaptation at the phenotypic level to investigating its genetic basis. 
Genome-wide genetic variation data enabled the detection of selec-
tion footprints, such as reduced diversity, extended haplotypes and 
elevated population differentiation, using statistical methods10–12. This, 
in turn, sparked growing interest in identifying the specific genes under 
selection and understanding their functional roles in traits such as 
lactase persistence, pigmentation and immune response13–15. However, 
analyses based on modern genomes offer only a snapshot of genetic 
information, limiting our ability to determine when selection occurred 
or to reconstruct the environmental, geographic and cultural contexts 
in which it acted. In this respect, ancient DNA (aDNA) has revolutionized 
evolutionary research by allowing us to track genetic change directly 
through time. By recovering genetic material from individuals who 
lived hundreds to tens of thousands of years ago, aDNA enables direct 

observation of how genetic variation unfolded across different histori-
cal periods and regions.

Early work focused on extracting reliable genetic data from 
archaeological remains16,17 and reconstructing population structure and 
migration patterns18,19. Since then, a large body of work has expanded 
on this foundation, exploring the complex patterns of population 
movement and admixture that shaped human history across diverse 
regions and time periods (see, for example, refs. 20–23). In more recent 
years, however, there has also been a rapid rise in studies that use aDNA 
to investigate natural selection, reflecting both growing interest in the 
field and the increasing availability of high-quality ancient genomes24–36.

The advent of next-generation sequencing transformed aDNA 
research by enabling high-throughput sequencing of short, degraded 
fragments37–40. Subsequent advances, including targeted capture 
enrichment (for example, 1240 K and Twist panels22,41), improved labora-
tory protocols42–45 and computational methods to mitigate contamina-
tion and post-mortem damage46–49, substantially increased data quality 
and reduced sequencing costs. In parallel, genotype imputation and 
phasing expanded effective genomic coverage, enabling greater power 
to detect subtle allele-frequency shifts and facilitating haplotype-based 
analyses26,30. Together, these developments have shifted aDNA studies 
from detecting only broad selection signals to systematic analyses of 
natural selection across time, geography, and cultural transitions using 
datasets now exceeding 10,000 ancient genomes50 (Fig. 1).
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Initial studies on selection in aDNA attempted to identify loci whose 
frequencies in admixed populations diverge from expectations under 
a neutral admixture model33,51,52 (Fig. 2a). Another approach leverages 
allele-frequency data sampled across time to identify variants that 
show large directional shifts (Fig. 2b)34,53–58. The third approach involves 
scanning genome-wide variation in population samples for localized 
genetic patterns indicative of selection, such as reduced diversity 
(Fig. 2c), shifts in the site frequency spectrum (Fig. 2d) or extended 
haplotype homozygosity (Fig. 2e)11,12.

When time-series data are available, allele frequency trajectories 
can be reconstructed using sample ages and genotypes to estimate 
allele frequencies through time. This enables detection of variants 
that change faster than expected under neutral genetic drift, allowing 
inference of the timing, duration and strength of selection from allele 
frequency shifts34,58. However, this approach depends on well-dated, 
spatiotemporally distributed samples; limited coverage reduces power 
to detect subtle or localized selection signals59.

Migration and admixture can also drive large allele frequency 
shifts unrelated to selection, complicating inference60. However, when 
the demographic history is well characterized using genome-wide 
ancestry proportions, deviations at individual loci from expectations 
under neutral admixture models can instead indicate selection. In 
these models, observed allele frequencies are compared to those 
predicted from source populations based on genome-wide ancestry 
proportions27,33,52. Alleles or local ancestry occurring at significantly 

In this review, we summarize the main approaches used to detect 
selection in aDNA studies and trace the genomic targets of selection 
across archaeological periods. Collectively, these studies show how 
shifts in diet, mobility and disease burden drove strong adaptation, 
especially in immunity, pigmentation and metabolism, with lasting 
effects on modern health, illustrating how aDNA is transforming our 
understanding of human evolution (Suppl. Table 1). We close by high-
lighting emerging challenges and opportunities in the field.

Inferring adaptation from ancient genomes
Natural selection leaves characteristic signatures in genetic varia-
tion data that can be used to identify regions or genetic variants that 
conferred a past selective advantage (Box 1). Because aDNA offers 
genetic data from individuals who lived during the selective events 
themselves, it allows researchers to track allele frequency changes 
directly over time, rather than inferring them retrospectively. This 
temporal perspective makes it possible to estimate when selection 
occurred, how rapidly it acted and in what environmental or cultural 
context. Moreover, aDNA helps bypass many of the confounding factors 
that obscure selection signals in present-day genomes, including the 
decay of genomic signatures due to genetic drift and recombination, 
as well as recent admixture events that dilute or mask earlier patterns 
of adaptation33,35,36 (Box 2).

Three main approaches are commonly used to detect natural 
selection in ancient and historical populations using aDNA data (Fig. 2). 
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Fig. 1 | Genome-wide distribution of selection signals identified in recent aDNA 
studies. Black lines indicate the genomic positions of loci reported as under 
selection across all 22 autosomes. In total, 200 loci were identified across key 
studies discussed here, with some reported in multiple studies. Points represent 
the frequency of independent identification: single points denote loci reported 

once, whereas stacked points mark replication across studies (for example, LCT, 
SLC45A2). Point colors correspond to the primary functional category associated 
with each locus (see key). Full details, including chromosomal positions, 
functional annotations and source studies, are provided in Supplementary Table 1. 
Chromosomal ideograms created with PhenoGram159 using default settings.
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higher or lower frequencies than expected are interpreted as evidence 
of directional selection following admixture27.

Finally, there is a class of approaches that do not require tempo-
rally spaced samples, such as haplotype-based and site-frequency- 
spectrum–based tests for selection (for example, iHS61, XP-EHH15 or 
SweepFinder11). These methods were initially developed for use with 
modern DNA and scan genomes for the characteristic footprints left 
by selective sweeps, events in which a beneficial mutation rapidly rises 

in frequency, dragging linked variants along with it. Such sweeps leave 
distinct signatures in the genome, including reduced genetic diversity 
around the selected site62, distortions in the site frequency spectrum63 
and extended patterns of linkage disequilibrium64. The strength and 
detectability of these signals depend on the mode of selection: classic 
“hard sweeps,” where a single new beneficial mutation quickly rises 
to fixation, leave more pronounced footprints than “soft sweeps,” 
which involve multiple beneficial variants or selection on standing 

BOX 1

Different types of natural selection
Because environmental pressures vary, natural selection can act 
in different ways, from driving adaptation through the spread of 
beneficial alleles to maintaining diversity or removing harmful 
variation. These modes, positive, purifying, balancing and fluctuating 
selection, leave distinct genomic signatures that reveal how 
populations respond to environmental challenges over time  
(see the figure: characteristic allele frequency dynamics under 
different selection regimes).

Positive selection drives adaptation by favoring beneficial 
variants, gradually increasing their frequency in populations over 
time. It allows populations to respond to new diets, climates or 
pathogens. When acting on a single new mutation, it produces a 
hard sweep with reduced diversity and long haplotypes, as in the 
evolution of lactase persistence at the LCT locus161. Selection on 
standing variation or multiple origins results in soft sweeps65, whereas 
polygenic adaptation involves subtle, coordinated shifts across many 
small-effect loci147.

Purifying selection removes deleterious alleles, reducing diversity 
at linked neutral sites through background selection162. Although it 

is the dominant form of selection genome-wide and maintains the 
integrity of essential functions163, purifying selection does not  
directly drive adaptation. Instead, it provides a critical baseline for 
null models of genome evolution164.

Balancing selection maintains diversity through mechanisms 
such as heterozygote advantage or negative frequency-dependent 
selection. The human major histocompatibility complex (MHC) 
(human leukocyte antigen (HLA)) locus is a classic example, where 
variation is favored to enhance immune defense165.

Fluctuating selection occurs when selective pressures change 
over time or across space166. Temporal changes, such as seasonal 
shifts or pathogen outbreaks, can alternately favor and disfavor 
alleles, whereas spatial variation with gene flow maintains  
locally adapted haplotypes. Ancient DNA, combined with  
new analytical techniques, reveals how selective pressures  
on key genes shifted through time in response to dietary and 
demographic changes, demonstrating that assumptions of 
consistent selection pressures over long evolutionary periods are 
often unwarranted34,36,167.
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genetic variation already present in the population65. Although these 
methods typically require high coverage and well-phased data, recent 
improvements in sequencing protocols, targeted enrichment and sta-
tistical tools have made it increasingly feasible to apply sweep-based 
scans to ancient datasets. For example, SweepFinder2 has been used 
to detect dozens of selective sweeps in ancient genomes, many of 
which are no longer visible in modern populations due to drift and 
admixture36. Importantly, because these methods rely on the genomic 
imprint left by selection rather than sampling individuals across time, 
sweep-based methods can also detect events that occurred far deeper 
in the past, beyond the temporal range accessible through available 
ancient genomes.

Emerging insights into human adaptation from aDNA
Below, we synthesize aDNA-based evidence for natural selection across 
archaeological periods from the Paleolithic to the Historical era. Focus-
ing on Western Eurasia, where most high-quality ancient genomes 
derive, we summarize key candidate genes and findings and relate 
them to major shifts in environment, subsistence, mobility and social 
complexity (Fig. 3a).

Adaptation in the Paleolithic and Mesolithic
The Paleolithic (Old Stone Age) spans most of human prehistory, from 
the emergence of early tool use to the advent of agriculture around 
10,000 years ago. During this period, humans evolved anatomically 
and behaviorally, developed increasingly sophisticated stone tool 
technologies, and expanded out of Africa into Eurasia66–69 (Fig. 3b). The 
Paleolithic is typically divided into Lower, Middle and Upper phases. 
The Lower Paleolithic marks the earliest secure evidence for stone-tool 
use (Oldowan, later Acheulean70–72) and controlled fire73. In the Mid-
dle Paleolithic, prepared-core technologies emerged alongside early 
symbolic behaviors74,75. Neanderthals dominated much of Eurasia, 
whereas early Homo sapiens were present but less widespread; toward 
the end of the period, Homo sapiens became increasingly prevalent as 
Neanderthal populations declined76,77. Upper Paleolithic groups were 

mobile hunter-gatherers who constructed dwellings78, produced tai-
lored clothing79,80 and practiced elaborate rituals, including burials81,82, 
as well as the creation of figurative art such as Venus figurines83,84.

The Mesolithic (beginning around 11,700 BP and ending at differ-
ent times across Eurasia) marks the post-glacial transition between 
Pleistocene foraging societies and the emergence of agriculture, 
characterized by broad-spectrum subsistence strategies, increasing 
regionalization and intensifying use of aquatic and plant resources85,86. 
The Mesolithic period provides a key genetic baseline for understand-
ing human adaptation before agriculture.

Because of poor DNA preservation in older remains, aDNA from 
the Paleolithic is rare and largely restricted to the Upper Paleolithic. 
Despite this limitation, recent paleogenomic studies have revealed sig-
nals that point to strong positive selection in this period. For instance, 
by analyzing aDNA, Souilmi et al. identified 57 selective hard sweeps in 
Mesolithic and Early Neolithic genomes and showed that these signals 
are largely undetectable in present-day populations due to masking 
effects from Holocene-era admixture36 (Box 2). Importantly, although 
the sweeps were detected in post-Paleolithic individuals, they were 
inferred to have occurred much earlier, during the Upper or Middle 
Paleolithic, by leveraging the persistent genetic footprints left behind36. 
Similarly, another study applied a haplotype-based selection scan to 
708 ancient genomes and found that half of their candidate sweep 
signals were only detectable in the earliest time periods and became 
obscured in later populations, consistent with the impact of neutral 
processes such as drift and admixture on the visibility of historical 
selection35. These studies highlight the limitations of relying solely on 
modern genomes to infer past selection.

The 57 sweep regions initially reported by Souilmi et al.36 were 
further explored in a subsequent study that analyzed their spatial and 
temporal distribution in a broader set of Eurasian genomes dating 
back up to 45,000 years87. These results suggested that many of these 
sweeps originated during a prolonged period of genetic isolation 
and adaptation in the Arabian Peninsula, which the authors term the 
“Arabian Standstill.” This period lasted for approximately 30,000 

BOX 2

Major admixture events that shaped European genomes
Ancient DNA research has revealed admixture as a major force 
shaping human genetic diversity. In prehistoric Europe,  
three major events stand out: Paleolithic Neanderthal admixture, 
the Neolithic transition and the Bronze Age Steppe expansion18,19,168 
(Fig. 3b). These episodes not only transformed population structure 
but also introduced advantageous variants that shaped key 
adaptations.

The admixture between Neanderthals and anatomically modern 
humans (AMHs) occurred ~50–60 kya as AMH dispersed out of  
Africa into western Eurasia168. Introgressed DNA now constitutes 
~1–2% of the genomes of present-day non-Africans169,170. Of the 
introgressed variants that remained, most were effectively neutral, 
whereas a subset were advantageous and rose in frequency under 
selection. In particular, Neanderthals introduced derived alleles  
at key immune-response gene clusters that were later favored by 
selection in AMHs. Notable examples include variants in the  
OAS cluster (OAS1, OAS2, OAS3), which decrease the risk of  
severe COVID-19 (ref. 171), and the Toll-like receptors (TLR1/6/10), 
which contribute to variation in innate immune responses and  
allergy susceptibility172. For a more detailed discussion of 
archaic hominin contributions to AMH immunity, see Patin and 
Quintana-Murci139.

The Neolithic Transition occurred in Western Eurasia during the 
expansion of agriculture in the early to middle Neolithic period, 
starting approximately 9,000 years ago. As early agriculturalists from 
Anatolia migrated into Europe, introducing farming practices, it led to 
admixture between these Anatolian farmers and indigenous Western 
Hunter–Gatherers (WHGs)19,114. Although most Neolithic individuals 
carried predominantly Anatolian farmer ancestry, their HLA/MHC 
regions were enriched for WHG variants, likely reflecting local 
adaptation of WHG immune alleles to native pathogens26,27,173

The third major admixture event, the Steppe migration, took 
place approximately during the early Bronze Age (~3,000-3,300 BC), 
when populations associated with the Yamnaya culture migrated 
extensively into Europe and parts of Asia. This migration introduced 
substantial steppe ancestry, reshaping the genetic makeup of 
numerous populations18. The genetic variants introduced to Eurasian 
populations during this event have been associated with traits such 
as height and immune response, with some undergoing significant 
changes in frequency over time30,33,52. The HLA-DRB1*15:01 allele, 
along with other HLA class II variants identified as major risk factors 
for multiple sclerosis in a 2024 study24, provides a striking example of 
genetic variants introduced during this period that have had lasting 
health impacts.
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years before admixture with Neanderthals and the subsequent rapid 
expansion of AMHs across Eurasia (Box 2). The candidate loci under 
selection include genes involved in key biological processes, such as 
lipid metabolism and fat distribution (SMCO2, TMCC1, PPARD), skin 
physiology and pigmentation (MLPH) and cilia structure and function 
(DNAH6, DNAH7, CCDC138)87. These adaptations may have been driven 
by the cold and arid conditions of the Arabian Peninsula during Marine 
Isotope Stage 4 (MIS 4; ~71–57 kya), as many of the same biological 
pathways are also implicated in cold adaptation in modern Indigenous 
Arctic populations87. Notably, these loci are enriched in regulatory 
networks that influence modern disease, including ciliopathies, meta-
bolic syndrome and obesity, and neurodegenerative disorders, such 
as dementia and autism87.

Importantly, not all adaptive variants in modern humans arose 
de novo, as some were acquired via introgression from Neanderthals. 
For example, analysis of Neanderthal ancestry tracts in over 300 
ancient and modern genomes revealed multiple regions of adaptive 
introgression, including variants that immediately increased in fre-
quency after admixture with Neanderthals, likely enhancing immune, 
metabolic, or environmental resilience29 (Box 2). These findings sug-
gest that selection on introgressed standing variation was a notable 
source of adaptive potential in the earliest Eurasian populations.

Ancient DNA shows that Mesolithic hunter-gatherer groups 
lacked several alleles that later rose to high frequency, including 
lactase persistence and key light-pigmentation variants. For example, 
the derived SLC45A2 allele, now at very high frequency in Europeans 
and associated with lighter skin pigmentation, was rare in Mesolithic 

populations and increased dramatically only after the spread of 
farming52,88. In contrast, some Mesolithic variants were retained fol-
lowing admixture with Neolithic farmers27 (Box 2). Conceptually, 
Mesolithic genomes demonstrate that many major adaptive shifts 
were driven not by gradual change in foragers but by novel selective 
pressures associated with agriculture, diet and population density 
during the Neolithic transition30.

Genetic consequences of the Neolithic transition
Following on from the mobile lifestyles of the Paleolithic, the Neolithic 
is a period marked by dramatic cultural, environmental and demo-
graphic shifts that introduced powerful new selective pressures. 
Neolithization, originally framed by Gordon Childe as the “Neolithic 
revolution”89, marks one of the most profound transitions in human 
history, though the process is more accurately understood as a gradual 
“Neolithic transition” rather than a sudden rupture90. Initiated in part by 
climatic stabilization following the Last Glacial Maximum, this period 
saw the domestication of plants and animals, as well as the emergence 
of agriculture across the Fertile Crescent ( ~ 14,500–11,000 BP), later 
spreading into Europe and South Asia by ~9000 BP19,91–94. Farming 
became the dominant subsistence strategy and likely contributed to 
the emergence of permanent settlements, increased pottery use and 
substantial population growth, developments collectively referred to 
as the Neolithic Demographic Transition95–98.

These changes dramatically altered human diets and living con-
ditions. Early agriculturalists relied on a narrower range of cultivated 
plants and domesticated animals, resulting in less dietary diversity and 
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a greater dependence on carbohydrate-rich staples. However, seasonal 
harvests also introduced new vulnerabilities; crop failures or storage 
loss could lead to periodic food shortages and famine91,99–101. Unlike 
mobile foragers, who could buffer environmental fluctuations through 
mobility, early farmers were tied to fixed locations and inflexible 

food systems102. These energetic constraints may have favored traits 
that improved energy storage and metabolic efficiency52,103,104. This 
hypothesis is supported by evidence of selection on genes involved 
in glucose and insulin regulation. In particular, variants near ENSA and 
MAF, genes implicated in insulin signaling and glucose homeostasis, 
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have been proposed to show signatures of selection in Neolithic pop-
ulations based on a preprint analyzing a large dataset of ancient 
European genomes33.

Variants at the FADS1/2 locus, critical for endogenous synthesis of 
long-chain polyunsaturated fatty acids, rose in frequency among early 
farmers, presumably reflecting adaptation to plant-based diets low in 
these nutrients104,105. Similarly, the copy number of salivary amylase 
genes (AMY1 and AMY2) appears to have increased over time immedi-
ately following the advent of farming, as an adaptation to starch-rich 
diets25. In contrast, the well-characterized lactase persistence variant 
(LCT -13910T), associated with the ability to digest lactose into adult-
hood, does not rise in frequency until the Bronze Age, even though milk 
usage was widespread from the Neolithic onwards28.

Selection on pigmentation genes, including SLC24A5, SLC45A2 and 
HERC2/OCA2, also began during the Neolithic52,106. Although humans 
had moved into higher latitudes at the start of the Upper Paleolithic, 
WHG individuals presumably still had dark skin, and derived alleles 
at SLC24A5 and SLC45A2 were rare or absent52,107–109. Farming brought 
new pressures, such as reduced sun exposure from sedentary life and 
lower vitamin D intake from plant-based diets. These factors might have 
strengthened selection for lighter skin, aiding vitamin D synthesis110.

Alongside metabolic and pigmentation adaptations, the shift to 
sedentism and animal domestication increased exposure to pathogens. 
Higher population densities and close contact with livestock created 
ideal conditions for the emergence and spread of infectious diseases. 
Paleogenomic and archaeological evidence suggests that the Neolithic 
period witnessed recurrent epidemics, some spanning decades or 
centuries111, and the appearance of pathogens, such as tuberculosis 
and salmonella that continue to affect human health today112,113. This 
elevated pathogen burden is mirrored in the genome. Pronounced 
allele frequency shifts are observed in immune-related genes, espe-
cially within the HLA system of the MHC on chromosome six26,33,58. 
Selection appears to have acted on variation spanning both MHC Class I 
genes and MHC Class II genes, which present intracellular and extracel-
lular pathogen-derived peptides to T cells, respectively24,26,33. Toll-like 
receptors (TLR1, TLR6, TLR10), key components of innate immunity, 
also exhibit signals of selection during this time31,33.

Finally, signals of immune-related adaptation can also be found 
in shifts in local ancestry patterns. The Neolithic period saw a major 
influx of ancestry from Anatolia (Fig. 3b), one of the centers of early 
farming, into Europe, resulting in Neolithic European genomes being 
predominantly Anatolian in origin114 (Box 2). However, notable excep-
tions occur at specific immune loci: several regions within the HLA/
MHC complex retain disproportionately high levels of WHG ancestry27. 
These introgressed segments likely reflect immunogenetic advantages 
conferred by WHG variants in pathogen defense, suggesting that local 
alleles were favored by selection even as Anatolian ancestry became 
dominant genome-wide27.

Taken together, the Neolithic transition introduced powerful new 
selective pressures tied to agriculture, settlement, and rising popula-
tion density. However, some of the key genetic adaptations to the new 
diet show weak or delayed signals during this period, with evidence of 
strong selection only emerging in the Bronze Age105.

Increased selection during Bronze Age
The Bronze Age (~3000–1000 BCE) marked a transformative period in 
human history, characterized by the rise of major civilizations, advance-
ments in metalwork and pottery, and the development of urban centers. 
Societies increasingly engaged in long-distance trade and warfare, 
facilitated by innovations in bronze tools and weapons. These shifts 
were accompanied by population growth, increased mobility, and the 
emergence of social stratification115–119. Writing systems first appeared 
in the Middle East during this era120–122, and the broader cultural and 
economic transformations of the time contributed to continued and 
new selective pressures on human genomes.

Directional selection on pigmentation genes persisted and inten-
sified during the Bronze Age. As cereal-based agriculture expanded 
and diets became even less diverse in many regions, access to dietary 
sources of vitamin D, such as fish and liver, decreased, and the abil-
ity to synthesize vitamin D in the skin became more critical. By the 
Late Bronze Age, the derived SLC24A5 allele reached near-fixation 
(>90%) in Central and Northern Europe, whereas the derived allele at 
SLC45A2 approached similar frequencies by the Iron Age, highlight-
ing that much of the genetic architecture of light skin in Europe arose 
surprisingly recently52,88,123.

The Bronze Age also saw the emergence of strong selection on the 
LCT -13910*T allele associated with lactase persistence. Toward the end 
of the Bronze Age, allele frequencies had increased to 30–50% in some 
Central and Northern European populations28,52,105. Selection coeffi-
cients as high as 0.1 have been estimated for this variant, making it one of 
the strongest known examples of recent human adaptation13. Additional 
support for dietary adaptation comes from selection signals at DHCR7, 
a gene involved in vitamin D metabolism, consistent with changes in 
diet and UV exposure33,34. In some geographical regions, selection on 
variants of the lipid metabolism genes FADS1/2 also intensified during 
the Bronze Age33,104,105. This may reflect increasing dietary reliance on 
cereals and a reduced intake of animal-derived fats, further reinforcing 
the metabolic adaptations associated with agricultural lifestyles105.

Urbanization, long-distance mobility, and more intensive inter-
action with domesticated animals during the Bronze Age created 
conditions favorable for the emergence and circulation of infectious 
pathogens. Genomic evidence confirms that pathogens, such as 
Yersinia pestis (plague) and Borrelia recurrentis (louse-borne relaps-
ing fever), circulated widely during this period113,124, contributing to 
elevated selection pressure on immune-related genes. For example, 
HLA-DRB1*15:01 and MR1 (rs10797666), both involved in immunity 
against bacterial infections, such as tuberculosis and salmonella, rose in 
frequency24,33. MARK3 has been identified in aDNA genome-wide scans 
as an immune-related candidate gene with variants under selection, 
and it is also known to interact with SARS-CoV-233. Conversely, vari-
ants associated with impaired immune signaling, including variants in 
TLR3, IL23R and TYK2, declined in frequency, consistent with purifying 
selection against suboptimal immune alleles31 (Box 1).

Overall, the Bronze Age amplified and extended many of the trends 
initiated during the Neolithic as selection on pigmentation, lactase per-
sistence, vitamin D metabolism and immune genes intensified. These 
changes reflect the growing influence of urbanization, dietary shifts, 
pathogen exposure and population mobility in shaping the human 
genome during a time of profound social and cultural transformation.

Immune adaption during the Iron Age and Historical period
The Iron Age and subsequent historical periods brought further and 
far-reaching transformations to societies, including the spread of iron 
technology, growing social complexity, and, in many regions, the even-
tual adoption of writing and emergence of early states125–127. Compared 
to earlier periods, the pace of change in lifestyle, environment and 
population structure accelerated dramatically. Although aDNA stud-
ies for this period are still relatively sparse, they offer valuable insights 
into how these transitions reshaped patterns of natural selection in 
human populations.

Many selection signals that began during the Neolithic and inten-
sified in the Bronze Age continued or plateaued in the Iron Age. For 
example, alleles at the FADS1/2 locus showed evidence of sustained 
directional selection throughout the Historical period, rising to 
~60–75% in some present-day Europeans104,105,128. Similarly, the lactase 
persistence allele reached its highest levels during the Iron Age, and in 
some regions of Northern and Central Europe, the allele approached 
fixation by the end of this period33.

Patterns of selection on immune genes during the Iron Age appear 
more complex. Some immune-related loci, especially within the HLA 
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region, suggest evidence of balancing selection (Box 1), maintaining 
genetic diversity rather than favoring a single allele24. Still, directional 
selection at certain loci is apparent. For instance, ERAP2 (rs2549794), 
which confers protection against Y. pestis, increased in frequency 
following the Black Death in Medieval Europe32. Other variants in 
immune-related genes, such as members of the TLR family, IL1RL1 
and IL23R, may also have been favored in late prehistoric and early 
historic populations, although evidence for selection on these vari-
ants remains limited due to the subtle or population-specific nature 
of the signals31,33,35.

Polygenic traits, which are influenced by many genetic variants 
each contributing a small effect, also came under selection in the Iron 
Age. For example, alleles associated with increased height that were 
introduced into Europe through Steppe ancestry during the Bronze 
Age rose in frequency, contributing to increased average stature52. 
There is also suggestive evidence for polygenic selection on cognitive 
traits and Alzheimer’s risk, although many of these findings remain 
tentative30,33 (see also below).

How selection in the ancient world affects us today
It is increasingly clear that genetic variants favored in past environ-
ments continue to influence human biology today. For example, 
a recent study examined genetic variation at the FADS1/2 locus in a 
cohort of ~785,000 modern individuals of European ancestry128. Using 
reproductive success (number of children born) as a fitness proxy, 
it was found that the derived allele at rs108499 is associated with 
increased reproductive output, suggesting that selection on FADS1/2 
remains ongoing, even in contemporary populations128. However, not 
all evolutionary effects remain beneficial over time. Other studies 
have highlighted evolutionary trade-offs, where genetic variants that 
were advantageous in past environments now carry costs in modern 
contexts. In such cases the same variants are beneficial for one trait 
(for example, pathogen resistance) but harmful for another (such as 
increased risk of autoimmune disease); in other cases, past adapta-
tions may become disadvantageous simply because environments 
and lifestyles have changed24,31,32. For instance, large-scale migrations 
from the Pontic-Caspian Steppe, associated with the Yamnaya culture, 
introduced substantial Steppe ancestry into European populations18 
(Box 2), along with genetic variants linked to immunity and height that 
were likely advantageous in the pastoralist lifestyle of the steppe24,52. 
However, HLA haplotypes such as HLA-DRB1*15:01 that are enriched in 
regions with greater steppe ancestry are now associated with increased 
risk of multiple sclerosis, suggesting a trade-off between enhanced 
pathogen resistance in ancestral contexts and increased autoimmunity 
today24. Similarly, variants in ERAP2, which likely conferred protec-
tion against plague, are now associated with a greater risk for Crohn’s 
disease32. Dietary adaptations also exemplify these trade-offs. Certain 
alleles related to lipid metabolism at the FADS1/2 cluster, which in both 
ancient and present-day data show strong, and even ongoing, selection, 
have associations to cardiometabolic disease risk7,30,105,128. Together, 
these findings illustrate that the human fitness landscape is fluid and 
context dependent, as alleles that once promoted survival and repro-
ductive success can now predispose individuals to chronic disease. 
Recognizing these evolutionary trade-offs is increasingly important 
for genomic medicine, where understanding a variant’s adaptive his-
tory can help explain present-day patterns of health and disease risk7.

Outstanding questions and directions
The recent aDNA studies discussed here have uncovered clear sig-
natures of natural selection acting on dozens of genes over the past 
50,000 years, illuminating how past environments, diets, pathogens 
and social structures shaped the human genome (Suppl. Table 1). These 
discoveries offer a more refined view of recent human adaptation. Yet 
despite this progress, some key limitations continue to constrain the 
field and leave important questions unresolved.

Rethinking human adaptation
Ancient DNA studies reveal that pathogen-driven selection is often 
episodic and locally constrained, shaped by short-term outbreaks 
and region-specific immune challenges. Such events typically act on 
standing variation, producing modest or transient allele frequency 
shifts that rarely reach fixation and are often difficult to detect without 
dense temporal and geographic sampling. Beyond pathogen-driven 
selection, genetic responses to major lifestyle transitions, such as the 
adoption of agriculture, frequently appear delayed. Well-characterized 
adaptive variants, including FADS1 and LCT, rise in frequency long after 
farming was established, indicating that selective pressures do not 
necessarily produce immediate genomic responses105. This pattern 
is illustrated by analyses of lipid residue and aDNA time-series, which 
show that milk consumption in Europe preceded the rapid increase of 
the lactase persistence allele (LCT − 13,910 T) by several millennia, with 
strong selection emerging only in the late Bronze and Iron Ages28. These 
results suggest that selection was context-dependent, possibly inten-
sifying during periods of famine, disease or physiological stress, rather 
than being driven solely by milk availability. In contrast, Central Asian 
pastoralists appear to have relied primarily on cultural practices such 
as fermentation to mitigate lactose intolerance, as lactase persistence 
alleles did not rise in frequency in these populations129.

Demographic processes further complicate the detection and 
interpretation of selection. Admixture and migration can introduce 
adaptive alleles, including through Neanderthal introgression during 
the Paleolithic (Box 2), but they can also obscure earlier selection sig-
nals. Many strong sweep-like patterns in modern genomes date to the 
historical period, whereas older adaptive events from the Neolithic or 
Bronze Age are often masked by later population migration and admix-
ture events33,36. Importantly, adaptive variants often fail to increase in 
frequency again following admixture, indicating that selection was 
temporally constrained36. Together, these findings underscore the 
importance of temporally resolved, region-specific time-series data 
for reconstructing the timing and context of human adaptation and 
highlight the need for models that account for episodic selection, 
cultural buffering, and complex demographic histories.

Importance of a more inclusive genetic record beyond Europe
The archaeological, paleoclimatic and modern genetic evidence 
make clear that ancient populations across the globe experienced 
vastly different environments, diets, pathogens and demographic 
histories31,103,130–133. As discussed above, even within the same geo-
graphic region, selection on immune genes varied by period, shaped 
by epoch-specific exposures to infectious disease. It is therefore likely 
that selection landscapes in ancient populations from Africa, Asia, 
Oceania and the Americas diverged from those inferred from Euro-
pean data (Box 3). Yet, most aDNA selection studies remain focused 
on European populations. This geographic skew reflects current 
data availability; indeed, as of 2024, approximately 67% of ancient 
individuals in the Allen Ancient DNA Resource (AADR) dataset origi-
nate from Europe and Russia50. In recent years, important steps have 
been taken to broaden geographic representation in aDNA research, 
including growing numbers of published genomes from previously 
underrepresented regions, including South America, Oceania, Central 
Asia and Africa134–138. Continued efforts to include underrepresented 
populations will be critical for developing a more comprehensive 
picture of how human evolution shaped health in historical and 
current populations139.

Strengthening support for candidate variants
Apart from geographic representation, distinguishing true signals of 
selection from stochastic noise remains one of the field’s most persis-
tent challenges. Recent methodological advances and rapidly grow-
ing aDNA datasets are enabling the detection of increasingly subtle 
allele-frequency trends through time, as shown in a recent preprint58. 
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At the same time, this improved sensitivity heightens the risk of 
false-positives, unless confounding processes, such as genetic drift, 
population structure, and admixture, are explicitly and carefully mod-
eled. Moreover, purifying selection (Box 1) can influence neutral varia-
tion through background selection, subtly influencing allele frequency 
changes across the genome in non-uniform and difficult-to-model 
ways140–142. Accordingly, several studies have questioned the robust-
ness of specific selection inferences, citing examples of signals that 
fail to replicate across datasets33, inconsistencies in studies of alleles 
associated with psychiatric disorders30, or potential confounding 
due to background selection58. To address these limitations, recent 
work has introduced complementary validation strategies, such as 
for instance population genetic simulations that model allele trajecto-
ries or sweep-like signals under realistic scenarios, including complex 
demography and selection36.

A major recent advance is the integration of functional genomics 
with aDNA to test the biological effects of candidate adaptive vari-
ants. A key example comes from analyses of genomes spanning the 
14th-century Y. pestis pandemic, where it has been suggested that the 
protective allele at the ERAP2 locus (rs2549794) increased in frequency 
after the Black Death, consistent with strong positive selection32. 
Functional assays showed that macrophages carrying the protective 
variant mounted a stronger immune response to Y. pestis, supporting a 
survival advantage during infection. This combined genetic and exper-
imental evidence provides rare direct support for pathogen-driven 
selection inferred from aDNA time series32. At the same time, this 
example has also become a focal point of ongoing methodological 
debate. A recent study143 reanalyzed the data and argued that the sig-
nal at rs2549794 is not robust to alternative null models or statistical 
controls, citing sensitivity to filtering, allele-frequency estimation 
error and multiple testing and reporting no convincing locus-specific 
frequency shift. In response, the original study authors published a 
reply144, revising allele-frequency estimates and adding new epide-
miological and functional analyses, and argue that the original inter-
pretation remains supported. Together, these studies illustrate both 
the value of functional validation and the sensitivity of locus-specific 
selection claims to analytical choices and sparse temporal sampling 
in aDNA studies.

We argue that orthogonal approaches, combining aDNA with 
statistical modeling, simulation and functional validation, are essen-
tial for robust inference of natural selection. As the field progresses, 

 the integration of ancient genomics with experimental immunology139, 
transcriptomics145 and other biomolecular data will be critical for 
revealing how evolutionary forces have shaped the human genome.

From single genes to polygenic adaptation
Many traits of evolutionary and biomedical interest (classic examples 
include height and disease risk) reflect the cumulative, mostly small 
and additive contributions of numerous variants146. In such settings, 
adaptation can proceed via subtle, coordinated allele-frequency shifts 
across many loci (“polygenic adaptation”) rather than dramatic sweeps 
at a single site65,147. This framework has motivated aDNA studies to test 
for time-structured changes in aggregate genetic liability to complex 
traits. Most aDNA papers quantify such changes using polygenic risk 
scores (PRSs) or equivalent tools, defined as the sum of risk-allele dos-
ages weighted by GWAS effect sizes for a trait148. PRS time-series can, in 
principle, reveal whether genetic liability rises or falls across archaeo-
logical periods or ancestry turnovers. Across studies, evidence for poly-
genic adaptation is trait- and time-dependent, with the most consistent 
signals observed for pigmentation52,123, and a growing prominence of 
immune and blood-cell traits after the Bronze Age30,31.

However, interpreting PRS trajectories in aDNA is challenging as 
effect sizes are learned in present-day cohorts and may not transport 
across ancient ancestries149–151. Additionally, coverage and damage 
constrain genotype calling and imputation, reference and ascertain-
ment biases can inflate or deflate scores, and demographic change (for 
example admixture, drift, founder events) can mimic selection60,152–154. 
Furthermore, the subtle and coordinated allele-frequency changes 
expected under polygenic adaptation are not unique to directional 
selection. Background selection and stabilizing selection can also 
produce genome-wide temporal covariance and small, consistent 
frequency shifts across many loci, thereby mimicking polygenic 
directional signals60,155. Without explicitly modeling these processes, 
polygenic tests based on temporal trends or aggregate statistics may 
substantially overestimate the prevalence of adaptive change.

For these reasons, careful studies complement PRS with 
sensitivity analyses (for example, excluding HLA, restricting to 
high-confidence SNPs, ancestry-specific weighting) and with 
time-series allele-frequency methods that account for confound-
ing factors and alternative models of selection24,30,31 (Box 1). Overall, 
although monogenic selection often leaves clear temporal signatures 
(that is, rapid frequency shifts at a single locus), polygenic selection 

BOX 3

Natural selection beyond Western Eurasia
To date, most aDNA studies have focused on Western Eurasia, but 
recent work increasingly extends to Africa, the Americas, Asia and 
Oceania, revealing previously unexplored selection landscapes. In 
sub-Saharan Africa, comparisons of ancient and modern genomes 
suggests selection on skin pigmentation and UV-response in 
ancient Khoe-San foragers, consistent with adaptation to high UV 
exposure174,175, and on growth-related variants in Central African 
rainforest hunter-gatherers (for example, Mbuti), suggesting an 
adaptive basis for small body size175,176. Ancient pastoralists from 
Kenya and Tanzania ( ~ 3000–1200 BP) largely lacked the lactase 
persistence allele, indicating that its rapid rise in African herders 
occurred within the last ~1,000–2,000 years177,178. In the Americas, 
aDNA reveals rapid adaptation following migration. Analysis 
of modern individuals from the Andean highlands identified 
selection on hypoxia-related genes (EGLN1, NOS2A) associated 
with high-altitude adaptation in the Andes179. Time-series genomic 

data from the same population also show allele frequency shifts at 
MGAM, suggesting a genetic pathway for starch adaptation distinct 
from the AMY1 copy-number expansion prominent in West Eurasian 
farmers180. Disease pressures further shaped selection, as ancient 
Andean populations show strong post-contact shifts at immune 
loci following European introduction of Old-World pathogens180,181. 
Lastly, using a globally distributed aDNA dataset (>7,000 genomes), 
a recent preprint182 identifies 31 loci under selection, revealing 
both region-specific and parallel adaptive trajectories across the 
Holocene. Their analyses indicate time-varying selection on diet- 
and metabolism-related loci (for example, LCT, ADH1B), directional 
selection on pigmentation and immune traits, and consistent 
stabilizing selection on female waist-hip ratio across populations. 
Together, these studies highlight region-specific adaptive trajectories 
and underscore the importance of expanding aDNA research beyond 
Western Eurasia to fully understand human evolutionary history59,183.
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in aDNA is inferred from subtle allele-frequency shifts across many 
loci that are difficult to separate from demographic noise and must 
therefore be interpreted cautiously.

Reconstructing the past requires more than DNA
Ancient DNA is only one component of human evolutionary history; 
complementary archaeological and environmental evidence helps 
reconstruct the ecological and social contexts that shaped the fitness 
consequences of genetic variants. A compelling example of this type of 
gene-environment interaction, which can be understood by integrat-
ing data across disciplines, comes from studies of height in prehistoric 
Europe. Height is a trait that can be tracked in ancient populations 
using skeletal measurements. While genetic height scores generally 
track with skeletal height over time, discrepancies emerged in early 
agricultural populations, where individuals were shorter than expected 
given their genotypes156. Skeletal indicators point to poor diets and 
physiological stress, suggesting that environmental constraints sup-
pressed growth despite favorable genetic potential156. Interestingly, 
these discrepancies were more pronounced in women than in men, 
particularly in early Neolithic populations in Central and Northern 
Europe, suggesting that female stature may have been more sensi-
tive to environmental stressors or social inequalities during the early 
agricultural transition in these populations157. In a more recent study, a 
strong gene–environment interaction at the lactase persistence locus 
was found, with carriers of the derived LCT allele being significantly 
taller in ancient populations despite little effect today158. Together, 
these finding provides rare empirical evidence that the phenotypic 
consequences of genetic variants can depend strongly on their his-
torical context. Despite their promise, such integrative approaches 
remain rare in aDNA-based selection studies. Thus far, only a few efforts 
have systematically combined genomic signals with archaeological, 
anthropological or environmental data.

Conclusions
Ancient DNA has transformed the study of human adaptation by ena-
bling direct observation of evolutionary change through time. Yet 
understanding adaptation requires more than identifying alleles under 
selection: it demands that we ask why particular variants were favored, 
under what ecological and cultural conditions and how those condi-
tions shaped their phenotypic effects. Together, recent findings point 
to a more nuanced view of adaptation, one that reflects the episodic 
nature of selective pressures, their strong dependence on local environ-
ments and cultural practices, and the complex demographic histories 
that structure human genomes.

Moving forward, deeper collaboration between geneticists, 
archaeologists, paleoclimatologists, paleomicrobiologists, and anthro-
pologists will be essential, including careful validation of candidate 
variants. By weaving together genomic, microbial, cultural and environ-
mental evidence, we can construct a fuller and more realistic portrait of 
the evolutionary pressures that shaped our species. As aDNA research 
continues to expand geographically and methodologically, such inte-
grative approaches will be crucial for capturing the full complexity of 
human evolutionary history.
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