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INTRODUCTION: Human adaptation to a wide
range of diets is a hallmark of our species,
sometimes even reflected in our genomic di-
versity. The amylase gene encodes an enzyme
that digests starch, a complex carbohydrate
found inmanymodern human diets. Genomic
studies have found substantial variation in the
number of amylase gene copies, which is be-
lieved to be an adaptive response to dietary
changes among human populations, after the
advent of agriculture. However, the sequence
complexity of the amylase gene region has hin-
dered our understanding of the evolution of its
variation and functional implications over time.

RATIONALE:Recent technological advances have
made it possible to resolve the sequence com-
plexity of the amylase gene region with un-
precedented accuracy and detail. Our study has
reconstructed this region at nucleotide-level
resolution in 98 individuals, using a combina-
tion of long-read sequencing and optical genome
mapping technologies. We have now elucidated
the mechanisms that have given rise to the

genetic and protein variation of amylase and
provided insights into the evolutionary tra-
jectory and potential functional effects of this
genomic region throughout human history.

RESULTS: Our study has identified 30 distinct
structural patterns of the amylase gene region
across the genomes of 98modern-day humans.
We have found evidence for negative selection
at the protein level to maintain the essential
function of the amylase genes. Furthermore,
we identified two distinct mechanisms, with
different mutation rates, that produce the copy
number variation and structural patterns seen
for the salivary (AMY1) and the pancreatic
(AMY2A and AMY2B) genes, respectively.
Analysis of archaic hominin genomes showed
that some Neanderthals harbored AMY1 dupli-
cations. We also found that hunter-gatherers
already had highly variable AMY1 copy num-
bers as early as 45,000 years ago, followed by a
significant increase in the AMY1 copy number
in the genomes of European farmers over the
past 4000 years.

CONCLUSION: The molecular archaeology of
the amylase region, one of the most struc-
turally dynamic and fastest evolving regions
of the human genome, has been comprehen-
sively dissected in this study. Our findings
suggest that the initial event leading tomultiple
AMY1 copies occurred far before agricultural
transitions, possibly even before the human-
Neanderthal split. Our results are consistent
with an evolutionary scenario where an ini-
tial duplication of the AMY1 gene occurred
~800,000 years ago, leading to the generation
of common structural patterns containing three
AMY1 genes.Moreover, our data further demon-
strate that copy number variation in the AMY1
and AMY2 genes has emerged through two
distinct mechanisms. Given the frequency in-
crease in higher AMY1 copy number patterns
in the past 4000 years, selectionmay have acted
on this existing AMY1 copy number variation,
consistent with an adaptive response to the
increased role of starch indiets. Taken together,
our study provides a robust framework that care-
fully contextualizes the impact of environmental
factors and human lifestyles (such as specific
dietary preferences) on the evolution of complex
regions of the human genome.▪
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Implications of reconstructing
complex genetic variation in
the amylase locus. The compre-
hensive map of the human amy-
lase locus revealed structural
variations such as duplications
and inversions (top). Negative
selection was observed on all
amylase gene–coding sequences
(bottom left). Two mechanisms
were identified behind these
variations: nonallelic homologous
recombination (NAHR) and
microhomology-mediated break-
induced replication (MMBIR)
(bottom-middle). Amylase gene
duplications predate agriculture and
possibly the human-Neanderthal
split (bottom right). A putative
adaptive increase in variation among
European farmers was noted over
the past 4000 years. [Figure cre-
ated with BioRender]
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Feyza Yilmaz1†, Charikleia Karageorgiou2†, Kwondo Kim1†, Petar Pajic2, Kendra Scheer2,
Human Genome Structural Variation Consortium‡, Christine R. Beck1,3,4, Ann-Marie Torregrossa5,6,
Charles Lee1*, Omer Gokcumen2*

Previous studies suggested that the copy number of the human salivary amylase gene, AMY1,
correlates with starch-rich diets. However, evolutionary analyses are hampered by the absence of
accurate, sequence-resolved haplotype variation maps. We identified 30 structurally distinct haplotypes
at nucleotide resolution among 98 present-day humans, revealing that the coding sequences of AMY1
copies are evolving under negative selection. Genomic analyses of these haplotypes in archaic hominins
and ancient human genomes suggest that a common three-copy haplotype, dating as far back as
800,000 years ago, has seeded rapidly evolving rearrangements through recurrent nonallelic
homologous recombination. Additionally, haplotypes with more than three AMY1 copies have significantly
increased in frequency among European farmers over the past 4000 years, potentially as an adaptive
response to increased starch digestion.

C
opy number variation at the amylase
locus is frequently attributed to human
health and adaptation (1). As such, this
structurally variable locus is a prime tar-
get for research on the fundamental biol-

ogy of gene duplications. There are two types of
amylase genes, AMY1 and AMY2, which are
reported to be expressed in the salivary glands
and pancreas, respectively (2). Both genes encode
the amylase enzyme, which breaks down poly-
meric starch into simple sugar molecules, a
crucial digestive process for starch-eating spe-
cies (3). It has been shown that mammals that
consume starch-rich diets underwent independ-
ent bursts of amylase gene duplications from
the ancestral pancreatic AMY2-like gene (4). A
great ape–specific duplication resulted in the
formation of the salivaryAMY1 gene (5), which
has since evolved to produce unusual copy num-
ber variations, ranging from 2 to 17 copies per
diploid cell (1, 6). This variation is especially
prominent in human populations with high
starch consumption, particularly those with
a history of agriculture (1, 6, 7). These evo-
lutionary insights indicate that copy number
variation at the amylase locus may play an
adaptive role in shaping the metabolic response

to starchy diets, including the presence of mi-
crobes that break down amylase-resistant
starch (8).
Given its adaptive and putative functional

roles, duplications of the AMY1 gene were
linked to the advent of agriculture ~10,000
years ago (1). The lack of nucleotide-level
resolution in evolutionary analysis has led to
disagreements about the timing and function-
al importance of AMY1 gene duplications in
relation to starch-rich diets and human evo-
lution (7, 9–12). To address this issue, we have
resolved this locus at nucleotide level at a
population scale across 98 individuals from
different populations, using optical genome
mapping and long-read sequencing techni-
ques. The nucleotide-resolved haplotypes of
this locus subsequently allowed us to conduct
evolutionary genetic analyses on ancient human
and archaic hominin genomes to investigate the
timing of AMY1 gene duplications within the
context of agriculture.

Results
Structural haplotypes at the human
amylase locus

The amylase locus in the human genome is a
~212.5–kilobase pair (kbp) region on chromo-
some 1 (GRCh38; chr1:103,554,220 to 103,766,732)
whichcontainsAMY2B,AMY2A,AMY1A,AMY1B,
and AMY1C genes (Fig. 1A). This locus is largely
composed of segmental duplications with >99%
sequence similarity, which complicates its accu-
rate assembly using short-read sequencing
(fig. S1). Using the sequence similarity of seg-
mental duplications and the labeling patterns
from the optical genome mapping data from
theGRCh38 reference assembly in silicomap,we
defined six distinct amylase segments overlapping

the amylase genes, depicted by colored arrows
(Fig. 1A and table S1). Using optical genome
mapping, which has been previously demon-
strated to resolve similar complex regions (13–15),
we constructed haplotype-resolved diploid as-
semblies for 98 individuals [n = 196 sampled
alleles (i.e., haploid sample size); table S2] and
characterized this locus using the copy num-
ber and orientation of the amylase segments
(Fig. 1A). This approach allowed us to identify
52 distinct amylase haplotypes (fig. S2, A and
B, and table S3), of which 7 were previously
reported (7) (fig. S3). These haplotypes were
then classified on the basis of the number of
amylase gene copies, adhering to the estab-
lished nomenclature HXAYBZ, where HX rep-
resents AMY1, AY represents AMY2A, and BZ
represents AMY2B copy numbers; superscripts
“a” and “r” indicate ancestral and reference
haplotypes, respectively (fig. S4) (7, 11). We
subsequently defined 30 high-confidence haplo-
types (from 117 observed alleles in 81 individ-
uals) that were orthogonally supported by de
novo assemblies on the basis of long-read se-
quencing (Fig. 1B) (16). This represents the first
nucleotide-level reconstruction of the amylase
locus at a population scale.
The length of the amylase haplotypes ranged

from 111 kbp (H1a.1 andH1a.2) to 402 kbp (H7.1)
(Fig. 1B), capturing those that are structurally
identical to the GRCh38 (H3r.1) and the T2T-
chm13 (H7.3) (17) reference assemblies (Fig. 1A).
Four haplotypes, H1a.1 (n = 20 out of 117), H3r.1
(n = 18 out of 117), H3r.2 (n = 22 out of 117), and
H3r.4 (n = 21 out of 117), were categorized as
common, each with an allele frequency exceed-
ing 5% across all studied populations. These
four common haplotypes collectively consti-
tute ~70% of all amylase haplotypes (n = 81
out of 117) in this study. Despite our limited
sample size, we found that the four common
haplotypes exist in all continental regions
(Fig. 1C and fig. S5). In addition, AMY1 copy
number variations do not exhibit a discern-
ible geographic specificity (P value = 0.4312,
Kruskal-Wallis rank sum test).
Out of 30 “high confidence” amylase haplo-

types, we identified 19 (63%) as singletons,
which are haplotypes that appear only once
in our dataset. To infer the relative mutation
rate of the amylase locus, we compared this
number to that of tandem repeats. To avoid
potential biases, we used the same 33 indi-
viduals that are present in both the tandem
repeat database (EnsembleTR) and our dataset.
Only 21 of the 30 distinct amylase haplotypes
were present in these 33 individuals. To ensure
the analysis was consistent across different
genomic regions, we only consideredmatched
tandem repeat loci that had exactly 21 detected
alleles in the human population. This yielded
719 tandem repeat loci (fig. S6). We found that
the proportion of singleton haplotypes was
significantly higher for the amylase locus than
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Fig. 1. Amylase structural haplotypes identified from present-day humans
in this study. (A) Segmental duplications (light to dark gray: 90 to 98%
similarity; light to dark orange: >99% similarity), GENCODE V44 gene
annotations, and long terminal repeats (LTRs) are represented as tracks. The
lower panel shows amylase segments (colored arrows), and haplotype structures
of GRCh38 and T2T-chm13 reference assemblies, represented as in silico
maps with white backgrounds and vertical blue lines displaying optical mapping
labels. The AMY2B segment overlaps the AMY2B gene, AMY2A.1 and AMY2A.2
segments overlap the AMY2A gene, and the AMY1 segment overlaps the AMY1
gene. (B) The high-confidence amylase structural haplotypes resolved in our
dataset (n = 30). The vertical black line in the second AMY1 segment of H3r.3

represents the polymorphic label present in three alleles. The diagonal stripes in
the second AMY2B segment of H3B2.1 indicate that it is a partial copy of the
first AMY2B segment. Haplotype IDs: HX: X denotes the number of AMY1 copies;
AY: Y denotes the number of AMY2A copies; BZ: Z denotes the number of
AMY2B copies. The superscript “a'' denotes the ancestral amylase haplotype
structure, and the superscript “r” denotes the reference amylase haplotype
structure. The number in parentheses indicates the number of alleles. (C) The
distribution of common amylase haplotypes across 26 population samples.
(D) The proportion of singletons for tandem repeat loci (EnsembleTR) across the
genome. For adequate comparison, we used the same individuals (n = 33) for
whom we were able to reconstruct amylase haplotypes in our dataset.
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the genome-wide average for the 719 tandem
repeat loci (the observed empirical percentile =
0.017, Fig. 1D). This observation is informative
for understanding the mutation rate at this
locus because the allele frequency spectrum
and proportion of singletons are determined
by mutation rate and genetic drift (18). By
using the same individuals and matching the
number of distinct haplotypes in our compar-
ison, we control for demographic biases and
provide a relative estimation of the mutation
rate for the amylase locus. Considering that
short tandem repeats have mutation rates as
low as 10−8 (similar to single-nucleotide variant
mutation rate) and, in some cases, can be as
high as 10−2 mutations per locus per gener-
ation (19), our analysis encompasses the entire
range of mutation rates found in the genome.
We acknowledge that an ideal future compar-
isonwould involve other amylase-like loci, which
exhibit similar mutational mechanisms and
levels of structural variation and that are re-
solved using comparable approaches once
such databases become available. When we

repeated this analysis for the complex 3q29
locus, known for its segmental duplication-rich
nature and high levels of structural variation
and that has been resolved with similar ap-
proaches (15, 20), we found 11 (50%) singleton
haplotypes (fig. S7). Thus, the amylase locus is
mutating faster than a typical structural va-
riation hotspot and 98.3% of analyzed tandem
repeats.
To understand the extent of the amylase

haplotypes that are captured in our study
compared to what exists in the human popu-
lation, we conducted rarefaction analysis on
the 98 samples. We identified all common
haplotypes with a frequency of ≥5% (fig. S8)
and 85% of all haplotypes overall (Fig. 1E and
fig. S9).

Strong negative selection limits functional
variation among amylase gene copies

To systematically assess the selection pressure
on the amylase genes coding sequences, we
examined thedegree of protein-coding sequence
variation associated with our high-confidence

amylase haplotypes (30 haplotypes from 117
alleles). Gene annotation predicted 582 distinct
intact protein-coding amylase gene copies in
117 alleles, and we experimentally validated
these predictions using digital droplet poly-
merase chain reaction (ddPCR) on 18 randomly
selected individuals (coefficient of determina-
tion R2 = 0.94; fig. S10A and tables S4 and S5)
(21). The reconstruction of the coding sequence
phylogeny revealed that all humanamylase gene
copies can be robustly clustered into three dis-
tinct types: AMY2B, AMY2A, and AMY1 (boot-
strap value = 96%; Fig. 2A and fig. S11).We found
that theAMY2B,AMY2A, and AMY1 genes had
23, 23, and 36 fixed coding sequence variations
specific to each type, resulting in 6, 11, and 19
gene-specific amino acid differences, respectively
(table S6). On the basis of the coding sequence
alignment (22), we estimated the synonymous
andnonsynonymous substitution (dN/dS) ratios
using codeml (23) and found no evidence for
lineage-specific selection pressure acting on
any of the amylase gene types [false discovery
rate (FDR) adjusted P value from c2 test > 0.05;

Fig. 2. The variants in
amylase coding
sequences and nega-
tive selection on
three amylase gene
types. (A) The maxi-
mum likelihood phylo-
genetic tree of amylase
coding sequences (left)
and dN/dS estimate for
each amylase gene
type (right). The phylo-
genetic tree is rooted
with a coding sequence
from the sheep genome
(Oar_rambouillet_v1.0).
The number of nucleo-
tide and resultant amino
acid changes that are
paralog-specific are indi-
cated. The numbers in
parentheses indicate
nucleotide and amino
acid changes that are
variable within the
AMY1 branch. The numbers to the right of each bar represent the FDR-adjusted P value for the likelihood ratio between H02 (dN/dS ratio is fixed to one on the
foreground branches) and H1 (two dN/dS ratios are allowed on the foreground and background branches, respectively) for each gene type. (B) The positions of amino
acid variants within and between AMY2B, AMY2A, and AMY1 protein sequences. The 211 and 366 positions are highlighted because they overlap with a conserved
section of the amylase protein sequence and have a predicted functional impact [AlphaMissense (90)]. The coordinates are based on the residues of the amylase enzyme
from UniProtKB (accession: P0DUB6). Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His;
I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Additionally, we filtered the tandem repeat loci (719 loci, unit length 1 to 6 bp)
that we analyzed to match the number of distinct alleles (n = 21) observed in the
amylase locus. The asterisk (*) represents the proportion of singletons among
all distinct haplotypes (~67%, 14 out of 21) detected at the amylase locus.
(E) Rarefaction and extrapolation sampling curve based on 52 amylase haplotypes,

displaying how the number of distinct haplotypes (blue line) is projected to saturate
with the increase in the number of alleles. The rate of change (red line, 0.15)
indicates the number of previously unknown haplotypes discovered per unit increase
in the number of analyzed alleles. The dashed line shows the proportion of
estimated number of samples (85.25%) captured in our study.
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table S7). By contrast, all amylase gene types
show significant signatures of negative selec-
tion (FDR adjusted P value from c2 test <0.05;
Fig. 2A and table S7). These observations sug-
gest that negative selection (dN/dS ratio <1)
has acted to retain the amino acid sequence of
amylase gene copies, both within and between
the three amylase gene types. It is of note that
we identified two amino acid variants at posi-
tions 211 and 366 (accession: P0DUB6) that
could contribute to functional differences and
may have biomedical relevance (Fig. 2B, fig.
S12, and table S8) (24).
Our coding sequence data from gene anno-

tations cover 582 intact amylase gene copies
and confirmed the explicit difference between
AMY1, AMY2A, and AMY2B genes, which is
crucial to distinguish the expression of these
genes across tissues. Indeed, according to exist-
ing data portals, Genotype-Tissue Expression
and TheHuman Protein Atlas (25, 26),AMY2A
andAMY2B are expressed in the pancreas and,
to some level, in adipose and brain tissues,
whereas the AMY1 gene is expressed primarily
in the parotid salivary gland (fig. S13). These
observations are consistent with the idea that
AMY1 first emerged in the ancestor of great
apes, resulting in a gain of expression in the
parotid gland tissues (5). Furthermore, subse-
quent AMY1 gene duplications in the human
lineage appear to affect the dosage of amylase
in the parotid salivary glands (1). Among the
haplotypes that we identified in this study, we
found 110 amylase pseudogenes and showed
that they share a single phylogenetic origin
from an ancestral incomplete gene duplication
of the AMY2A gene (27) (fig. S14). Thus, the
pseudogenization ofAMY2A ismore likely due
to a single mutational event rather than a loss
of constraint and the repeated occurrence of
new loss-of-function variants.

Evolution of the copy number of AMY1 gene

We show that all human amylase gene copies
can be robustly clustered into three distinct
types: AMY2B, AMY2A, and AMY1. However,
to specifically study the evolution of the copy
number of the salivary AMY1 gene, we needed
to identify the sequences within the amylase
locus that were the most phylogenetically in-
formative. To achieve this, we systematically
evaluated the variation in 117 alleles by aligning
sequences and identified a consensus sequence
for each amylase segment (fig. S15, A and B).
We identified an interval (from 22,850 to
26,730 bp) (22) within the AMY1 segment (fig.
S15C),whereallobservedAMY1 segments (n=337)
can be phylogenetically structured into three
distinct clusters: AMY1A (n = 124), AMY1B
(n = 99), and AMY1C (n= 114) (fig. S15D). These
clusters correspond to the segments repre-
sented in the GRCh38 reference assembly.
Further, the chimpanzee (panTro6) and gorilla
(gorGor6) reference genomes each contain

only one AMY1C-like segment. Despite the
structural similarity of these haplotypes, we
found that the nonhuman primate sequences
cluster distinctly from those of the human
H1a.1 haplotypes (figs. S16 and S17). These
findings suggest that the common ancestor of
humans and chimpanzees possessed a single
AMY1C-like segment, and the AMY1A and
AMY1B segments have evolved only in the
human lineage (fig. S17). Note that the bonobo
reference genome (panPan3) contains two
AMY1 segments: one ancestral and one result-
ing from an independent, bonobo-specific
duplication, as determined through synteny
andphylogenetic analysis (figs. S16 andS17). One
of these duplications is likely nonfunctional
owing to a previously reported disrupted coding
sequence (1), a finding corroborated by the
most recent annotation (RS_2024_02/NHGRI_
mPanPan1-v2.0_pri).
To further understand the evolution of the

AMY1 gene copy number, we aligned all AMY1
segments from the most common haplotypes,
H3r.1 and H3r.2, that harbor all three AMY1 seg-
ment types. Two independent Bayesian phylog-
enies based on these alignments indicate that
the AMY1B segment arose from AMY1C ~140
to 270 thousand years ago (ka), followed by the
duplication of AMY1A from the AMY1B seg-
ment ~120 to 240 ka (fig. S18 and table S9).
Geneconversionbetween theGC-rich segmental
duplications complicates time estimation based
on a molecular clock and is a known phenom-
enon at the amylase locus (6, 28). Considering
gene conversion between AMY1 segments, the
actual duplication dates are expected to be older
than the estimates above. Some studies have
used single-nucleotide variants in the flanking
regions to infer the phylogenetic history of this
locus, positing coalescence dates for human
amylase locus at ~279 and ~450 ka (11, 12).
However, as described previously (7), we found
that the linkage disequilibrium between the
flanking single-nucleotide variants and amylase
haplotypes is low (e.g., H1a.1, average R2 = ~0.26
and median R2 = ~0.03) (fig. S19), complicating
the time estimation of AMY1 duplications using
flanking regions. Therefore, our estimates avoid
these complications and support the conclusion
that the initial AMY1 gene duplications substan-
tially predated out-of-Africa migrations, by at
least 30 thousand years (table S9).

AMY1 copy number variation in archaic
hominin genomes

A complementary approach for estimating the
relative timing of gene duplications involves
analyzing the read-depth of unique k-mers in
ancient human and archaic hominin genomes.
We first tested a k-mer approach using the
GeneToCN algorithm (29) on short-read se-
quencing data to estimate the copy numbers
of the AMY1, AMY2A, and AMY2B genes in
116 present-day human genomes (table S5).

Notably, the k-mer approach achieved an
R2 > 0.99 correlation for 32 individuals, each
with both haplotypes of the amylase locus re-
constructed (fig. S10B). We tested our k-mer
approach in 101 samples (a subset of the 116
individuals mentioned above) with digital drop-
let PCR validation data (R2 = 0.95; fig. S10A).
These results suggest that the GeneToCN esti-
mates are consistent with the digital droplet
PCR estimations and are a viable option for
estimating AMY1 gene copy numbers in short-
read whole-genome sequencing datasets.
We then aimed to estimate AMY1 gene copy

number in eight archaic hominin genomes
using two approaches: (i) the validated k-mer
method described above, as well as (ii) an
independent read-depth analysis (table S10).
Given the varying genome-wide coverage in
most of these genomes, we needed to con-
duct a downsampling analysis to empirically
determine that 1X and 5X genome-wide co-
verage provides >85% and >95% accuracy in
estimating AMY1 copy number, respectively
(fig. S20 and table S11) (30). Controlling for
GC bias and coverage within the amylase
locus for each sample, we could reliably esti-
mate the AMY1 copy number for eight archaic
hominin genomes (table S10). We found in-
creased AMY1 copy numbers in two Eastern
and one Western Neanderthal, as well as in
one Denisovan genome (Fig. 3A, fig. S21, and
table S10). These include the Altai Neanderthal
(2.6 copies), Denisova 2 (8 copies), GoyetQ56-
1 (5.0 copies), and Mezmaiskaya 2 (4.7 copies).
Previous read-depth analysis of Altai Nean-
derthal and Denisovan genomes found no
evidence for an increase of AMY1 gene copy
number (10, 31). By incorporating additional
archaic hominin genomes that have not been
previously analyzed for AMY1 copy number
(total: n = 8), we have now detected signa-
tures ofAMY1 gene duplication in a total of four
archaic hominins.
The AMY1 duplication in these archaic

hominins could be postulated by four sce-
narios. First, it is possible that because of
the complexity of the amylase locus and the
complications inherent in archaic hominin
genomic sequencing, there may be a technical
bias in our detection. However, the observation
of duplications using two different approaches
and in multiple genomes provides confidence
in our results. Second, it is plausible that intro-
gression into archaic hominins from humans
may explain the presence of duplications in the
former, especially in the light of recently re-
vealed complex interactions and gene flow
events between Neanderthals and present-day
humans over time (32). The approach recently
developed by Li and colleagues (32) will be
valuable for more formally testing for intro-
gression from and to Neanderthals, poten-
tially underlying the origins of the observed
AMY1 duplications in Neanderthals. However,
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the current conservative filtering approach ends
up filtering ~89% of the bases in the amylase
locus. Thus, the specific signals of introgres-
sion, even if they exist, remain hidden. Third,
it is plausible that the duplication evolved
independently in the archaic hominin lineage.
However, we argue that two independent du-
plications (one in humans and another in ar-
chaic hominins) in less than a million years are
unlikely, given that initial duplications from
single AMY1 copy haplotypes are rare in non-
human primates (4) (fig. S16). The fourth and,
in our opinion, the most plausible scenario
is that the AMY1 genemight already have been

copy number variable before the human-
Neanderthal/Denisovan divergence [~800 ka
(33)], albeit to a limited extent as compared to
what is observed in present-day humans. Over-
all, our results suggest a complex history ofAMY1
duplications,whichwill be further scrutinized as
more high-coverage archaic hominin genomes
become available.

The AMY1 copy number has increased in the
past 4000 years among European farmers

To explore the changes in frequency of AMY1
copy number since the migration out of Africa
~60 ka (34), we analyzed the genomes of 68

ancient human genomes (table S12). The oldest
genome analyzed was the Ust’-Ishim sample
from Siberia (~45,000 years before the present
(yr B.P.)], which has six AMY1 gene copies per
diploid cell. Similarly, the oldest modern hu-
man from Europe, the Peştera Muierii sample
from Romania (~34,000 yr B.P.) has eight
AMY1 gene copies per diploid cell. These copy
numbers indicate that high AMY1 gene copies
(defined here as ≥6 copies per diploid cell) had
already spread across Eurasia as far back as
~45,000 yr B.P. (35) (Fig. 3B).
We next analyzed the ancient human ge-

nomes in the context of agricultural development

A B

C D

Fig. 3. Amylase gene duplication and the history of agriculture. (A) The
read depth of amylase locus spanning RNPC3, AMY2B, AMY2A, and AMY1 genes
(chr1:103494306 to 103668306) for GoyetQ56-1 (maroon line), a Neanderthal
excavated in present-day Belgium, showing signatures of AMY1 duplication, and
for Denisova 11 (beige line), a hybrid hominin (Neanderthal and Denisovan)
excavated from present-day Russia, showing signatures consistent with an
ancestral single-copy AMY1 haplotype. The maroon and beige lines indicate
average read depths with 5-kbp window and 1-kbp step for each sample. The
average read depth of each 5-kbp window was normalized by the average read
depth of the RNPC3 gene. Only uniquely mapped reads were used for this
visualization. (B) A world map displaying the locations of ancient human
samples. Sample locations are indicated with an “X”, with corresponding
hexagons showing the estimated AMY1 copy number. Carbon dating (number of
years before present; BP) estimated for each sample is indicated in blue.
(C) Amylase copy number estimations from Europeans who were farmers (beige)

and hunter-gatherers (maroon). Samples are binned on the x axis according to
three time periods; preagriculture (before the transition to agriculture, >9000 yr
B.P.), during the transition (~9000 to 4000 yr B.P.), and posttransition
(complete transition to agriculture, ~4000 to 1000 yr B.P.). The shape of data
points corresponds to sample dating estimates (Xs for more than 9000 yr B.P.,
circles for 9000 to 4000 yr B.P., and triangles for 4000 to 1000 yr B.P.). The
inset of the right panel shows nonparametric regression lines for AMY1 copy
number across time, for hunter-gatherers (maroon) and farmers (beige), with
confidence intervals in lighter corresponding color, respectively. (D) Zoomed-in
map showing the spread of agriculture into Europe from Asia. Major agricultural
footholds are indicated by wheat pictograms. Tan arrows show general trends of
human agricultural migration throughout Europe, with predicted time periods
(58, 59). Ancient human samples that were analyzed for amylase copy number
are annotated with shapes and colors for time period and lifestyle, respectively.
[Figure created with BioRender]
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and found a general trend where the AMY1 gene
copy number is significantly higher among
samples excavated from archaeologically agri-
cultural contexts compared to those from
hunter-gatherer contexts (P = 0.023; fig. S22).
To further investigate this trend, we examined
ancient human genomes from Europe, where
we have a clear timeline of the Neolithic tran-
sition. Specifically, the Neolithic transition of
Europe started with the cultural and genetic
influx fromAnatolian farmers around~9000 yr
B.P. and progressed into Northwestern Europe
by 5000 yr B.P. (36), with small, isolated groups
of hunter-gatherers persisting until at least
4000 B.P. (37). Our analysis encompasses the
geographic and temporal span of this tran-
sition. The oldest sample in our dataset from
an agricultural European archaeological con-
text is AKT16 from Anatolia, dated to 8547 yr
B.P. (38), and the youngest sample fromahunter-
gatherer archaeological context is SRA62 from
Ireland, dated to 5215 yr B.P. (39). On the ba-
sis of the dates and archaeological context of
the samples described in their respective studies
(table S12), we parsed the ancient European
human genomes into the following periods for
visualization purposes: (i) the preagricultural
period (> 9000 yr B.P.), where all our samples
are from hunter-gatherers; (ii) the agricultural
transition period (9000 to 4000 yr B.P.), repre-
senting the long period of transition to agri-
culture in Europe where both hunter-gatherer
and agriculturalist groups coexisted; and (iii)
the postagricultural period, during which all
of Europe has completely transitioned into an
agriculturalist life style (<4000 yr B.P.) (38–59).
We found that preagricultural genomes al-
ready harbored four to eight AMY1 copies per
diploid cell (table S12). We also observed a
consistent and significant increase in AMY1
copy numbers across these periods (P = 0.005;
Fig. 3, C and D) and found similar trends for
the AMY2A genes (Fig. 3C) and non-European
samples (figs. S23 and S24). These findings
support the notion that amylase haplotypes
with higher numbers of amylase gene copies
have increased in frequency over the past
4000 years. We found no significant differ-
ences in AMY1 copy number between samples
excavated from agricultural versus hunter-
gatherer archaeological contexts during the
“agricultural transition” period when farm-
ers and hunter-gatherers shared the same
habitat.
Taken together, these findings are consist-

ent with the idea that either neutral evolution
or weak-adaptive forces, perhaps due to pre-
agricultural experimentation with food pro-
cessing techniques (60), such as flourproduction
from wild cereals (61), have retained the wide
range of standing AMY1 copy number varia-
tion in preagricultural Europe. The gradual
increase in starch availability as Europe tran-
sitioned to an agricultural lifestyle (62) may

underlie selective forces acting on high–copy
number haplotypes, explaining the increase
of AMY1 copy number in late postagriculture
European populations. Given that the exact
mechanisms through which AMY1 copy num-
bermay confer adaptive advantage areunknown
and the dietary intake evenwithin agricultural
and hunter-gatherer groups is highly diverse
(63), it is challenging to reach definitive con-
clusions that the high AMY1 copy number had
an adaptive role during the agricultural tran-
sition. Additional samples with comprehensive
archaeological context will help further eluci-
date the potential adaptive role of amylase in
relation to the specific composition of ancient
diets, as well as demographic considerations
such as population replacements and gene flow
from different groups that shaped the European
Neolithic gene pool.

Multiple mutational mechanisms underlie the
amylase copy number variation

We next investigated the likely mutational
origins of the present-day amylase haplotypes.
To do this, we first examined the relationship
among the four most common haplotypes,
H3r.1, H3r.2, H3r.4, and H1a.1. Building upon
the previously reported link between one-copy
and three-copy haplotypes (64) and the fact
that we observe only three types of AMY1
segments, we propose an evolutionary model
linking the ancestral chimpanzee-like haplo-
type (H1a-like) to the common three-copy hap-
lotypes (H3r.1 and H3r.2) (fig. S25). According
to this model, the initial duplications of AMY1
starting from H1a-like ancestral haplotype led
to the emergence of H3r haplotypes. Given
that multiple mutational steps are required to
move from one-copy common haplotypes to
other common haplotypes and that we do not
observe any intermediate haplotypes in the
present-day human genomes, the duplication
from one-copy to three-copy haplotypes is
likely to have occurred only once in the human
lineage. This is also supported by the absence of
duplications in the amylase segments within
the H1a.1 haplotype, which would impede
nonallelic homologous recombination (NAHR)
events (65). By contrast, H3r.1 haplotypes har-
bor copies of identical and unidirectional se-
quences (e.g., AMY2A.2 segments), providing
an ideal template for recurrent NAHR events
leading to the diverse haplotypes that we see
today.
To further investigate the mutational rela-

tionships between the H3r haplotypes and
other extant haplotypes, we used dotplots and
sequence alignments to delineate the break-
points of structural differences in amylase hap-
lotypes (66, 67). In parallel, we conducted a
scan for PRDM9-binding motifs within the
amylase locus to pinpoint possible recombi-
nation sites (Fig. 4A, fig. S26, and table S13).
By integrating all these observations, we were

able to construct a putative evolutionary path
with the fewest plausible mutational steps that
can explain the origin of present-day amy-
lase haplotypes starting from NAHR-prone
H3r haplotypes (figs. S27 and S28) (66). Our
proposed evolutionary model of mutational
events is consistent with our hypothesis re-
garding the central role of the H3r haplotypes
in seeding extant haplotype variation and of-
fers three major insights into the evolution of
the amylase locus in humans.
First, we found evidence for recurrent NAHR

events among common haplotypes (H3r.1,
H3r.2, and H3r.4) harboring the AMY1A and
AMY1B segments with breakpoints in the
AMY2A.2 segment. These NAHR events,
which may occur among different haplotype
combinations, could concurrently result in the
duplication and deletion of two AMY1 gene
copies (e.g., Fig. 4B and fig. S28) (66). There-
fore, although other less likely scenarios are
possible, NAHR-based deletion and duplica-
tions underlie copy number variation of the
AMY1 segments and thus AMY1 genes. Specif-
ically, as this proposedmechanism always adds
or deletes two copies of the AMY1 genes, our
finding explains how most human diploid
genomes harbor even-numbered AMY1 gene
copies (7) (fig. S29). Thus, the majority of H1a

haplotypes among present-day humans may
have predominantly originated fromH3r haplo-
types. If true, this hypothesis explains the
homoplastic occurrence of H1a haplotypes
across the amylase phylogenetic tree (fig. S19C)
and the lack of an out-of-Africa signal in H1a

nucleotide diversity, which would be expected
if the H1a haplotypes arose before out-of-Africa
migrations (table S14). We argue that although
the H1a haplotype is structurally nearly iden-
tical to the ancestral (chimpanzee) human
amylase haplotype, theH1a haplotypes observed
in extant humans have arisen recurrently from
H3r haplotypes.
Second,wecharacterizedthreemicrohomology-

mediated break-induced replication events and
identified the accompanying microhomologies
at the breakpoint junctions (Fig. 4C) (66). Even
though these three rearrangements constitute
only five alleles (H2A2B2.1, H3r.6, and H3B2.1)
(~4%), they hold substantial biological rele-
vance because H2A2B2.1 and H3B2.1 harbor
duplications of the AMY2 genes. Taken togeth-
er, different mechanisms drive the copy num-
ber variation of the salivary AMY1 genes and
pancreatic AMY2 genes, with the lower copy
number variation of AMY2 genes explained by
the slower rate of nonrecurrentmicrohomology-
mediated break-induced replication events (68).
Third, recurrent NAHR-mediated inversion

events at the amylase locus, similar to those
described previously (69), underpin the muta-
tional connections between the common H3r.1,
H3r.2, and H3r.4 haplotypes (fig. S30), as well as
several other inversions among extant haplotypes
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(66). Given that inversions underlie the structural
differences between most of the amylase hap-
lotypes, their functional and adaptive relevance
presents an intriguing avenue for future research.

Discussion

In this study, we have dissected the evolution
of the amylase locus. First, we hypothesize that
the initial duplications of the AMY1 genes
occurred once through multiple duplications,
evolving from a one-copy ancestral haplotype
to the three-copy present-day haplotypes fre-
quently observed in our dataset. Analysis of
archaic hominin genomes suggests that these
initial duplicationsmayhave occurredwell before
the split of the human-Neanderthal/Denisovan.
This observation is concordant with the recent
evidence of Neanderthal starch consumption
(70), and perhaps the availability of cooked
starch inarchaichomininsmadepossible through
the domestication of fire (71) (Fig. 5).
Second, we hypothesize that selection acted

on abundant standing AMY1 copy number

variation at this locus rather than on de novo
variants. We observed a wide range of AMY1
gene copy number variation (–three to nine
copies) in samples that predate agriculture.
We further found that late agricultural popu-
lations consistently harbored amylase haplo-
types with higherAMY1 copy numbers (Fig. 5).
However, the lack of linkage disequilibrium
between the flanking single-nucleotide poly-
morphisms (SNPs) and the AMY1 copy num-
ber variation prevented us from conducting
haplotype-based tests of positive selection act-
ing on AMY1 copy number. We hypothesize
that partial soft sweeps involving preexisting
amylase haplotypes may have influenced AMY1
copy number variation in relation to histor-
ical starch consumption patterns in different
populations. The effects of amylase gene dup-
lications on taste preferences and starch me-
tabolism may have also predisposed humans
to prefer and tolerate the consumption of wild
grains, as reported for the Mesolithic groups
in the Balkans (72), facilitating the adoption of

starch-rich diets and the eventual domestica-
tion of these plants. Overall, our results sup-
port the complex narrative of the transition to
agriculture, which includes the replacement of
Western hunter-gatherers by Anatolian farm-
ers in Europe (73), potentially bringing with
them amylase haplotypes that harbor higher
AMY1 gene copies. Similarly, transient inter-
actions between hunter-gatherer and agricul-
tural groups (38) could explain the similar
copy numbers observed between these groups
during the transition period. Given the un-
knowns concerning how AMY1 copy number
affects metabolic function and its adaptive
value under different life histories and starch
consumption levels, it is challenging to draw
definitive conclusions. Further, the agricul-
tural transition varied across different regions
and periods, involving diverse types of starches,
which likely influenced the putative role of
AMY1 copy number in local adaptation. An-
thropologically contextualized studies in In-
digenous populations, such as the Andeans

A

B

C

Fig. 4. The evolutionary and mutational connections among common hap-
lotypes. (A) The structural variation breakpoints and recombination hotspots in
the amylase locus. The colored arrows represent amylase segments. The PRDM9
binding sites are represented with red dots. The nonallelic homologous
recombination (NAHR) breakpoints are represented with purple, green, and orange
dots, and dashed lines. The microhomology-mediated break-induced replication
breakpoints are represented with gray dots. (B) NAHR-mediated duplication and
deletion of the AMY1A-AMY1B cluster. The AMY2.2 (orange) segment serves as the

recombination substrate for the crossover, resulting in the duplication or deletion of
the AMY1A-AMY1B cluster as illustrated in the middle panel. Chimeric AMY2.2
segments have been identified, using parsimony informative sites within the AMY2.2
segment (right panel). (C) Microhomology-mediated break-induced replication-
based copy number gain resulting in the formation of H2A2B2.1. The middle panel
shows the mutational mechanism. Four nucleotides of microhomology internal to the
breakends were identified at the breakpoint junction (right panel). [Figure created
using BioRender]
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(74, 75), could provide further insights into the
relationships between dietary practices, meta-
bolic outcomes, and amylase genetic variation.
Third,we found thatNAHRandmicrohomology-

mediated break-induced replication underlie
the copy number variation ofAMY1 andAMY2
genes, respectively, explaining the different
rates of their evolution. The extremely high
rate of structural variation due to NAHR led
to substantial AMY1 copy number variation
with distinct mutational propensities. For ex-
ample, our evolutionary model involving com-
monH3r haplotypes suggests recurrent NAHR
events mediated by highly similar sequences
(> 99%), resulting in duplications or deletions
of both AMY1A and AMY1B genes. By contrast,
the H1a haplotypes harboring a single AMY1
copy and divergent AMY2 genes are less sus-
ceptible to NAHR events. Therefore, the muta-
tion types and rates at the amylase locus may
differ depending on extant haplotype varia-
tion in a population, especially in bottlenecked
populations such as Indigenous Americans
(76). It is a distinct possibility that a bottle-
necked population ends up with a very high
frequency of H1a due to drift. In this case, the
absence of segments with highly similar se-
quences within H1a haplotype would mitigate
recurrent NAHR events, resulting in a slower
accumulation of variation in this population.
By contrast, if one of the larger amylase haplo-
types were to become prevalent as a result of
drift, the rate of variation would increase ex-
ponentially. Within this general context, one
interesting question for future work is whether

larger amylase haplotypes experience negative
selection due to increased genomic instability.
Taken together, our study underscores how

gene duplications in early human history
provided the genetic foundation for dietary
flexibility during agricultural innovations, con-
tributing to modern human evolution.

Materials and methods summary

In this study, samples (n = 98) from the 1000
Genomes Project (77), as part of the datasets
from theHumanGenome Structural Variation
Consortium (HGSVC) (20), and Human Pan-
genome Reference Consortium (HPRC) (78),
and the Genome In a Bottle (79) were analyzed.
For each sample, datasets from Bionano Ge-
nomics optical genome mapping and PacBio
HiFi sequencing were used. A ~212.5-kbp region
on chromosome 1 containing amylase genes
was characterized using optical genome map-
ping and blastn (BLASTN 2.9.0+) alignments
(80). The amylase segments were identified
and validated across human and nonhuman
primate samples. De novo assembly of optical
genome maps was performed using Bionano
Solve v3.5, followed by alignment and haplo-
type reconstruction using Bionano Access v1.7
software (81). PacBio HiFi long-read sequenc-
ing data were also de novo assembled using
hifiasm0.16.1-r375 (82). Population-specific pat-
terns in the AMY1 gene copy numbers were
evaluated using the Kruskal-Wallis test. The
singletonproportions at the amylase locuswere
compared to those of genome-wide tandem
repeats. Rarefaction analysis was conducted

to assess haplotype diversity at the amylase
locus.
To predict amylase gene coordinates and copy

number,weusedExoneratev2.4.0“protein2genome”
tool (83) with default settings and amaximum
intron length of 20 kbp, employing amylase
protein sequences fromUniProt (84). Overlap-
ping hits were clustered, and the best hit was
selected. Hits translating into full-length poly-
peptides (511 amino acids) were kept. Any
conflicts with predicted amylase gene copy
numbers were manually curated. De novo ge-
nome annotations were obtained using the
T2T-chm13 gff annotation by liftoff v1.6.3 (85)
and compared with the homology-based an-
notations. ddPCR with custom primers was
used to validateAMY1 copy numbers in human
DNA samples, with Hind III digestion prior to
ddPCR. Alignments of amylase segments and
coding sequences were constructed using
MAFFT v7.310 (86) and PAGAN v1.53 (87), in-
corporating chimpanzee sequences as an out-
group. Phylogenetic trees were reconstructed
using IQ-TREE v2.2.0 (88) and visualized with
FigTree v1.4.4. dN/dS ratios were estimated
using PAML v4.10.6 codeml (23), testing for gene
type-specific selection pressures. Functional anal-
ysis of amylase protein sequenceswas performed
with CLUSTALO v1.2.3 (89) and AlphaMissense
(90). The expression data of amylase genes were
analyzed using transcripts permillion (TPM) data
from the Genotype-Tissue Expression (GTEx)
portal (26), focusing on three tissues with
the highest expression values. Becausemajor
salivary glands were not included in GTEx,

Fig. 5. An evolutionary
model of the human
amylase genes and
resulting hypotheses.
Top: A timeline of
human amylase locus
evolution based on the
results of this study,
with relevant events
indicated on top. Middle:
A schematic view
showing the increase in
AMY1 copy number
variation and the mean
number of AMY1 copies
in present-day human
populations throughout
history as starch con-
sumption increases.
Bottom: A phylogenetic
representation of the
hypothesized amylase
duplication timeline.
[Figure created with
BioRender]
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supplementary TPMdata from Saitou et al. (91)
were used, considering AMY1A, AMY1B, and
AMY1C transcripts collectively as representa-
tive of AMY1 expression. Sequence origins and
breakpoints in AMY1 segments were identi-
fied using BLAT v37x1 (92), nucmer v3.1, and
mummerplot v3.5 (93, 94).AMY1 duplication
events were dated using BEASTv 2.7.5 (95),
without tree topology optimization for H3r.1
and H3r.2 haplotypes independently, and re-
sults were visualized with FigTree v1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree/).
We used GeneToCN (29) to determine the

amylase copy number in 68 ancient human
and 8 archaic hominin genomes. Raw sequenc-
ing data were sourced from the European
Nucleotide Archive. GeneToCN, using 25-mers,
calculated the copy numbers of AMY1, AMY2A,
and AMY2B genes. This analysis was validated
with ddPCR for present-day humans. AMY1,
AMY2A, and AMY2B copy numbers were com-
pared between hunter-gatherer and agricul-
tural lifestyles using the Wilcoxon rank sum
test. The copy number trends over time were
also analyzed. To assess coverage bias, eight
ancient genomeswere downsampled, and their
AMY1 copy numbers were recalculated and
compared to full genome estimates. This analy-
sis considered potential batch effects and sam-
ple diversity.
We obtained raw sequencing reads of archaic

hominin genomes (n = 38) from public data-
sets, removed adapters, and merged overlap-
ping paired-end reads using leeHom v1.2.17
(96). For the ChagyrskayaNeanderthal genome,
preprocessed reads were used. Clean reads
were mapped to the GRCh38 reference genome
using bwa v0.7.17 aln (97). GC bias was assessed
and corrected with deepTools v3.5.1 (98), re-
sulting in the exclusion of 29 genomes. Average
read-depth at both genome-wide level and the
amylase locus was calculated with mosdepth
v0.3.5 (99), excluding onemore sample for low
coverage (<1X). GC-corrected reads were re-
aligned to T2T-chm13 and GRCh38 assemblies
with bwa v0.7.17 mem (97) and further aligned
to a reference containing a single AMY1 gene
copy. Amylase gene copy numbers were calcu-
lated from the average read-depth of each
amylase gene normalized by the genome-wide
average.
To identify potential PRDM9 binding sites

in the H3r.1 haplotype, we used FIMO v5.5.4
from the MEME package (100) with the de-
generate 13-bpmotif “CCNCCNTNNCCNC” and
a nonredundant DNA database background
frequencymatrix. Hits with a FIMO score above
10 and a P value below 0.00011 were consi-
dered. To investigate structural variationmecha-
nisms, we aligned haplotypes using nucmer
v3.1 (93, 94) and visualized alignments with
mummerplot and SVbyEye (https://github.
com/daewoooo/SVbyEye/tree/master). Poten-
tial breakpoints were identified and 20-kbp

sequences upstream and downstream were
aligned usingMAFFT v7.522 (86).We evaluated
replication and DNA recombination–based
processes and inferred NAHR when break-
points were within paralogous segments and
lacked replication-based sequence motifs.
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