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Abstract: Dietary adaptation is the acquisition of an efficient system to digest food available in 
an ecosystem. To find the genetic basis for human dietary adaptation, we searched 16 genomes 
from Neandertal, Denisovan and Early Sapiens for food digestion genes that tend to have more or 
fewer copies than the modern human reference genome. Here, we identify 11 genes, including 
three gene clusters, with discernible copy number variation trends at the population level. The 
genomic variation shows how metabolic pathways for lipid, brown fat, protein or carbohydrate 
metabolism adapt to metabolize food from animal or plant sources. Interpreting the copy number 
profiles in relation to fossil evidence shows that Homo sapiens had an evolutionary advantage 
compared to Neandertal and Denisovan in adapting to cold and temperate ecosystems. 
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After the great dispersion of Homo sapiens (Hs) from Africa into Eurasia about 60,000 years ago 
(1), the other Eurasian archaic humans (EAHs), notably the Neandertals (Hn) and the Denisovans 
(Den) who populated this geographical region, disappeared. Reasons for the success of Hs are 
debated among specialists (see Supplementary Online Material), with food intake being one factor 
to be considered. Early humans ate raw fruits and leaves, then scavenged animal resources, before 
learning how to actively hunt. The intake of fats and meat increased, until now understood as high-
ranking food (2). In the Late Pleistocene, foraging and mechanical transformation of carbohydrates 
through grinding starchy roots and grass seeds contributed to energy demand by providing vital 
macronutrients (3-5).   
 
According to the pioneering study of the AMY1 gene coding for salivary amylase (6, 7), high 
starch diets became staple during the Neolithic, when people became major consumers of cereals 
and other starch-rich plants (roots and tubers). The diet and ecological niche of archaic humans 
were indicators of low versus high trophic level carnivores (8-11). The inclusion of plants in the 
diet of Hs was demonstrated to be a rich source of starch as well as proteins and fatty acids (FA) 
(12-16).  
 
In this study, we consider differences in diet between the hypercarnivore EAHs and the omnivore 
Hs by studying the copy number variation (CNV) of genes involved in digestion and metabolism. 
The aim was to use publicly available complete genomes of archaic humans to identify genomic 
changes underlying the diverse and evolving ability of humans to efficiently digest and metabolize 
energetic nutrients. Our CNV data show that humans living in temperate and cold latitudes had 
differentiated access to food sources. While both Hn and Den maintained strict carnivory, Hs has 
increased intake of dietary carbohydrates since its oldest occurrence in Eurasia, thus accessing this 
caloric food long before crop domestication emerged (15, 17). This novel information can be 
interpreted in light of the archaeological and anthropological records of human populations living 
across the Eurasian Steppe during the Late Pleistocene. 
 

Genomic CNV has been studied for more than 30 years (18). Initially, it was thought that CNV 
was rare with a limited impact on the total extent of human genetic variation (19). With recent 
genomic technologies, thousands of heritable copy number variants (CNVs) within modern 
populations have been documented, generating considerable interest over the functional 
significance of gene duplication. CNV has been demonstrated to influence levels of gene 
transcription (18, 20-22) conferring an adaptive advantage, and some CNVs have been associated 
with differential susceptibility to complex diseases (23, 24). The landscape of past and present 
CNV in genomes could be of functional significance related to specific phenotypes within and 
across populations. Only a few genomes of human archaic populations will ever be available, but 
our CNV analysis shows that genes that maintain their copy number across individuals of a same 
population while changing copy number across populations can be indicators of adaptation to 
different environments. 

 
Results 
 
More than 70 ancient nuclear genomes are available to date, but we could only estimate gene CNV 
for 16 of them due to insufficient sequencing coverage, the elimination of repeated regions, and 
contamination of most sequenced genomes. Still, this is the largest pool of ancient nuclear 
genomes analyzed in this way (Figure 1 and Table S1). In this pool are key genomes from 
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individuals at sites spanning temperate and cold latitudes of Eurasia (Table S2) including EAHs 
from the Altai Mountain - Den D3 (25), Den D11 (26), Altai Neandertal D5 (27) and Chagyrskaya 
8 (28) – and the earliest Hs from Ust’Ishim (North Siberia) (29). To this Central Asian core sample, 
we added Hn genomes following their east-west distribution, namely Mezmaiskaya 1 (30), 
Mezmaiskaya 2 (31), Vindija 33.19 (also referred to as Vindija 87; 30), Goyet Q56.1, Spy 94a, 
and Les Cottés Z4-1514 (31). In addition to Ust’Ishim, modern human genomes belonging to 
Peştera Muierii 1 (32), Mal’ta (33), to the hunter-gatherers from Motala 12 and Loschbour, and to 
the earliest northern farmer from Stuttgart (34, 35) were analyzed.  
 

 
Figure 1. Geographical location of ancient genomes used for gene CNV analysis. Genomes are from 
individuals of early and late Hs (greens), Hn (browns, reds) and Den (purples) populations. Darker shades 
correspond to older time periods. Dates are calibrated. 

 

Definition of population-dependent CNVs. To be certain of capturing the genetic changes in a 
population rather than specifying the genetic background of any individual, we considered genes 
with a differential copy number in a population. First, the actual gene copy numbers were 
determined. Then, the differential copy number of a gene was defined for each individual as being 
positive if the genome had more haploid copies than the modern reference genome 
(GRCh37/hg19) and negative if it had fewer copies. Next, we identified those genes with a positive 
or negative CNV in more than the half of the individuals of a population (see Methods). Practically, 
this translates as 5 or more of the 8 Hn individuals and 4 or more of the 6 Hs individuals. As there 
were only 2 Den genomes, genes were only selected if their differential CNV was the same in both 
genomes yet different from the reference genome. Genes not showing a population-dependent 
CNV were not selected even though they might have been duplicated in one or more genomes 
within a population. 
 
We used an unsupervised approach to analyze the full datasets of genes for the 16 genomes (Figure 
1) to identify a subgroup based on four criteria: the haploid copy number, the differential copy 
number with respect to the modern human reference genome, principal expression in organs of the 
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digestive apparatus, and a Gene Ontology classification (36) related to digestion. Eleven genes 
involved in four overarching metabolic functions were thus identified (Figure 2A, Tables S2-S3).  
 
The panel of 11 genes are principally expressed in digestive organs, most in a specific organ 
(Figure 2B). ACOT1, MST1 and NPY4R have a much wider expression. The CNV observed may 
therefore be an adaption to processes other than digestive activity. We excluded from our analysis 
any food metabolism genes (37, 38) which are not principally expressed in the digestive apparatus 
(39), even if they presented a differential CNV in a population. For instance, although BOLA2 is 
present at a high copy number in different Hs genomes, we excluded it because its biological 
function is uncertain (there is no Biological Process GO slim classification for it) and it is 
principally expressed in blood, even though it is possibly involved in iron regulation (20) and 
affected by digestion. The stringency of the expression criterion used here may mean that the 
current panel of genes is an underestimate of those potentially responsible for CNV-driven food 
adaption.   
 
 

 
Figure 2: List of 11 genes involved in food digestion and metabolism that are characterized by a differential CNV in at least 
one human population compared to the reference modern genome. A. The 11 genes are grouped according to their role in 
digesting plant or animal foods, and their broad metabolic function. See also Table S3.  B. Organs of the digestive apparatus where 
the 11 genes are principally expressed. See also Table S4. [The original drawing of the digestive apparatus was released into the 
public domain by the author LadyofHats and modified with the gene expression information.] 
 
For the 11 genes selected with a differential CNV in a population, we checked whether there was 
a CNV trend in another population, that is in 4 or more of the 8 Hn individuals and 3 or more of 
the 6 Hs individuals (see Methods). The AMY1A/B/C gene cluster (Table 1A; Table S5), for 
example, was selected by a negative differential CNV with 6 out of 8 Hn individuals having fewer 
gene copies than modern humans (Table 1A). The Hs population does not satisfy the strict 
selection criterion for this cluster, but it does show a positive CNV trend, because 3 of the 6 
genomes have more AMY1A/B/C gene copies than the modern genome (Table 1A). Determining 
the differential CNV trend of a gene in a population revealed several aspects. The same gene may 
show different trends between ancient populations. E.g. AMY1A/B/C and SULT13/4 have fewer 
gene copies in Hn and Den, but more in Hs. Trends may be positive and negative in a single 
population, e.g. in Hn, the differential CNV of ACOT1 is negative, while that of CLPS, CLPSL1 
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is positive. The same trend was shared by populations. For example, positive differential CNV 
was found for CYP2D6 in both Hn and Den, for LPA, MST1, PDPR, and NPY4R in both Hn and 
Hs, and for PGA3/4/5 in all three populations. The differential CNV captured chronological trends 
within populations, as shown for the MST1 and PDPR genes in Hs, where duplication appears in 
Mesolithic individuals.  
 
Among the 11 genes, we found the well-studied AMY1A/B/C gene cluster (6, 7, 15-17), and the 
negative CNV trend seen in Hn and Den populations (Table 1) confirms the key role of the cluster 
in Hs adaptation to a different mode of food digestion and metabolism. The other ten genes have 
not been highlighted before as playing a role in human adaptation and are a novel panel to be 
investigated. They span a large spectrum of metabolic functions. The most striking feature is that 
for each overarching metabolic process represented, either all the genes involved in that process 
present a positive differential CNV for a population or a negative one (see Table 1A, rightmost 
columns). This is a strong indication that an adaptive force underlies the duplication of these genes 
in archaic populations.  
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Table 1. Estimated haploid copy number for genes related to digestion in ancient genomes 
and differential CNV in human populations. A. Copy number of 11 genes (rows) in 16 ancient 
genomes and the modern human reference (columns). Individuals are grouped according to their 
population, from left to right, the GRCh37/hg19 reference, Den, Hn and Hs. Within a population, 
the order reflects the geographical origin and time period. The estimated copy numbers computed 
for each gene/genome (see Methods) are rounded to the closest integer (see Table S5 for specific 
values). The order and the color shading for gene names correspond to those used in Figure 2A. 
On the right, the differential CNV trends of each human population are scored for each gene as 
positive (+), negative (-), not determined (NA) or no differential trend (no symbol). B. CNV 
profiles of genomes in A grouped by geographical area. 

 
Duplication of two gene clusters adapted to carbohydrate digestion. The AMY1A/B/C gene 
cluster is highly duplicated in modern humans and it is expressed in salivary glands (Figure 2B). 
Amylases efficiently break down starch into maltose in the oral cavity (13, 15). AMY1A/B/C 
copies range from 1 to 6 and correlate well with the degree of adherence to a primarily starch-
based diet, suggesting they are adaptive. AMY1A/B/C duplication has been estimated to have 
emerged after the divergence between human-specific lineages and archaic hominins either 
approximately 550-590k ybp (7) or around 400-275k ybp (15-17, 40), a reconstruction that agrees 
with recent analyses of genomes from Cameroon (41). Across the 16 ancient genomes studied 
here, our data confirm that AMY1A/B/C is highly duplicated in Hs but not in Hn and Den (Table 
1A). More precisely, the trend in Hs since Ust’Ishim dated at 45k ybp, including present-day 
humans, is of copy numbers greater than 3. This particularly high copy number is additional 
evidence that AMY1A/B/C was duplicated after the ancestral lineages split. Interestingly, the late 
Palaeolithic hunter-gatherer from Motala 12 (Sweden) has two copies of the cluster, although 
Mal’ta, the easternmost Upper Palaeolithic modern human who lived 24k ybp in severe climatic 
conditions in Central Asia, has only one copy of AMY1A/B/C. On the other hand, two late Hn in 
our sample, Les Cottés ZA-1514 and Goyet Q56.1, each have 3 copies of AMY1A/B/C.  
 
The two human genes SULT1A3 and SULT1A4, collectively called SULT1A3/4, encode identical 
protein products (42). Previous genomic studies revealed the duplication of these genes during the 
evolutionary process (43, 44). From our analysis, all the EAHs have only one copy of SULT1A3/4 
whereas all the Hs, from the oldest to present-day humans, have 2 or 3 copies of this gene cluster. 
SULT1A3/4 is a sulfotransferase enzyme catalyzing the sulfate conjugation of many hormones, 
neurotransmitters, drugs, and xenobiotic compounds, and so its function depends on its tissue 
location (45). Highly expressed in the gastrointestinal tract of humans and closely-related primates, 
SULT1A3/4 indirectly influences carbohydrate metabolism (46) through dopamine sulfonation, a 
reaction involved in the regulation and biotransformation of catecholamines (47). The gene cluster 
may therefore detoxify potentially lethal dietary monoamines in the intestine and eliminate toxic 
compounds from the body (48). A diet that includes a large intake of starch, nuts and seeds, is rich 
in flavonoids, which boost the levels of serotonin and dopamine, two key neurotransmitters 
regulating many physiological processes under hormonal control.  
 
Gene copy number for adaptation to fatty food of animal origin. CYP2D6, CLPS, CLPSL1, 
LPA and ACOT 1 all encode enzymes involved in lipid hydrolysis and oxidation of long-chain 
FA (i.e., arachidonic acid metabolism). More FA are consumed in diets incorporating more animal 
proteins and are critical for brain development and metabolism and for inflammatory responses 
(49). The enrichment of genes involved in lipid catabolism can be observed in EAHs and partially 
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shaped northern European human populations, even contemporary ones, among whom a higher 
rate of Hn introgression is recognized (50). 

 
ACOT genes are involved in lipid metabolism as they encode acyl-CoA thioesterase that regulates 
the cellular balance between free FA and acyl-CoA, feeding into key pathways for energy 
expenditure and neuronal function (51). In contrast with Hs, none of the Hn individuals has the 
ACOT1 gene whereas copies of all other type I ACOT genes (52), whether peroxisomal or 
mitochondrial, are present in Den D11, Hn, and most Hs. ACOT2 is 98.6% identical (53) to 
ACOT1 and is present as one copy in all Hs, Den and Hn individuals. The ACOT2 protein is 
targeted to mitochondria (see Methods) and shares the same function as ACOT1. It has been 
demonstrated that ACOT1 regulates fasting hepatic FA metabolism by balancing oxidative flux 
and capacity (54). Hence the absence of ACOT1 could have been lethal for EAHs in periods when 
FA intake was scarce, such as during the colder stages of marine isotope stage (MIS) 3 (chiefly 
Heinrich Event 4) when a strong reduction in herds of large herbivores deprived EAHs of their 
basic food (55, 56). Conversely, Hs would have had broader access to different kinds of food. An 
exception is the individual from Loschbour who lacked this gene.  

 
The CYP2D6 gene encodes a cytochrome P450 involved in arachidonic acid metabolism. 
Arachidonic acid is one of the omega-6 poly-unsaturated FA converted into long-chain poly-
unsaturated acids (LC-PUFAs), necessary for high-soliciting tissues like brain, heart, blood, liver 
and muscles (57-59). Hn and Den both show positive CNV trends with 2 or even 3 copies of 
CYP2D6 while Hs, including modern hg19, show no duplication (Table 1A).  

       
CLPS, CLPSL1 and LPA genes are involved in lipid digestion and lipid transport (60). Colipases 
(CLPS and its paralog CLPSL1, Colipase Like 1) are cofactors needed by pancreatic lipase for 
efficient dietary lipid hydrolysis as they allow the lipase to anchor itself to the lipid-water interface 
and avoid being washed off by bile salts (61). Lipases (LPA) are mainly expressed in the liver and 
perform essential roles in digestion, transport and processing of dietary lipids. There is huge inter-
individual variation in LPA levels and a high heritability of the traits, and while the physiological 
function of LPA is not fully elucidated, it is acknowledged to be linked to the risk of cardiovascular 
disease (62). Hn displays a positive CNV trend for CLPS and CLPSL1 but there is no trend in the 
Hs population (Table 1A). All Hn individuals and the early Hs Ust’Ishim and Peştera Muierii 1 
have multiple copies of LPA. The hybrid Den D11 does not show duplication of any of the three 
genes, but has the same pattern as the much later Hs from Motala 12 and Stuttgart. 
 
Adaptation to cold stress metabolism related to eating food of animal origin. Cold conditions 
are expected to be better tolerated by human populations that react better to cold stress. We found 
that both Hn and Hs populations show a positive CNV trend for two genes involved in this 
metabolic process – MST1 and PDPR - compared to the modern human genome. We noted that 
the trend was due to the positive differential CNV of both genes in the Holocene Hs individuals, 
while the three early Hs, Ust’Ishim, Peştera Muierii 1 and Mal’ta, have single copies of each gene.  
 
MST1 (Macrophage stimulating 1) gene is known to be important in liver lipid metabolism, 
limiting liver damage that might be induced by a high-fat diet or during fasting (63). This gene 
also plays a role in cellular responses to hypoxia, oxygen supply and thermogenic metabolism. 
Other genes, EPAS1 (endothelial PAS domain containing protein 1) and EGLN1 (Egl-9 family 
hypoxia inducible factor 2) have previously been highlighted as being involved in the 
physiological response to oxygen depletion in ancient populations (64). Indeed, tolerance of lower 
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oxygen availability was observed in modern Andean and Tibetan people who have hemoglobin 
with adapted oxygen affinities (65, 66). When the EPAS1 gene was identified in Den DNA it was 
proposed that the capacity of Tibetan people to thrive in low-oxygen or high-altitude conditions 
was possibly inherited through introgression of Den-like DNA (64). MST1 is duplicated in Den 
D3, all Hn and Mesolithic Hs individuals. MST1 is not duplicated in Den D11, the hybrid of a 
Neandertal mother and Denisovan father from the Altai Mountains, or in the early Hs.  
 
PDPR (Pyruvate dehydrogenase phosphatase regulatory subunit) is a gene involved in the 
metabolism of brown fat thermogenic adipocytes, which convert chemical energy to heat in 
homeothermic animals such as mammals, protecting the body from cold stress (67). Brown fat is 
vital in babies and in hibernators. PDPR duplication may have provided a way to accumulate 
sufficient brown fat to survive the very cold winters of MIS 3, particularly in newborns (68). Den 
D3, most Hn individuals and late Hs individuals have the PDPR gene duplication. Ust’Ishim, 
Peştera Muierii 1 and Mal’ta have only one copy like Les Cottés and Vindija 33.19 and hybrid 
Den D11, whose mother shares an ancestral lineage with Vindija 33.19 (26). 
 
Adaptation to protein in food of animal origin. Genes involved in the digestion of dietary 
proteins are expected to be duplicated in individuals that are preferentially carnivores. PGA3/4/5 
(Pepsinogen A, group 1) is a gene cluster encoding a protein precursor of the digestive enzyme 
pepsin, a member of the peptidase A1 family (endopeptidases) involved in the digestion of dietary 
proteins. The precursor is secreted by gastric chief cells and undergoes autocatalytic cleavage 
under acidic conditions to form the active enzyme. Specifically expressed in some tissues, the 
PGA3/4/5 cluster belongs to the set of invariant genes in human genomes that maintain their copy 
number across populations. Unsurprisingly, this gene was found with a positive differential CNV 
in EAH and Hs, considered preferential carnivores (11, 69) compared to modern humans. The 
level of duplication is also high with 4 copies in Den D3, Den D11, Ust’ishim, Peştera Muierii 1, 
Mal’ta and Loschbour, while Altai Neandertal D5, and the two Hn from Mezmaiskaya and Spy94a 
each have 5 copies. This data is consistent with Hn having a high intake of meat as already 
suggested by isotopic signals in fossils (8, 69).  
 
Digestion and satiety. Relating to eating behavior, we identified the NPY4R gene encoding the 
pancreatic polypeptide (PP) receptor Y4, which has been described as a satiety-stimulating 
receptor involved in blood circulation and digestion. There are four NPY-family receptors in 
humans and all of them are expressed in the brain, namely in the hypothalamic regions that are 
involved in the control of appetite and energy metabolism, and NPY4R is also expressed in the 
gastrointestinal tract. Indeed, since PP has been reported to be a potent appetite inhibitor, NPY4R 
is considered a strong candidate for a body-weight regulation gene (70). A study of NPY4R in 
relation to body mass index in obese patients noted a positive correlation between this gene 
duplication and waist circumference in the modern population. Three archaic human genomes, 
Altai Neandertal D5, Vindija 33.19 and Den D3, have two (haploid) copies of the NPY4R gene so 
a duplication probably occurred prior to the modern human-Hn/Den split (71). In agreement, our 
analysis shows that NPY4R displays a positive differential CNV trend in both Hn and Hs 
populations. Late Hn (Les Cottès Z4-1514, Goyet Q56.1 and Spy 94a) and Den D11 have lost their 
copies though. 
 
A multidimensional genetic space defined by CNV. Based on the CNV of the 11 genes, we 
visualized and compared the 16 genomes by plotting them in an 11-dimensional space, where each 
dimension corresponds to a gene. Formally, we represent a genome of an individual with its CNV 
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profile as described by the relevant column in Table 1A. In this multidimensional space, two 
individuals are close when their CNV profiles are similar. To aid visualization, we reduced the 
space by principal component analysis (PCA) (72). The PCA projection (Figure 3) guarantees the 
largest divergence between the points through an optimized linear combination of the 11 original 
dimensions (see Method) with the modern human hg19 profile included.  
 
The CNV data clearly separate Hn from Hs (Figure 3A) and group Hs with the modern human 
hg19. The hybrid Den D11 localizes close to Hs and Den 3 close to Hn, showing a different CNV 
profile. Classification based on geographical origin (Figure 3B) or time period (Figure 3C) shows 
coherent subgroupings. Comparing CNV profiles of the individuals living in the same 
geographical area (Table 1B) illustrates how they are close in the high-dimensional space even 
when they belong to very different time periods. For instance, Mezmaiskaya 1 and Mezmaiskaya 
2 both lived in Eastern Europe (Caucasus) and their very similar CNV profiles (Table 1B) brings 
them close together in the CNV space (Figure 3B, pink dots), even though they were not 
contemporary, living in T2 and T4 respectively. 
 
Analysis of the PCA axes reveals that the most important factors explaining the first dimension of 
the CNV projection separating Hn from Hs, are genes involved in lipid metabolism, ACOT1, 
CLPS and CYP2D6, and to a minor yet statistically significant extent, the gene SULT1A3/4 
involved in carbohydrate digestion, and the gene MST1 involved in cold stress metabolism 
(Figure 3D). The second principal component is mainly explained by the protein metabolism gene 
cluster PGA3/4/5 and the satiety-stimulating receptor gene NPY4R and, to a lesser extent, by lipid 
metabolism (LPA) and carbohydrate metabolism (SULT1A3/4). The third principal component of 
the CNV space is mainly accounted for by genes involved in liver lipid/brown fat metabolism 
(PDPR, MST1), satiety-stimulation (NPY4R), carbohydrate metabolism (AMY1A/B/C) and 
protein metabolism (PGA3/4/5). Interestingly, carbohydrate metabolism contributes to all three 
principal components in a statistically significant manner, while the other metabolisms contribute 
to at most two dimensions. 

 
To summarize, our analysis of the 11 genes primarily involved in digestive functions and 
displaying a differential copy number provides an unprecedented basis from which to deduce the 
adaptive changes between EAHs and Hs regarding dietary strategies. The crucial role of four 
different metabolic processes is highlighted that could influence the behavior of ancestral 
populations across species and suggests that the 11 genes can be used as markers for changes in 
dietary adaptation. The CNV genetic trend (Table 1A) points to lipid metabolism as being crucial 
for Hn, while efficiency in carbohydrate metabolism influences the diet of Hs. Liver lipid 
metabolism, protein metabolism and satiety stimulation receptors must have been important for 
both Hn and Hs compared to modern humans and were probably already present in the common 
ancestral lineage.  

 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2021. ; https://doi.org/10.1101/2021.10.30.466563doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.30.466563
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

10 
 

 
 

Figure 3. Comparative CNV analysis of Hn, Den and Hs living in the European belt. Sixteen 
Hn, Den and Hs individuals are represented in a three-dimensional space obtained by PCA from 
the 11-dimensional space defined from gene CNV (see Methods). The modern consensus genome 
GRGh37/hg19 is also plotted. A. View of the 3D space where individual CNV is plotted (points) 
with respect to human populations Hn (brown), Den (black), and Hs (purple). B and C show the 
same data as in A but individuals are grouped differently. B. Individuals are shown with respect 
to their geographical origin. C. Individuals are plotted with respect to time periods. D. 
Contributions of factors for the definition of each principal component of the 3D space, obtained 
by PCA. Colored bars indicate important contributions from CNV in genes acting in the four 
overarching metabolic processes (colors as in Table 1). 
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Discussion   

In this study, we explored 16 complete ancient genomes to identify trends in CNV of genes for the 
three human populations present during Late Pleistocene in the vast Eurasian territory — Hn, Den 
and early Hs. By analysing a large number of published full genomes for CNV, our study 
significantly extends the list of genes identified as having an unusual copy number in archaic 
genomes. We focused on genes involved in food digestion and metabolism to unfold the 
complexity of nutritional adaptation among the three human populations sharing the same 
environmental conditions in Eurasia at the end of MIS 4 and during MIS 3.  By comparing CNV 
at the population level, new data has been generated that provide evidence of different adaptive 
nutritional pathways potentially underlying the dietary habits of the three human populations. 
These CNV data contribute novel information that cannot be obtained from the fossils and 
archeological records. Nevertheless, it should be noted that functional complexity, epigenetic 
regulation, and microbiotic interaction make it difficult to define the precise role of these genes in 
the metabolic activities, even for modern human populations. 

Unsupervised identification of genes presenting common CNV trends. The 11 genes identified 
in the unsupervised approach have specific functions in four overarching metabolic processes. 
Remarkably, each of the four metabolic process groups includes genes that show either a positive 
or a negative CNV trend for a population. In our view, this is a strong indication that an adaptive 
force acted on the duplication of these genes in archaic populations, modifying the capacity of the 
metabolic process with consequences on dietary habits and adaptation to different life conditions. 
From our data, we observe that the earliest individuals in a population may exhibit gene copy 
numbers that are different from chronologically later individuals, for instance, for NPY4R and 
AMY1A/B/C in Hn genomes and for MST1 and PDPR in Hs genomes. Chronological trends 
within populations can be clarified as more genomes become available to analyze.  
 
Genomically distinct metabolisms in ancient human populations. Due to the limited number 
of available genomes where the estimation of CNV was possible (18), we mainly focused on Hn 
and Hs, although we made inferences for the two Den hominins whenever possible. The different 
CNV trends observed for Hn and Hs reflect that these hominins relied on different diets and align 
well with adaptation needed for their known evolutionary histories. The genes involved in efficient 
digestion and metabolism of dietary carbohydrates (AMY1A/B/C, SULT1A3/4) appear important 
for Hs while genes involved in lipid metabolism (ACOT1, CYP2D6, CLPS, CLPSL1, LPA) show 
positive trends for Hn. Conversely, genes involved in the breakdown of proteins (PGA3/4/5, 
pepsin) and liver lipid metabolism (MST1 and PDPR) appear to be of importance for both Hn and 
early Hs, both displaying a positive trend compared to the modern reference human genome 
GRCh37/hg19. The CNV of these genes may have made efficient lipid and protein 
metabolism/catabolism possible as a response to the cold stress experienced during MIS 3, 
moderating the susceptibility to ketosis in adults (14, p. 256). SULT1A3/4, involved in 
carbohydrate metabolism and in thyroid hormone activity, might have contributed to this adaptive 
trend by increasing cold-induced thermogenesis, to avoid the effects of “polar T3 syndrome” (73). 
The involvement of thyroid hormone in vital pathways warrants further investigation in relation 
to SULT1A3/4 gene cluster emergence, chronology and duplication. Overall, the CNV of genes 
involved in oxygen and lipid metabolism (and catabolism) form a valuable dataset with which to 
interpret the adaptation to temperate and cold ecosystems. The evidence could be used to deduce 
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or confirm the organismal thermal ranges and their implications for differential nutritional 
strategies between the three populations.  
 
Broadening the number of genomes investigated since the pivotal studies by Perry and co-authors 
(6, 7) provides further evidence that AMY1A/B/C CNV played a vital role in equipping Hs to 
digest and transform dietary carbohydrates and thus benefit from caloric energy for cost-efficient 
homeostasis. It is relevant here to estimate when the AMY1A/B/C duplication occurred (15-17) 
as the earliest Hs in Eurasia, represented in this work by the Ust’-Ishim fossil, already bore three 
copies per haploid genome. An ancient AMY1A/B/C duplication matches the archaeological 
evidence and provides molecular corroboration that cooked rhizomes could have been consumed 
as early as 170 ybp in South African caves (74), dovetailing with the occurrence of ground stones 
used to mechanically tenderize roots and tubers during the Early Upper Paleolithic in Eurasia (75-
79). Based on our data, it is parsimonious to consider that the emergence of an efficient strategy 
for starch digestion and metabolism is related to the Hs lineage already carrying the AMY1A/B/C 
gene duplication when they moved out of Africa, thus well before crop domestication (15, 17). On 
the other hand, our findings show that there is no evidence of AMY1A/B/C duplication in Hn, for 
example, neither in Altai Neandertal (D5, dated 120k ybp) nor Chagyrskaya 8 (dated 80-60k ybp; 
Tables 1A and S2). Thus, some duplication events must have occurred after the EAH lineages 
split (15, 17) and we argue that this was due to the nutrition changes faced by Hs while roaming 
across African territories compared to temperate and cold environments where Hn and Den were 
used to foraging their prey.  
 
New information on the Hn diet. Our work highlights that Hn metabolism was more efficient in 
the digestion of lipids and proteins than carbohydrates. The genetic adaptation to fat and protein 
metabolism is an archaic pattern present in Hn, who were adapted to temperate and cold climates. 
The CNV trend of genes involved in fat and protein metabolism (Table 1) undoubtedly emerged 
during the cold period (even before the timing of Altai Neandertal D5, the oldest Neandertal in our 
sample) when the Hn differentiated. As already pointed out for Hn anatomical characteristics 
(i.e., their low stature resulting from adaptation to the cold; 80, 81, 10) and their cold adaptation 
genes (82, 83), these adapted traits persisted even during interglacial periods, putatively due to the 
low genetic diversity of Hn (84, 27, 30). We found a trend in Hn, going from the oldest Altai 
Neandertal to the later Spy I, confirming independently what has already been noted from fossil 
analysis — that Altai Neandertals were highly carnivorous (85-87) while Spy I added some 
starchy tubers to his diet (76). The CNV population trend of genes involved in fat and protein 
metabolism could even explain the peculiar skeletal morphology observed in Hn. A large bell-
shaped lower thorax and a wide pelvis shaped to accommodate the larger liver and kidneys are an 
adaptation to a high fat, high protein diet. These organs are highly solicited for lipid and protein 
metabolism so the genetic evidence coincides with the specific anatomy (88) and high energy 
needs of Hn (89, 90, 10).  
 
Hn shows a negative trend for genes involved in dietary carbohydrate digestion compared to the 
modern human reference genome and Hs. Nonetheless, two late Hn in our sample, Les Cottés ZA-
1514 and Goyet Q56.1, have 3 copies of AMY1A/B/C like the human reference genome, indicative 
of a less restricted foraging strategy being adopted by Hn due to the different environmental 
conditions (76, 14, 9, 91). A plausible interpretation is that some late Hn may have interbred with 
early dispersals of Hs.  
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The duplication of the PDPR gene in EAHs appears as an adaptive response to the cold Eurasian 
steppe climate. The lack of duplication in early Hs living in the same climatic conditions might be 
explained by the coupling of AMY1A/B/C and SULT1A3/4 gene clusters that would also have 
increased the thermogenesis response. 
 
CYP2D6, CLPS, CLPSL1, and LPA positive CNV trends in Hn have been reported to relate to 
fasting hepatic FA metabolism because they control the lipids balancing oxidative flux and 
capacity (54). Fats can be digested to form fatty acids, and proteins can be partially transformed 
into glucose through gluconeogenesis (92, 93). Gluconeogenesis is an efficient pathway to allow 
glucose to directly entering the bloodstream, to fuel the high demand of organs, notably the brain, 
which in Hn is very large (around 1450 cc, much larger than the average brain today; 10). Although 
gluconeogenesis demands much energy (94), within a highly carnivorous regime it can (i) provide 
glucose to the brain for a limited time, and (ii) become a profitable pathway to maximize the 
benefit of protein intake (95, 5). In particular, it reduces the amount of nitrogen to avoid protein 
poisoning (92, 5, 50) and limit ketosis in adults (14).  
 
Regarding the beneficial role of FA in the diet, it is well known that nuts have always been present 
in human diet as shown by the Acheullian site in Israel 700 kyrs ago (96). In certain geographical 
regions, it is possible that Hn relied on a diet much richer in omega-3 present in wild fish (97). 
Coherent with an indirect high intake of animal fat from herbivores, and of omega-6 fatty acids 
from vegetable oils, Hn and Den populations show a positive CNV trend for the gene CYP2D6, 
involved in the arachidonic acid metabolic process. FA are consumed at higher levels in diets 
incorporating more animal proteins and are critical for brain development, brain metabolism, and 
inflammatory responses (49).  
 
A glance into the Den diet. The CNV analysis was done on only two Den individuals, so it is 
difficult to see a trend, particularly as Den D3 and Den D11 do not have the same CNV profile. 
While Den D3 shows an Hn-like trend, Den D11 – the young hybrid female with an Hn mother 
and Den father – is much closer to the modern human. Indeed, the CNV profile for Den D11 
includes many genes with the same copy number as the equivalents in modern humans that have 
evolved in warm environmental conditions. It is acknowledged that Den in Altai are a western 
extension of a much larger population originating in central and southwestern Asia (98, 26). 
Hence, we can hypothesize that Den D11 shows stronger genetic signs of adaptation to 
southwestern Asia than Den D3 as the climate was more similar to where Hs evolved, already 
adapted to carbohydrate-rich diets (6, 15). Further analyses will be possible when more Den 
genomes become available. 
 
A new picture of the Hs diet. If it holds true that plants were part of the hominin diet for millions 
of years (99), the physiology involved in the efficient digestion and transformation of dietary 
carbohydrates took time to adapt, notably through the redesigning of core metabolic and 
physiological processes (100, 13). This took place during the evolution of Hs in Africa, where 
under favorable environmental conditions, they may have experienced the gathering and 
transformation of plants rich in starch (101, 74). Our study provides three main contributions 
linked to dietary carbohydrate metabolism. First, Hs and the modern genome GRCh37/hg19 have 
a higher copy number for the AMY1A/B/C and the SULT1A3/4 gene clusters compared to Hn and 
Den. Conversely, we find no enhanced CNV in Hs for genes involved in lipid metabolism 
compared to Hn, although LPA shows a positive trend in both populations. Second, our data are 
consistent with the proposed early emergence of AMY1 coupling – between 273-475 ybp – after 
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the divergence from Hn and well before crop domestication (15-17). Third, we identified the role 
of the SULT1A3/4 and AMY1A/B/C gene clusters as main contributing factors explaining the 
three dimensions of the CNV space of individuals in Figure 3. These three results prompt new 
questions centered on the importance of dietary carbohydrates in the diet of archaic humans and, 
in particular, in Hs. 
 
Conclusion. The different CNV trends observed for Hn and Hs reflect that these hominins relied 
on different sources of energy in their diets. Our unsupervised analysis of the CNV of multiple 
genes adds new lines of evidence that confirm the biological adaptation of Hn to a narrow-
spectrum diet and highlight the genetic changes facilitating liver lipid and protein catabolic 
pathways in both Hn and Hs living in the same nutritional environment of the cold Eurasian steppe. 
The increasing duplication of AMY1A/B/C and SULT1A3/4 genes evident in Hs is consistent with 
broad-based foraging strategies potentially benefiting from the use of grinding stones to transform 
starch-rich storage organs of plants before the Neolithic. Different nutritional strategies among the 
three human populations inhabiting the temperate and cold latitudes during the crucial timing of 
their overlapping could have given Hs better fitness leading to a demographic advantage that 
allowed them to conquer the continent. 
 

 
Materials and Methods 
 
An unsupervised procedure for the identification of genes involved in digestion presenting a CNV trend 
within an ancient population. The methodology is based on several distinct computational steps: 
 

1. Selection of all available genomes that could allow for an estimation of the haploid gene copy number. 
2. Estimation of the haploid gene copy number for all genes of the genomes identified in 1. 
3. Selection of those genes whose number of haploid copies in Hn, Hs or Den is higher or lower than in 

the modern reference genome GRCh37/hg19 for more than the half of individuals in the population. 
This means that a selected gene should display a differential CNV for at least 5 individuals in Hn or at 
least 4 individuals in Hs or both individuals in Den. 

4. Selection of the final set of genes based on Gene Ontology functional annotation and principal 
expression in digestive tissues.  

 
Steps 1, 2 and 4 are detailed below.  
 
After the four steps identifying the 11 genes, we used the notion of CNV trend to analyze them within more 
than one population. Formally, a gene has a positive/negative CNV trend in a population if its gene copy number 
is either greater/smaller than that of the modern reference genome for at least half of the individuals in the 
population (4 of the 8 Hn genomes, 3 of the Hs 6 genomes, or both Den genomes). This criterion is weaker 
than the one used to select genes (see 3 above) and it is aimed to highlight the tendency for a gene to have more 
or fewer CNVs than the modern reference genome GRCh37/hg19 within a population.  The gene MST1, for 
instance, displays positive CNV trends for both Hn and Hs even though it would only be selected because of 
its differential CNV in the Hn population. Also, the gene cluster AMY1A/B/C was selected because of its 
negative differential CNV in Hn, but in the Hs population there is an opposite tendency in AMY1A/B/C 
duplication that is picked up by the CNV trend criterion. Table 1 and Table S5 show the 11 aforementioned 
genes, their estimated copy number (rounded and not, respectively) for the 16 ancient genomes and the CNV 
trends for the three populations.   
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Genome selection for genome-wide analysis. Among all publicly available human ancient genomes, we 
identified all genomes presenting a minimum number of features that allowed us to properly perform a CNV 
analysis (see Table S1). Specifically, we considered genomes that: 
1. present a 1x minimum coverage of the human reference sequence, with available alignments with the 

modern Hs genome assembly GRCh37/hg19.  
2. have been affected less than 5% by contamination from modern human sequences 
3. did not exclude sequences aligned with repetitive regions (that is, characterized by a MAPQ value of 0). 

The integration of such genomes would have required a re-run of the entire pipeline of mapping from raw 
sequences.  

The three conditions allowed 16 archaic human genomes to be considered. They were retrieved from accession 
codes published in manuscripts before December 2020, to which we added the more recent genome of Peştera 
Muierii (July 2021); see Table S1 for downloading information.  
 
It is worth mentioning that some very interesting genomes, although characterized by a sufficiently high 
coverage, were discarded for various reasons: the available alignment files for Anzick-1, Kostenki 14, Sunghir 
1--4, and Sunghir 6 do not comprise repeated regions; LaBraña lacks data for chromosome 22; Den D2, 
Hohlenstein Stadel, and Scladina have low coverage and/or high contamination. 
 
Data preprocessing. Ancient genomes are available as alignment files (in BAM format) of sequenced DNA 
fragments mapped on the GRC37/hg19 assembly in all publications. These sequence fragments commonly 
undergo several pre-processing steps such as error correction, merging of paired reads, mapping using Burrows-
Wheeler Aligner with parameters adjusted to ancient DNA (25), removal/collapsing of PCR duplicates, and 
possibly realignment around indels using Genome Analysis Toolkit. This procedure is performed individually, 
for all sequenced libraries, which are finally merged during the removal of PCR duplicates using the bam-
rmdup utility from biohazard-tools (https://bitbucket.org/ustenzel/biohazard-tools) preserving only those 
fragments marked as correctly mapped pairs. In case the available paired-end read libraries were not merged, 
we performed this step using Samtools (102). This way, we obtained a single (BAM) alignment file for each 
genome that we considered in our study. 
 
Gene copy number estimation. It is well known that next-generation sequencing (NGS) technologies can 
introduce, to varying degrees, uneven coverage of reads resulting from GC bias (103). As our analysis of copy 
number variation is based on aligned reads and depth of coverage of specific regions, to correct the datasets for 
such biases is of utmost importance. We therefore used deepTools2 (104) to compute and correct GC-bias using 
Benjamini's method (105). More precisely, we used the utility computeGCBias with parameters –
effectiveGenomeSize Lhg19 and -bl blacklist.bed to compute the GC-bias, where Lhg19 is the 
ungapped length of placed scaffolds of the chromosome under consideration in GRCh37/hg19 reference 
genome (lengths are available in column "Placed scaffolds" of section "Ungapped lengths" at 
https://www.ncbi.nlm.nih.gov/grc/human/data) and blacklist.bed refers to the ENCODE DAC 
Blacklisted Regions (106) (i.e. a comprehensive set of regions in the human genome that have anomalous, 
unstructured, high signal/read counts in NGS experiments). Finally, alignment files were corrected for GC-bias 
using the utility correctGCBias with parameter --effectiveGenomeSize Lhg19. 
 
Given a genome G, the depth of coverage (average or per-base) was computed using mosdepth (107) with 
default parameters on the GC-bias corrected alignment files. More precisely, given a chromosome chri where i 
∈{1,…,22}, its average depth of coverage Ci was computed as 
 

𝐶! =	
∑ 𝑑𝑜𝑐"!"	∈	%&'! 			

𝐿&()*! 	
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where 𝑑𝑜𝑐"! is the depth of coverage computed by mosdepth at position j of chromosome i, and 𝐿&()*!  is the 
ungapped length of chromosome i in the GRCh37/hg19 reference genome. As analyzed datasets involve male 
and female individuals, we decided to restrict the copy number variation analysis to autosomes. 
 
A set of protein coding genes G for GRCh37/hg19 was retrieved from ENSEMBLE (version 98) (108) and 
genes overlapping any of the ENCODE DAC Blacklisted Regions (106) were excluded from the analysis, 
regardless of the length of the overlap.  
 
The coverage 𝐶(!  of a gene g annotated on chromosome i is computed as 

𝐶!" =	
∑ 𝑑𝑜𝑐#"#	∈	!

𝐿!
	

 
where the depth of coverage 𝑑𝑜𝑐"! is computed exclusively at positions j of the gene g of length 𝐿! . Hence, we 
estimate the haploid copy number of a gene g as  𝐶(!/𝐶!. 
 
Finally, human paralog genes were clustered together above 80% identity (e.g., the three AMY1 copies are 
merged and only AMY1B is mentioned in our analysis) and the estimated copy numbers of “clustered genes” 
were added together to define the copy number of the gene which is the representative of the cluster. In Table 
1, this clustering procedure generated the “gene clusters” AMY1A/B/C, SULT1A3/4 and PGA3/4/5. 
 
Estimation of the absence of the gene ACOT1. We estimated that the ACOT1 gene is not present in Hn, Den 
D3 and Loschbour genomes. In this respect, notice that in the Altai Neandertal D5 genome, ACOT1 coverage 
is estimated at 0.22 (Table S5), which can be explained by the presence of the paralogous gene ACOT2. The 
two genes are known to have the same function, ACOT1 acting in the cytosol and ACOT2 in mitochondria 
(53). The ACOT1 paralog ACOT2 is a protein of 483 amino acids that contains a 62 amino acid leader sequence 
at the N-terminal that targets the protein to mitochondria.  The ACOT1 protein is shorter than ACOT2 and the 
alignment of its 421 amino acids to ACOT2 shows 98.6% sequence identity, with only 5 amino acids being 
different. ACOT2 coverage is estimated at 0.86, confirming the absence of the ACOT1 copy in the genome. 
The same applies to the Den D3 and Loschbour genomes. See (52) for a general description of type 1 and 2 
ACOT genes. 
 
Functional annotation of genes based on GO terms. DAVID (37, 38) was used to functionally annotate genes 
whose estimated haploid copy number differed from GRCh37/hg19 in at least one ancient genome. Hence, we 
could associate each annotated gene to a “generic” functional category (i.e. GO slims) according to the specific 
GO-term annotation. The result is reported in Table S3. 
 
Principal tissue expression of genes. The Human Protein Atlas (HPA; 39) was used to identify the tissues 
where genes were principally expressed. HPA was accessed online at https://www.proteinatlas.org/ and genes 
were selected if their principal expression is in organs of the digestive apparatus: stomach, intestine, liver, 
pancreas, gall bladder, salivary gland, and appendix. The result is reported in Table S4.  
 
The fossils, geographical regions and time period. The fossils/genomes (Table S2) of the 16 individuals 
have been associated to their geographical region and time period (Figure 3). For this, we defined six different 
regions of the Asian European belt, from the most eastern to the most western: Central Asia, Eastern Europe, 
Central Europe, Northern Europe, Southern Europe, Western Europe. These geographic areas were identified 
according to (109) and (110), modelling eco-geographical and morphological data on the Neandertalian 
territory and variability of mtDNA.  To take ecological diversity into account, we added Central Asia and 
Central Europe to the geographic area already defined in these two publications. Indeed, since the latter studies, 
new evidence for the great Hn extension in Central Asia has been collected (from Altai Neandertal and 
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Chagyrskaya caves). Also, we reduced the “Northern Europe” area by splitting it into two regions and adding 
an eastern one, named “Central Europe”, where the climate was different. This geographical division is used 
here for Hn and Hs. We considered seven time periods: 120k-90k ybp, 90k-50k ybp, 50k-45k ybp, 45k-40k 
ybp, 40k-35k ybp, 30k-20k ybp, and 10k-5k ybp. Regions and time periods were coded as integers for PCA 
analysis.  
 
Individuals plotted in the CNV multidimensional space. We represented individuals in a multidimensional 
space by using gene CNVs as real-valued features. Plots were drawn with the R package ggplot, and several 
geom_point functions. We used the aggregate function from the stats package to compute centroids. 

 
Principal component analysis (PCA). PCA is a well-known computational method used in exploratory data 
analysis and for making predictive models (72). It is commonly used for dimensionality reduction when the 
number of features (or dimensions) in a given dataset is too high. We used PCA to project each data point onto 
only the first few principal components to obtain lower-dimensional data while preserving as much of the 
variation as possible. The first principal component can be defined as a direction that maximizes the variance 
of the projected data. The 2nd principal component can be taken as a direction orthogonal to the first  principal 
component that maximizes the variance of the projected data, and so on. Thus, a new dimensional system, 
where each dimension relies on a combination of the initial dimensions of the data, is generated. 
 
We reduced the 11 dimensions of the high-dimensional space where individuals are represented by their gene 
CNVs. In Figure 3, the position of the reference genome GRGh37/hg19 was also plotted for comparison.  
 
The function prcomp from the R package stats was used with the parameter ‘scale’ was set to TRUE. The 
contribution of each variable (as a percentage) to the first three principal components was evaluated using the 
function fviz_contrib and visualized as a barplot. The dotted red line is the expected average contribution. A 
variable with a higher contribution than this is considered important, and was highlighted in the Figure 3d. For 
the visualization, we used the function plot_ly of the R package plotly. With this function the main dimensions 
of the PCA to be represented in the n-dimensional space can be chosen. We chose to represent the first three 
principal components. 
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S1. Presentation of “archaic humans” (SC, LL)  
 
Neandertals (Hn) are a human hunter-gatherer fossil population that lived in Eurasia between 300 kya and 
40k ybp. They were totally replaced throughout their territory by us, Homo sapiens. Paleoanthropologists 
have shown that the evolution of this fossil population could be originated from Homo heidelbergensis in 
Europe, back at least from 450k ybp, through the identification and progressive accumulation over time of 
typical Hn morphological features (111). 

In Africa Homo heidelbergensis gave rise to Homo sapiens (Hs) whose oldest representatives, from fossil 
remains, are identified around 300 Ka (112). Thus, while Hn was differentiating in Europe, Hs was 
differentiating in Africa. These data are consistent with the genetic ones (113). By analysing the genomes 
of Hn and of modern humans (Hs) it was estimated that the two ancestral populations separated between 
220 000 and 470 000 years ago (114). This splitting time is highly relevant for the emergence of the 
AMY1 A/B/C gene cluster (15) and it is relevant for the reasoning presented in this paper. According to 
some studies, this timeframe would seem to match that of the extinct species Homo heidelbergensis, 
which has been found in Africa, Europe, and possibly Asia (115). The fact that only present-day Europeans 
and Asians possess this Hn genetic capital indicates that interbreeding must have taken place just after the 
first humans left Africa to conquer Eurasia, which the researchers estimate to be approximately 100,000 
years ago (116, 117). This hybridation has been since confirmed by several analyses (the last being 31), 
who succeeded in sequencing the genomes of five Hn, including four late Hn from Western Europe - one 
from France, two from Belgium and one from Croatia - and an older one from the Russian Caucasus. They 
also found that the Hn genes of present-day Europeans are not close to those of late European Hn. Both this 
genetic distance and the enigmatic absence of Hs genes in late Hn can then be explained if one’s makes - 
and validate - two hypotheses: on the one hand, that interbreeding mainly induced gene flows in the 
direction of Hn ➞ Hs; on the other hand, that the main hybridization event occurred outside Europe well 
before the arrival of our Hs ancestors on this continent (116, 113, 114). 

The European Hn, for which extensive morphometric data are available, underwent four geological glacial 
eras and thus progressively adapted to colder environments (10, 118). It is therefore under particular 
climatic and environmental conditions, with alternating glacial and interglacial phases, that the evolution 
of Hn took place in Eurasia. The climate had important consequences for their adaptability, density and 
therefore diversity, as well as for their possibilities of expansion and contact with their neighbouring 
population (119). The Hn populations have experienced few bottlenecks, therefore they have never been 
large, structured in small interconnected groups (about 20 individuals) that never outnumbered 70,000 
individuals at the time of their "golden age" (during the "Eemian" interglacial at MIS 5, around 120k ybp) 
(120). The small size of the population has to be correlated with the partial geographic isolation of Hn 
caused by European climatic fluctuations during Pleistocene.  

It was around this time (circa 100k ybp) that the European Hn, well identified by singular morphological 
features, spread eastwards carrying the same lithic assemblages and technology as far east as the Altai 
mountains (121) where they encountered the Denisovan (Den). Genetic data has also pointed out low 
genetic diversity in Hn, with a demographic depression peak in the Altai, where a very consanguineous 
individual has been found (27), and a genetic continuity across Europe from 120k ybp until the 
disappearance of the population around 40k ybp (122). This low variability is also visible in the morphology 
of the Hn, which remained the same during the last 100k of their existence throughout their broad territory 
from the Atlantic to the Altai (111; see SOM p.15 in 121). 

The expansion of Hs and the demise of Hn  

After the great dispersion of Homo sapiens (Hs) from Africa into Eurasia about 60,000 years ago (1), the 
other archaic humans (EAHs), notably the Neandertal (Hn) and Denisovan (Den), who populated this 
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geographical region, disappeared. The reasons for the success of Hs are debated among specialists. The 
most commonly accepted hypothesis is that EAHs would have competed with Hs for food resources during 
the climatic changes that affected Eurasia (123, 111).  
The replacement of EAHs, Neandertals in particular, would have been favoured by Hs' greater technical 
skills (124), their greater cognitive abilities (124-128) and lower social capacities and network (124, 129-
130).  
However, all these hypotheses have been challenged (131, 132) as also those suggesting that the 
disappearance of EAHs was brought about by violent confrontations between the two populations (133) 
and by the exposure to new infectious agents (134, 135). 
 
The great deal of attention paid to behaviourally and culturally driven reasoning somehow overwhealmed 
the reasoning on the biological complexity of physiological adaptation (136, 137) and comparatively little 
attention was paid to the metabobolic and physiological processes ruling the bioenergetic requirements (14, 
138-140), the role of microbiomes (141, 142) and how to transform different foods into nutrients (143, 
144). Our analysis add fresh data to the genomic architecture across EAHs suggesting a selective pressure 
on Neandertal, and possibly on Den, towards lipid-rich food to respond to the cold climatic regimes at the 
boreal latitudes. Conversely, our results support an adaptation to a diet rich in glycemic carbohydrates for 
Hs, evidenced by the old duplication of AMY1 A/B/C gene cluster (15). 
 
For our CNV analysis, 8 Hn genomes are available : 2 from the from Asia (in Altai: Altai Neandertal D5 
and  Chagyrskaya 8) and 6 from Europe (in Russia: Mezmaiskaya 1,Mezmaiskaya 2; in Croatia (Vindija 
33.19) and in Belgium (Spy 94a, Les Cottés Z4 1514, Goyet Q56.1).   
 
Denisovan, Den, on the other hand, are also an extinct human population but their "discovery" in 2010 is 
mainly due to mitochondrial (mt) and nuclear (n) DNA studies (145, 117, 146, 26) extracted from the 
collagen of bones so fragmentary that they did not allow paleoanthropologists to identify their 
morphological and anatomical characteristics.  Den are considered an Asian sister group of Hn that have 
evolved in Asia from Homo heidelbergensis after the expansion from Africa and the split with the African 
ancestors. This African origin has been confirmed and reinforced by genetic studies (from 2010 up today), 
that have also contributed to date the time of divergence between the African lineage, that will evolve into 
Hs, and the Eurasians’ one that will give rise to Hn in Europe and to Den in Asia. The analysis of the nuclear 
genome suggests a recent common ancestor between European Hn (notably with Vindija, Vi 33-19) and 
Den dating between 440 to 390 ka ago (30) and thus, situated the Den as a sister group to Hn (25, 30, 147) 
and Hs. 
 
The exact geographic repartition of Den is not yet clear but available data supports that the Altai is the 
western edge of their territory. Den, originally known only from the Denisova cave in the Siberian Altai, 
has been recognized even in the incomplete hemi-mandible from Baishiya cave (Tibet), on the basis of 
proteomic study (148) and from DNA extracted from the sediments (149), providing evidence for their 
occupation of the cave perhaps until 45 ka, when early dispersal of Hs was already roaming into Asia. 
Probably, Den occupied a large part of continental and southern regions of Asia (150-154).  Indeed, it is in 
modern Asian populations that the highest percentage of Den genes are found (155, 156).  Hn and Den have 
interacted in the Altai area and they occupied successively and perhaps even together Denisova Cave, as 
witnessed by the Den D11 individual (118.1-79.3k ybp) that had a Den father and an Hn mother (26, 157).  
The D3 and D11 genomes are available for our CNV analysis. 
 
 
S1.1 The Hs peopling of Europe seen from paleoanthropological and genomic analyses 
 
From archeological, paleoanthropological and genetic studies the European Hs peopling show that the 
ancestry of modern Europeans is quite complex (158). In western Eurasia five dispersals of Hs arrival can 
be identified: 
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1) An "Aurignacian dispersal" of Hs. This arrival is supported by the presence in Eastern and Central Europe 
of archeological evidence for "Aurignacian flaked industries " resembling those of the Levant, e.g. Ksar 
Akil, Lebanon, dating about 43k ybp (159). These cultural assemblages, that lasted in western Europe until 
around 31k ybp are always associated to Hs, although at the time of modern humans’ arrival Hn was still 
present in Europe (160) making it possible that hybridation have occurred (161).  
Although for this early phase of dispersal no genomes are available that belong to it with certainty, in this 
study we analyzed the Peștera Muierii genome. Other genomes from early Hs individuals like Kostenki 14, 
dating to 38k ybp (162, 163), Bacho Kiro, dating 45-58k ybp (161) and Zlatý kůň, 45-43k ybp (164) could 
not be included in our analysis due to genome sequencing characteristics not allowing for CNV analysis 
(see Methods). For this earliest dispersal we analyzed the Ust-Ishim genome (> 45k ybb). 
  
2) Hs belonging to the Gravettian assemblages. The Gravettian population seems to have formed a 
homogeneous biological group despite their chronological and geographical extension that covers all 
Europe over about 10.000 years. The oldest Gravettian occurrences are dating from around 31k ybp, when 
Hn had already disappeared, until 23k ybp, hence Peștera Muierii 1 and Mal’ta child genomes fall in this 
group. These fossil populations of hunter-gatherers developed a meta-culture famous for its flourishing art, 
as well as some emblematic archaeological sites including the Cro-Magnon shelter discovered in 1868 
(Dordogne, France) that gave the name with which modern humans are aknowledged.  

All the genomes available from this span time (notably Sungir, Kostenki I, Dolni Vestonice, Pavlov, Krems-
Wachtberg) do not have the genome sequencing characteristics allowing for CNV analysis (see Methods). 

3) A new arrival of an unidentified Hs population of hunter-gatherers around 14k ybp, probably coming 
from Anatolia (165, 166). This new arrival expanded in Europe during the last Ice Age Hs experienced an 
important demographic bottleneck. Therefore, there is genetic evidence for discontinuities in the European 
peopling before and after last glacial maximum.  For this span time no available Hs genomes are worth to 
match the criteria set for our CNV analysis. 
 
4) Anatolian Hs farmers, who spread into Europe about 8,500 years ago, via the Mediterranean coast and 
the Danube valley (34). In our study, we analyzed the CNV of genomes from late Mesolithic Hs, namely 
Loschbour (Belgium) and Motala 12 (Sweeden) and from an early farmer from Stuttgart, all living in 
Europe after the great bottleneck that followed the last glacial event. 
 
5) A nomad population from the steppes of southern Russia, who migrated to Europe and East and South 
Asia about 5,000 years ago (167, 35) which is beyond the scope of the present analysis.  
 
S2 Presentation of the sixteen re-analyzed probands  
 
In recent years, the availability of good quality nuclear DNA from various human fossils has increased the 
potential of reconstructing the hominins phylogeny and their interbreeding (168). Also, the availability of 
hundreds of thousands of complete human genomes from different modern populations allows the 
reconstruction of maps of single nucleotide polymorphisms and structural variants. Among all the ancient 
DNA genome sequence data on Hn, Den available to date for our unsupervised analysis, we have selected 
only those with high-quality genomes (see Methods) namely two Den (D3 and D11) and eight Hn (Altai 
Neandertal D5, Chagyrskaya 8, Mezmaiskaya 1, Spy 94a, Vindija 33.19, Mezmaiskaya 2, Les Cottés Z4 
1514, Goyet Q56.1).  These probands are representative of the two archaic human (Hn and Den) that 
spanned over 50,000 years of the Late Pleistocene and approximately 8,000 km across Eurasia. We also 
analysed three early Hs genomes (Ust’Ishim, Peștera Muierii 1, Mal'ta), two late hunter-gatherers and one 
early farmer from Europe Hs genomes (Loschbour, Motala 12, Stuttgart). In all, 16 genomes were selected 
for the CNV study (Table S1).  
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S2.1 Denisovan (Den)  
 
Den D3 (Denisova cave, Altai Mountain, Central Siberia) 
 
Den D3 ("pinky"), is a distal phalanx of the fifth finger belonging to an adolescent female individual. This 
is the first fossil attributed to a new fossil population on genetic ground (145, 117, 25, 26). It was 
unearthed in layer 11.2 square D2 of the East Gallery at Denisova cave (51.40N, 84.68E) during 2008 
field season. It has recently been dated to 69–48k ybp from optical dating of the associated sediments and 
to 76.2–51.6 kybp using a Bayesian modelling approach that combines chronometric (radiocarbon, 
uranium-series and optical ages), stratigraphic and genetic information to estimate ages for the hominin 
fossils at the site (169). Den D3 lived approximately at the same time as Hn Chagyrskaya 8 (28) or 
slightly before, thus sharing similar environmental conditions.  
 
 
Den D11 (Denisova cave, Altai Mountain, Central Siberia) 
 
The identification of Den D11, named "Denny", was made using a new method, ZooMS (170). This small 
bone fragment of a few centimetres from a long bone belongs to a girl, about 13 years old. Mitochondrial 
DNA analysis identified Neandertal-type mtDNA, but the nuclear DNA analysis (26) reveals that about 
40% of the DNA fragments from Denny (Den D11) matches Neanderthal DNA whilst the remaining 40% 
matches with Den DNA. With equal amounts of Den and Neandertal DNA, Den D11 appears to have had 
a parent in each group, or Denny's parents belonged to a population of Denisova-Neandertal hybrids. To 
distinguish between these two scenarios, the researchers estimated the heterozygosity of the Den D11 
genome and showed that the proportion of heterozygous sites (i.e. sites with one Neandertal and one 
Denisova allele) was consistent with her having inherited one set of chromosomes from a Neandertal and 
the other from a Denisova parents. 
Further examination of the genome suggests that her father also had Hn ancestry, probably several 
hundred generations back (169). Also, the Hn mother's genome is closer to that of a Hn found in Vindija 
in Croatia (Vindija 33-19, see below) than to that from Hn population found in the same cave in Siberia 
(28). 
 
 
S2.2 Neandertals (Hn)  
 
Altai Neandertal, also known as D5 (Denisova cave, Altai Mountain, Central Siberia) 
 
Denisova is the name of a cave which is located at a height of 700 m asl dominating a green valley crossed 
by the river Sibiryachikha. The cave is located at the foot of the Altai Mountains in Siberia, near the border 
between Russia, Mongolia and Kazakhstan. This is not the only cave or prehistoric site in the region as 
several Hn skeletal remains have been retrieved in the nearby Okladnikov cave and at Chagyrskaya cave, 
about 100 km away (28).  
The Altai Hn occupied Denisova cave roughly 110 ka ago (169, 171). The Altai Neandertal is represented 
by a proximal pedal phalanx of a female that furnished a 52-fold genome coverage (27). Several very 
incomplete fossils from layers 12.3 and 11.4 have also been assigned to Hn based on their mitochondrial 
(170) and nuclear DNA (27, 98). Additional evidence for the presence of Hn in the cave comes from 
analyses of sedimentary DNA from at least 2 layers (11 and 14), which indicate several episodes of Hn 
occupation (157).  
 
 
Chagyrskaya 8 (Chagyrskaya cave, Altai Mountains, Central Siberia) 
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Chagyrskaya is a karst cave discovered in 2007 and it is located in southern Western Siberia, near the 
Charysh River in the foothills of the Altai Mountains.  Since 2008, 74 Hn remains, along with fauna and a 
rich lithic industry, have been unearthed, providing a large and mostly well-preserved collection of 
morphologically diagnostic Hn remains from the Altai mountains. The faunal and pollen remains suggest 
a milder climate in the Altai foothills that was likely a refugium for Hn populations during the late 
Pleistocene (172-176, 87). 
Chagyrskaya 8 is a distal manual phalanx from a Hn individual whose genomes have been sequenced to 
27-fold genomic coverage (28). 
Although the age of Chagyrskaya 8 is constrained by a DNA-based estimate of ~80 ybp (28) and an optical 
age for the associated deposits of 59–49 ybp, Chagyrskaya 8 may have lived at around the same time than 
Den D3 or up to several millennia later. The genome from Chagyrskaya 8 shows that this Hn is related to 
Hn from western Eurasia (notably with Vindija 33-19) more than to the Altai Hn who lived earlier in 
Denisova Cave (28, 27, 30, 31). This suggests that distinct groups of Neandertals repeatedly migrated 
between Western Eurasia and Siberia (98, 121). Also, this is consistent with the fact that Siberian Hn lived 
in relatively isolated populations of less than 60 individuals on the Eastern edge of the Hn territory.  
The long-distance movements from western Europe to Altai of Hn is further confirmed by the studies of 
lithic assemblages – more than 90,000 pieces – resembling to the so-called "Micoquian-like assemblages" 
observed in Central and Eastern Europe (121). These connections are also supported by a recent study on 
Hn blood system (111). These data make it possible to explain the great homogeneity that is observed in 
the anatomical characteristics of the Hn, which is found throughout their territory from west to east and 
over the course of time from the earliest to the most recent.  
 
 
Mezmaiskaya 1, Mezmaiskaya 2 (Mezmaiskaya cave, Krasnodar region, Caucasus, Southern Russia) 
 
Mezmaiskaya Cave is located near the right bank of the Sukhoi Kurdzhips river, in the north-western 
foothills of the North Caucasus, southern Russia. Among several Hn remains retrieved in the cave, the 
genome extracted from a rib of a still breast-feeding neonate (Mez 1, who died about 2 weeks after birth) 
dating back to ~70k ybp was the second Hn genome sequenced after the Feldhofer, retrieved in the eponym 
site, in the early 2000s (177).  
In 2016, a successful extraction from a skull fragment of another infant (Mez 2, 1-2 years old, so putatively 
still breast-feeding) dated to 44,6–42,96k ybp, revealed an optimal collagen preservation that permitted to 
sequence the genome (31).  
The still ongoing excavation, by yielding human skeletal remains associated with middle Paleolithic 
assemblages of local facies called "Micoquian tradition" (178), has revealed the key role played by the 
Caucasus corridor not only for Hn but also as one of the gateways for Hs into the boreal latitudes. 
 
 
Vindija 33.19 (Vindija cave, Northern Croatia, Southern Central Europe) 
 
The Vindija Cave, in the Dinarides Alps, discovered in 1974, is a highly recognized site for the richness 
in human skeletal remains of both Hn and a few Hs. Three fragmentary bones of Hn were analyzed for 
the first draft sequence of the Neanderthal genome project (116). In our analysis we consider Vindija 
33.19, one of the five Hn osseous remains that were recently genotyped (30, 31). It belongs to a Hn 
female that lived 48-65k ybp (179) and furnished a 30-fold genome (30). 
The comparison with the previous Hn genomes (116) allowed inferences on the similarity the Neandertal 
population from Vindija with late Hn from western Europe and from the Gibraltar area (122). However, 
the recently obtained Vi 33-19 genome was compared with those of  Chagyrskaya 8 and of the other Hn 
individuals retrieved in that cave, allowing inferences on the western origins of these Altai Hn, even 
considering the technological skills observed in the lithic assemblages (121, 28, 87). 
Several individuals from Croatian site have been also deeply investigated for dental microwear texture 
analysis and the results suggest that some individuals among the Vindija Hn where consuming soft food 
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like meat at high level (180) and this data are fully in agreement with our results and with the isotopic 
analysis (181) although anisotropy on teeth wear may suggest some raw fibrous plant food.  
Spy 94a (cave in the Namur province, Belgium) 
 
The site of Spy is well known since the end of 19th century and yielded Hn several individuals, highly 
fragmented. The first two skeletons were discovered in 1886 in Jemeppe-sur-Sambre, province of Namur, 
Belgium (182, 183) and represent the second official discovery of Neandertal fossils ever reported, thirty 
years after the one in the Neander Valley in Germany (Feldhofer). Since 2010, the re-examination of all the 
human remains have permitted to identify at least 6 individuals, one juvenile and five adults. 

The genome considered in our study, was obtained from Spy-94a upper right molar (M3) from the male 
individual Spy I and it is associated with a maxillary fragment dated to 39,150–37,880 ybp (according to 
redating study by 184). The tooth was bearing dental calculus in which starch grains have been retrieved 
allowing the inference that Spy I individual was including some plant food in its diet (76), which is in 
accordance with the tooth wear-traces observed by 185. Also, tooth wear from Spy I resemble those 
observed in different individuals from Vindija (but not from Vi 33.19, the specimen in our analysis), 
Krapina, Hortus and from Kulna 1 (these three latter individuals are not genotyped), and the wear is 
interpreted as coherent with some plant food consumption (186). Our data on Spy I/94a by showing the 
duplication of the AMY1 A/B/C gene cluster, lend support to the just mentioned data. However, at present, 
it is not possible to directly compare our genes CNV trends with the data from other Hn/Early Hs specimen 
yielding starch entrapped in dental calculus as reported in recent reviews (91, 186). 

Furthermore, other studies caution about the attribution of plant remains retrieved in dental calculus to the 
exclusive connection with food consumption (187) and bring about insights on the use of teeth as the 
“third hand” therefore starch, fibres, tissues residues entrapped in the calculus might also be referred to 
alternative plants processing (e.g. for technological processing) or for medical purposes (188, 189).  
 
 
Goyet Q56–1 (“third cavern” of Goyet cave, Belgium, Central Europe) 

The so-called “third cavern” cave, excavated during the 19th century and then re-opened in the 1990s, 
belongs to a large karstic complex in the Mosan basin, Belgium. It yielded almost 100 human skeletal 
remains and a rich Middle and Upper Paleolithic industries difficult to disentangle due to the methodology 
applied by Dupont, one of the pioneers of the studies in Prehistory. Among the many remains attributed to 
Hn, for the CNV analysis we consider the Goyet Q56-1 genome, obtained from the fragment of the right 
femur (31) and dated to 40.5–45.5k ybp. The isotopic analysis has been carried out on several fragments of 
other Hn genotyped fragments (Q119-2, Q305-4, Q305-7, according to mtDNA) and the data closely 
resemble those from other Western and Central Europe hominins like Feldhofer, El Sidron and Vindija 
(190). The modest genetic variation shown by these genomes is supportive of the low genetic variability 
typically explained by the limited number of individuals of late Hn clades. It has to be mentioned that dental 
calculus analysis was carried out on Goyet VI Hn individual highlighting that this individual was adding 
some plant food on his prevailing carnivore diet (Power et al. 2018). According to our data Goyet Q56-1 – 
together with Spy I/94a and Les Cottés Z4–1514 (see below) – shows the duplication of the AMY1 A/B/C 
gene cluster lending credence to the digestion of dietary carbohydrates for these individuals. However, 
carbon isotopic data suggest that other Hn individuals living at Goyet cave were heavily relying on 
mammoth, as it occurred for Spy and Scladina Neandertals (191), which is also a dietary condition 
supported by our data (high duplication of the genes involved in lipid and protein metabolism). 

 
Les Cottés Z4–1514 (Les Cottés cave, New Aquitaine, France, Western Europe) 
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The Cottés cave or Cottets cave is located in Saint-Pierre-de-Maillé, in France. The first excavations and 
discoveries of Mousterian and Aurignacian occupation levels date back to 1880. Since 2006, new 
excavations have been carried out, as this cave has the particularity of presenting a continuous 
archaeological sequence from the end of the Middle Paleolithic to the beginning of the Upper Paleolithic, 
thus including the Mousterian, the Chatelperronian and the first phases of the Aurignacian. Les Cottés Z4–
1514, a Hn tooth dated to 43,740–42,720 ybp, has been recently genotyped (31) allowing the CNV analysis. 
As for the two mentioned Belgian Hn individuals, even for Le Cottés Z4–1514 it would be possible to 
suggest the access to a more mixed diet.  

 

S 2.3 Homo sapiens (Hs) 

In the frame of this article, we analysed the CNV of an Early Hs Palaeolithic hunter-gatherer from Europe, 
Peştera de Muierii, and two from Asia, Ust’Ishim (north-western Siberia), at present the oldest Hs at the 
boreal latitudes who lived prior to the split between Western and Eastern Eurasian, and the Mal'ta child, 
that lived in eastern Siberia around 24k ybp.  
 

A- Hs Palaeolithic hunter-gatherers 

 
Peștera Muierii 1 (“Women’s cave”, Romania, Eastern Europe) 
 
Peștera Muierii, or the "Women's Cave", opens in a complex karst system in the Carpathian Mountains. 
The cave yielded numerous cave bear remains as well as a Hs human skull.  
Together with the human remains found in 1952 – a skull and some post-cranial remains (Peștera Muierii 
1 or PM1) a temporal bone (Peștera Muierii 2) that cannot be articulated with the skull, and an isolated 
fibular diaphysis (Peștera Muierii 3) – lithic artifacts attributed to both the Mousterian technology (usually 
referred to Neandertals) and to the Aurignacian (associated to early modern humans) were retrieved.  The 
Hs remains are dated to about 34 ybp (192), thus, they are somewhat younger than those from the nearby 
cave of Peștera cu Oase, dated to about 40k ybp (193). 
The PM1 skull displays modern human features, including a high forehead, a small maxilla and small 
eyebrow arches. The large cranial vault and intact facial bones indicate a woman with 'robust features'.  
 
The mitogenome of the skull (192) obtained from two of its teeth suggest that the female from Peștera 
Muierii was part of the first population of Hs after its expansion into Eurasia. 
The genome was recently analysed (32) and shows some level of admixture (~3.1%) and also a quite high 
level of genetic diversity, a common trait within the earliest European. The human remains of Peștera 
Muierii represent a group that was a side branch to the ancestor of modern-day Europeans that underwent 
a great bottleneck during and after the most recent Ice Age.  
 
 
Ust’-Ishim (cave on the bank of the Irtysh river, Central Asia, Northern Siberia) 
 
Ust'-Ishim Man is the name given to the fossil of a Hs femur, fortuitously discovered in 2008 on the bank 
of the Irtysh River by a Russian sculptor near Ust'-Ishim, in the Omsk province of north-western Siberia. 
This fossil is notable for the preservation of its DNA, which allowed the complete sequencing of its genome, 
thus becoming the earliest – > 45k ybp – modern human genome sequenced to date (29, 194).  

The examination genome shows that Ust'-Ishim individual is closely related to the 24 ybp Mal'ta boy (see 
below) from central Siberia, but also to the much later individual from La Braña (Spain) who lived about 
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8,000 ybp. This genetic relationship show that Ust'-Ishim femur belong to a population that predated the 
separation between western Eurasians (European population) and the eastern Eurasians (Asians 
populations; 195). Some authors consider Ust'-Ishim likely belonged to a population that predated this split 
or represented another migration to the Asian continent that would not have left descendants among the 
present human populations (161). The same authors observed that Neanderthal DNA in Ust'-Ishim appears 
in longer sequences, indicating that interbreeding between modern humans and Hn took place shortly before 
the life time of this fossil. Calibration of the genetic clock, following the sequencing of the Ust'-Ishim 
genome, permits to estimate the date of interbreeding between Hs and Hn at between 52,000 and 58,000 
ybp. This age corresponds to the estimated age of the last exit of Hs from Africa (159). No hybridisation 
between Denisovans and Ust'-Ishim has been demonstrated, although Denisovans are thought to have lived 
at the same time in East Asia as suggested by the DNA retrieved in the sediments of Denisova  (161, 157). 

 
Mal’ta (open air site, Eastern Siberia, Central Asia, Russia) 
 
The four-year-old Mal'ta boy lived along the Bolshaya Belaya River near Irkutsk, in central Siberia. This 
individual is dated 24,300 ybp and belonged to a population settled between the Lake Baikal and the 
Yanisey River under very rigid climatic conditions with few plants and animals to live on. Nonetheless, 
they survived in a large community – much larger than the Neandertal’s ones – and built hypogeum 
construction made of mammoths’ bones and reindeer antler likely covered with leather, and they were 
capable of fine carving amulets using the ivory and the antler of that animals (196). The Mal'ta eastern 
Paleo-Siberian group became genetically isolated from its original population being different from the other 
populations of the eastern Asia (197). The Mal’ta population is ancestral to Native Americans that received 
around the 40% of their ancestry (33) and to the present-day Kets and the Selkups, known as highly 
carnivores, with whom he shares the high CNV of PGA3/4/5 gene cluster involved in the efficient protein 
catabolism (198). Our data clearly show that this same adaptation is evident in Neandertal – Spy I/94a and 
D5 Altai Neandertal – and also Denisovan – D3 and D11. Mal’ta represents the closest link to Motala 12, 
since the Swedish late hunter-gatherer shows about 22% of ancient North Eurasian genetic capital (167).  
 
 

B. Hs from Europe prior the Neolithic: Mesolithic (Motala 12, Loschbour) and early farmer (Stuttgart). 

 
Motala 12 (necropolis – Kanaljorden, Sweden, Northern Europe) 
 
Motala 12 is a maxilla belonging to a male individual from the Scandinavian site of Kanaljorden, 
excavated in the town of Motala between 2009-2013.  In this site, attributed to late Mesolithic hunter-
gatherers, several individuals - an infant and 10 adult burials – were retrieved on the shore of a small lake. 
Motala 12 maxilla was directly dated to 7,212 ± 109 BP (34, SOM p. 4). The sequenced genome (34, 35) 
informs that this fossil shares with its cohort large teeth and thick dark hairs and pigmented skin, as it 
occurred in present days East-Asians (167) and Native Americans. It must be noted that our results finely 
match with previously available ones for the late northern hunter-gatherers regarding the efficient 
digestion of dietary carbohydrates and the perception of bitter taste (35).  
 
 
Loschbour LB 1-3 (rock shelter, Luxembourg, Central Europe) 
 
The “Loschbour man” (also Loschbur man) is a skeleton discovered in 1935 in rock shelter in Mullerthal 
(Luxembourg) by Nicolas Thill (34, SOM p. 2). The skeleton now belongs to the collections of the National 
Museum of Natural History in Luxembourg City. Loschbour man, directly dated in 1998 (AMS) to 7,205 
± 50 ybp (34, SOM p. 2), was a late Mesolithic hunter-gatherer aged 34-47 years old, circa 1.6 m tall who 
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weighed between 58 and 62 kg (199). The Loschbourg population was supplanted by new populations more 
likely used to herd rather than hunting. According to DNA analysis made from a tooth (LB1-3) by (34), 
Loschbour man was "a light skinned (white) individual" (90%), with brown or black hair (98%), and likely 
blue eyes (56%). Loschbour's late hunter-gatherer was effective in digesting starchy food, displaying 
multiple copies of AMY1A/B/C, as the later agro-pastoralist populations (17) that lived in the same area. 
Also, this individual shows the PAV haplotype for taste receptor TAS2R38 as Motala 12 individual. 
Loschbour shares with ancient North Siberians the duplication of those genes – namely PGA3/4/5 gene 
cluster – involved in the amino acid catabolic process, with some genes also involved in the urea cycle and 
in tyrosine and phenylalanine catabolism (198). 
 
 
Stuttgart (LBK 1) (Viesenhäuser Hof, Bavaria, Germany) 
 
A tooth – M2 listed as LBK1– was genotyped within one of the largest studies dedicated to the sequencing 
of the Holocene ancestral population for present-day Europeans (34). This is an interesting site where both 
local population and migrant from Anatolia was buried. A female – 25-to 35 years old – affected by primary 
hyperparathyroidism, lived all her life in the surrounding as the strontium isotope analysis suggests (200) 
and was buried in this Early Neolithic site as showed by the associated Linear Band Keramik artifacts dating 
back to 5100 to 4800 ybp (201).  
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Genome Identifier Depository site Covera
ge 

Conta
minatio

n 

Reference 

Den D11 ENA 
PRJEB24663 

https://www.ebi.ac.uk/ena/browser/home 
5.63  

Slon et al. 2018 

Den D3  http://cdna.eva.mpg.de/denisova/ 31.59  Meyer et al. 2012 
Altai Neandertal D5 ENA PRJEB1265 https://www.ebi.ac.uk/ena/browser/home  54.01 1% Prüfer et al. 2014 
Chagyrskaya 8  http://ftp.eva.mpg.de/neandertal/Chagyrskaya

/VCF/ 28.36 0.7% 
Mafessoni et al. 2020 

Mezmaiskaya 1 ENA PRJEB1757 http://cdna.eva.mpg.de/neandertal/Mezmaisk
aya1/Pruefer_etal_2017_bam/ 2.04 <1% 

Prüfer et al. 2017 

Spy 94a ENA 
PRJEB21883 

https://www.ebi.ac.uk/ena/browser/home 
1.08 1.75% 

Hajdinjak et al. 2018 

Vindija 33.19 ENA 
PRJEB21882 

https://www.ebi.ac.uk/ena/browser/home 
31.32 <1% 

Prüfer et al. 2017 

Mezmaiskaya 2 ENA 
PRJEB21881 

https://www.ebi.ac.uk/ena/browser/home 
1.85 0.83% 

Hajdinjak et al. 2018 

Les Cottés Z4-1514 ENA 
PRJEB21875 

https://www.ebi.ac.uk/ena/browser/home 
2.94 0.18% 

Hajdinjak et al. 2018 

Goyet Q56.1 ENA 
PRJEB21870 

https://www.ebi.ac.uk/ena/browser/home 
2.30 0.89% 

Hajdinjak et al. 2018 

Ust’-Ishim ENA PRJEB6622 https://www.ebi.ac.uk/ena/browser/home 42.72 <0.13% Fu et al. 2014 

Peştera Muierii 1 ENA 
PRJEB33172 

https://www.ebi.ac.uk/ena/browser/home 
17.00 1.5% 

Svensson et al. 2021 

Mal’ta NCBI SRA 
SRP029640 

https://www.ncbi.nlm.nih.gov/sra/SRX346836[
accn] 1.21 1.6-2% 

Raghavan et al. 2014 

Loschbour, Motala 
12, Stuttgart 

ENA PRJEB6272 https://www.ebi.ac.uk/ena/browser/home 
22.13, 2.46, 

19.28 

0.4% 
(Loschburg, 
Stuttgart) 

0.35% 
(Motala 12) 

Lazaridis et al. 2014 

Human reference  GRCH37/hg19 http://grch37.ensembl.org/info/data/index.ht
ml 

   

 
Table S1. Downloading information for the 16 ancient human genomes and the reference genome 
considered in this article. From top to bottom, genomes are listed according to dating from the oldest to the 
most recent within each population: Denisovan (grey), Neandertal (orange), Homo sapiens (purple).  
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Table S2. Description of the fossils of the 16 individuals whose genomes are analyzed in this article. From 
top to bottom, genomes are listed according to dating from the oldest to the most recent within each population: 
Denisovan (grey), Neandertal (orange), Homo sapiens (purple). 
  

Fossil remains 
Fossil details   
anatomy 
sex 

Geographical location Cave and layer Time period (ybp - 
calibrated age) 

Relevant publications for the 
genome published  

Denisova D11 
Small bone fragment 
Female Den/Hn 

Central Asia: Central 
Siberia, Altai Moutain 

Denisova Cave 
Layer 11, East 
chamber 

118100-79300 Slon et al. Nature 2018 
Douka et al. Nature 2019 

Denisova D3 
Distal phalanx of the 
fifth finger.  
Female 

Central Asia: Central 
Siberia, Altai Moutain 

Denisova Cave 
Layer 11.2, East 
Gallery 

76200-51600 Meyer et al. Science 2012 
Reich et al. Nature 2010 
Douka et al. Nature 2019 

Altai Neandertal D5 
Phalanx foot toe 
Female 

Central Asia: Central 
Siberia, Altai Moutain 

Denisova Cave 
Layer 11.4 

120000 Prüfer et al. Nature 2014 
 

Chagyrskaya 8 

Distal manual 
phalanx 
Female 

Central Asia: Central 
Siberia, Charysh River, 
foothills of the Altai 
Moutain.  

Chagyrskaya Cave  80000-60000 Mafessoni et al. PNAS 2020 

Mezmaiskaya 1 

Almost complete 
skeleton 
Still breast-feeding 
Neonate 

Eastern Europe: 
Southern Russia,  
foothills of the North 
Caucasus  

Mezmaiskaya Cave 
 

70000-60000 Prüfer et al. Science 2017 

Spy 94a 

Upper right molar 
associated to a 
maxillary fragment 
Male 

Western Europe: 
Belgium, Namur 
province  

Cave 49800-42300 Haidinjak et al. Nature 2018 
Devièse et al. PNAS 2021  

Vindija 33.19 
Fragments of long 
bones  
Female 

Southern Europe: 
Croatia, Dinaric Alps  

Vindija Cave   47400-44300 Prüfer et al. Science 2017 

Mezmaiskaya 2 
Skull fragment 
Male? 

Eastern Europe: 
Foothills of the North 
Caucasus 

Mezmaiskaya Cave 44.600-42.960 Haidinjak et al. Nature 2018  
 

Les Cottés Z4-1514 
Tooth 
NA 

Western Europe: 
France, Saint-Pierre-
de-Maillé 

“Les Cottés” cave  43200-42500 Haidinjak et al. Nature 2018  
 

Goyet Q56-1 
Right Femur 
NA 

Western Europe: 
Belgium, Namur 
province 

“third cavern” of 
Goyet cave  
 

42800-42100 Haidinjak et al. Nature 2018  

Ust’-ishim 

Femora 
Male 

Central Asia: North-
Western Siberia, Omsk 
province 

Cave on the bank of 
the Irtysh River 

45930-42900 Fu et al. Nature 2014 

 

Peștera Muierii 1 
Temporal bone 
Female 

Eastern Europe: 
Romania, Carpatian 
mountains 

“Women’s Cave” 35257 +/-259  Svensson et al. Current Biology 
2021 

Malt’a 1  

Skeleton burial 
Male 

Central Asia: Central -
Eastern Siberia, 
Bolshaya Belaya river 

Open air site 25600 Raghavan et al. Nature 2014 
Fiedel & Kuzmin, 2007 

Loschbour 
Skeleton 
Male 

Central Europe: 
Luxembourg, 
Mullerthal 

Rock shelter  
 

8200-7900 Lazaridis et al. Nature 2014 

Motala 12 
Maxilla (burial) 
Male 

Northern Europe: 
Sweden, Motala 

Necropolis -
Kanaljorden 

8000-7600 Lazaridis et al. Nature 2014 

Stuttgart 
Tooth (burial) 
 

Central Europe: South-
Western, Germany 

Stuttgart-
Mühlhausen 

7000 Lazaridis et al. Nature 2014 
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GO term GO description Copy gain Copy loss  

small molecule metabolic process 

GO:0000038 
very long-chain fatty 
acid metabolic process  nea(ACOT1) 

GO:0035338 

long-chain fatty-acyl-
CoA biosynthetic 
process  nea(ACOT1) 

GO:0045721 
negative regulation of 
gluconeogenesis hsa(MST1); nea(MST1)  

GO:0010510 

regulation of acetyl-
CoA biosynthetic 
process from pyruvate hsa(PDPR); nea(PDPR)  

GO:0001676 
long-chain fatty acid 
metabolic process  nea(ACOT1) 

GO:0050427 

3'-phosphoadenosine 
5'-phosphosulfate 
metabolic process hsa(SULT1A4) 

den(SULT1A4); 
nea(SULT1A4) 

GO:0006637 
acyl-CoA metabolic 
process  nea(ACOT1) 

GO:0019369 
arachidonic acid 
metabolic process den(CYP2D6); nea(CYP2D6)  

lipid metabolic process 

GO:0016042 lipid catabolic process nea(CLPS,CLPSL1)  

GO:0000038 
very long-chain fatty 
acid metabolic process  nea(ACOT1) 

GO:0010510 

regulation of acetyl-
CoA biosynthetic 
process from pyruvate hsa(PDPR); nea(PDPR)  

GO:0016098 
monoterpenoid 
metabolic process den(CYP2D6); nea(CYP2D6)  

GO:0001676 
long-chain fatty acid 
metabolic process  nea(ACOT1) 

GO:0001523 
retinoid metabolic 
process nea(CLPS)  

GO:0008202 
steroid metabolic 
process 

den(CYP2D6); hsa(SULT1A4); 
nea(CYP2D6) 

den(SULT1A4); 
nea(SULT1A4) 

GO:0006629 lipid metabolic process nea(CLPS,LPA)  

GO:0019369 
arachidonic acid 
metabolic process den(CYP2D6); nea(CYP2D6)  
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sulfur compound metabolic process 

GO:0035338 

long-chain fatty-acyl-
CoA biosynthetic 
process  nea(ACOT1) 

GO:0010510 

regulation of acetyl-
CoA biosynthetic 
process from pyruvate hsa(PDPR); nea(PDPR)  

GO:0050427 

3'-phosphoadenosine 
5'-phosphosulfate 
metabolic process hsa(SULT1A4) 

den(SULT1A4); 
nea(SULT1A4) 

GO:0006637 
acyl-CoA metabolic 
process  nea(ACOT1) 

GO:0051923 sulfation hsa(SULT1A4) 
den(SULT1A4); 
nea(SULT1A4) 

carbohydrate metabolic process 

GO:0005975 
carbohydrate 
metabolic process  

den(AMY1B); 
nea(AMY1B) 

GO:0045721 
negative regulation of 
gluconeogenesis hsa(MST1); nea(MST1)  

cofactor metabolic process 

GO:0035338 

long-chain fatty-acyl-
CoA biosynthetic 
process  nea(ACOT1) 

GO:0010510 

regulation of acetyl-
CoA biosynthetic 
process from pyruvate hsa(PDPR); nea(PDPR)  

GO:0006637 
acyl-CoA metabolic 
process  nea(ACOT1) 

biological process 

GO:0009812 
flavonoid metabolic 
process hsa(SULT1A4) 

den(SULT1A4); 
nea(SULT1A4) 

GO:0006508 proteolysis 
den(PGA4); hsa(MST1,PGA4); 
nea(MST1,PGA4,LPA)  

GO:0043085 
positive regulation of 
catalytic activity nea(CLPS,CLPSL1)  

GO:0090350 

negative regulation of 
cellular organofluorine 
metabolic process den(CYP2D6); nea(CYP2D6)  

GO:0007586 digestion 
den(PGA4); 
hsa(PGA4,NPY4R); 

den(AMY1B); 
nea(AMY1B) 
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nea(CLPS,CLPSL1,PGA4,NPY4
R) 

GO:0016311 dephosphorylation hsa(PDPR); nea(PDPR)  

GO:0006584 
catecholamine 
metabolic process hsa(SULT1A4) 

den(SULT1A4); 
nea(SULT1A4) 

GO:0044241 lipid digestion nea(CLPS)  
GO:0017144 drug metabolic process den(CYP2D6); nea(CYP2D6)  

GO:0009804 
coumarin metabolic 
process den(CYP2D6); nea(CYP2D6)  

GO:0044267 
cellular protein 
metabolic process 

den(PGA4); hsa(PGA4); 
nea(PGA4)  

GO:0009820 
alkaloid metabolic 
process den(CYP2D6); nea(CYP2D6)  

GO:0051100 
negative regulation of 
binding den(CYP2D6); nea(CYP2D6)  

GO:0010951 
negative regulation of 
endopeptidase activity nea(LPA)  

GO:0055114 
oxidation-reduction 
process 

den(CYP2D6); hsa(PDPR); 
nea(PDPR,CYP2D6)  

GO:0046483 
heterocycle metabolic 
process den(CYP2D6); nea(CYP2D6)  

GO:0032094 response to food nea(CLPS,CLPSL1)  

GO:0006805 
xenobiotic metabolic 
process 

den(CYP2D6); hsa(SULT1A4); 
nea(CYP2D6) 

den(SULT1A4); 
nea(SULT1A4) 

GO:0007631 feeding behavior hsa(NPY4R); nea(NPY4R)  

GO:0070989 
oxidative 
demethylation den(CYP2D6); nea(CYP2D6)  

GO:0042157 
lipoprotein metabolic 
process nea(LPA)  

catabolic process 

GO:0009822 
alkaloid catabolic 
process den(CYP2D6); nea(CYP2D6)  

GO:0042737 drug catabolic process den(CYP2D6); nea(CYP2D6)  
GO:0016042 lipid catabolic process nea(CLPS,CLPSL1)  

GO:0030163 
protein catabolic 
process 

den(PGA4); hsa(PGA4); 
nea(PGA4)  

 
Table S3. Gene Ontology terms associated with the 11 genes presenting differential CNV in archaic 
populations compared to the reference human genome. The first two columns report the GO term and the GO 
description for the genes presenting a gain (third column) or loss (fourth column) of copy number in Denisovan 
(den), Neandertal (nea) and Homo sapiens (hsa) populations compared to the reference human genome. The names 
of the genes associated to the given GO-term are reported in parenthesis. 
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Gene Main tissues Other tissues 
AMY1A/B/C Salivary gland NA 

Pancreas 
SULT1A3/4 Gastrointestinal tract (small 

intestine) 
Appendix, blood 

ACOT1 Liver & Gall bladder Appendix, Gastrointestinal tract, 
Salivary gland, and many others Kidney 

CLPS Pancreas NA 
CLPSL1 Pancreas NA 

Male tissues 
LPA Liver & Gall bladder NA 
CYP2D6 Liver & Gall bladder Gastrointestinal tract 
MST1 Liver & Gall bladder Gastrointestinal tract and many 

others 
PDPR Gastrointestinal tract and many 

other tissues 
NA 

PGA3 Gastrointestinal tract (stomach) NA 
NPY4R Gastrointestinal tract Skin and many other tissues 

 
Table S4. Primary and secondary tissues where the 11 genes are expressed. The 11 genes in Table 1 are 
expressed in several tissues. We list the tissues where they most (Main tissues) and less (Other tissues) strongly 
expressed. This information is extracted from the Human Protein Atlas Database (www.proteinatlas.org/) where 
RNA and protein expression is provided together with extra functional characteristics. 
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Table S5. Estimated haploid copy number for genes related to digestion in ancient genomes and human 
population CNV trends (Complement to Table 1). From left to right, the exact estimated gene copy number is 
reported for all genes and all genomes (see Methods) from Denisovan, Neandertal and Sapiens populations. Genomes 
within a population are ordered from the oldest to the youngest. Blue shades correspond to the number of gene copies 
after mapping sequencing reads on the reference genome of modern humans GRGh37/hg19.  
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