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1  | INTRODUC TION

Most anthropomorphic properties of humans, such as skin, hair and 
eye colour,[1] are based on the genotype of individuals, that is on 
the function and expression of their genes. Nowadays, these traits 
vary a lot between human populations, but they are the result of 
the rather recent evolution of anatomically modern humans (homo 
sapiens). Skin, hair and eyes were dark, when some 50-75 000 years 
ago homo sapiens left its origin in equatorial East Africa and migrated 
first to Asia and Oceania and later to Europe and the Americas.[2,3] 

In particular in northern Europe and Siberia, human skin and hair 
turned lighter and blue eyes occurred leading throughout Europe to 
a North-South gradient in pigmentation.[4] This leads to the question, 
whether in new geographic environments, such as regions of rather 
high latitude, there were evolutionary drivers for these changes in 
pigmentation intensity.

Vitamin D3 is a prehormone that is essential for proper bone for-
mation and a functional immune system.[5] The main way of provid-
ing the human body with vitamin D3 is its synthesis in UV-B-exposed 
skin.[6] At higher latitudes, UV-B exposure is significantly lower and 
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Abstract
Homo sapiens evolved in East Africa and had dark skin, hair, and eyes, in order to 
protect against deleterious consequences of intensive UV radiation at equatorial 
latitudes. Intensive skin pigmentation was thought to bear the risk of inefficient 
vitamin D3 synthesis in the skin. This initiated the hypothesis that within the past 
75 000 years, in which humans migrated to higher latitudes in Asia and Europe, the 
need for vitamin D3 synthesis served as an evolutionary driver for skin lightening. 
In this review, we summarize the recent archeogenomic reconstruction of popula-
tion admixture in Europe and demonstrate that skin lightening happened as late as 
5000 years ago through immigration of lighter pigmented populations from western 
Anatolia and the Russian steppe but not primarily via evolutionary pressure for vi-
tamin D3 synthesis. We show that variations in genes encoding for proteins being 
responsible for the transport, metabolism and signalling of vitamin D provide alterna-
tive mechanisms of adaptation to a life in northern latitudes without suffering from 
consequences of vitamin D deficiency. This includes hypotheses explaining differ-
ences in the vitamin D status and response index of European populations.
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displays prominent seasonal changes.[7] Accordingly, in winter there 
is no endogenous production of vitamin D3 possible so that it needs 
to be taken up by diet or pills, whereupon the molecule can act as a 
dietary vitamin. The fact that there are only few food sources natu-
rally rich in vitamin D3 makes its endogenous production essential. 
This led to the hypothesis that the need for a more efficient syn-
thesis of vitamin D3 may have acted as an evolutionary driver for 
skin lightening, in order to avoid deleterious consequences vitamin 
D deficiency, such as musculoskeletal diseases and immunosuppres-
sion.[8,9] Interestingly, a recent large twin study estimated that half 
of the genetic variance in the vitamin D status, that is the 25-hy-
droxyvitamin D3 (25(OH)D3) serum levels, may be explained by skin 
colour and sun exposure behaviour.[10] A more detailed study with 
nearly 80 000 European-descent unrelated participants indicated 
that genes related to vitamin D endocrinology but not to skin colour 
are contributing to the vitamin D status.[11] On the basis of some 
400 000 participants, the number of involved genomic regions in-
creased to more than 100 but still skin colour was not found as a 
major trait.[12]

In this review, we challenge the hypothesis of skin lightening due 
to vitamin D by summarizing recent archeogenomic data on changes 
of skin, hair and eye colour in European populations within the past 
10 000 years. Moreover, we discuss changes in the allele frequency 
of single nucleotide polymorphisms (SNPs) in genes related to vi-
tamin D metabolism and function by comparing present European 
populations with Africans and East Asians. In this context, we pres-
ent our own hypotheses explaining differences in the vitamin D sta-
tus and response index of individuals.

2  | MEL ANIN AND MODUL ATION OF ITS 
SYNTHESIS

Since the beginning of life on Earth some 3.9 billion years ago[13] 
species had to protect themselves against the harmful conse-
quences of excessive UV radiation being part of the solar spec-
trum.[14] Basically, all sun-exposed species synthesize molecules 
that efficiently absorb UV radiation, in order to protect sensitive 
macromolecules, such as DNA and proteins, from mutagenesis and 
destruction. In humans and many other species, melanin is used 
as the main UV-absorbing pigment, since it has a very high refrac-
tive index[15] as well as a very broad absorption spectrum ranging 
from gamma rays via UV and visible to infrared. Melanin is pro-
duced via the oxidation and polymerization of the aromatic amino 
acid tyrosine.[16] This process happens in melanosomes, which are 
specialized organelles within melanocytes that can be transferred 
to other cells, such as keratinocytes and hair follicles, in order to 
pigment them[17] (Figure 1, left). The process of melanogenesis can 
be induced by UV radiation, such as sun tanning of human skin.[18] 
The most common form of melanin, eumelanin, is brown to black, 
while the cysteine derivative pheomelanin is yellow to red.[19] 
Accordingly, skin and hair colour depend on the absolute amount 
of eumelanin and the addition of pheomelanin, such as in red hair. 

The ratio between eumelanin and pheomelanin depends on the 
activity of the enzyme tyrosinase and the availability of cysteine.

About 2 million years ago, when hominins lost most of their body 
hair,[20] in order to improve via more efficient heat dissipation their 
physical performance,[21] their initial pale skin developed an inten-
sive pigmentation, in order to protect from sunburn and UV-induced 
cancer.[22,23] Variations in the pigmentation intensity of skin, eyes 
and hair can be explained by SNPs in gene encoding for key pro-
teins in melanogenesis.[16] For the European populations, the most 
relevant SNPs are those related to the genes SLC24A5 (solute car-
rier family 24 member 5), SLC45A2 and OCA2 (OCA2 melanosomal 
transmembrane protein)[3,24] encoding for proteins functioning as a 
potassium-dependent sodium/calcium exchanger, ion transporter 
and pH regulator in melanosomes[16] (Figure 1, left). Since ion con-
centrations and pH values within melanosomes are critical for tyrosi-
nase activity and efficient melanogenesis, loss of function at derived 
alleles, such as at SNP rs1426654 causing an alanine to threonine 
exchange at position 111 of the SLC24A5 protein (Ala111Thr) and 
at SNP rs16891982 leading to a leucine to phenylalanine exchange 
at position 374 (Leu374Phe) of the SLC45A2 protein, significantly 
reduce skin pigmentation. Moreover, SNP rs12913832 is located on 
a transcription factor binding site within an enhancer residing in an 
intron of the HERC2 gene but affecting the expression of the OCA2 
gene. The homozygous G/G-derived allele of this SNP is associated 
with blue irises in Europeans.[25] Another critical gene is KITLG (KIT 
ligand), which encodes for a ligand produced in keratinocytes that 
stimulates the tyrosine kinase KIT-inducing melanogenesis. The 
derived allele of SNP rs12821256 controlling the expression of the 
KITLG gene significantly reduces hair pigmentation and leads to 
blond hair[26] (Figure 1, left).

In summary, a few variations in genes involved in melanogenesis 
explain well the differences in skin, hair and eye pigmentation, in 
particular in European populations.

3  | SYNTHESIS OF VITAMIN D3 AND ITS 
METABOLITES

The secosteroid vitamin D3 is synthesized in human skin when the 
direct precursor of cholesterol, 7-dehydrocholesterol, is exposed to 
UV-B[27] (Figure 1, right). Although this reaction is non-enzymatic, 
the 7-dehydrocholesterol level, and by this amount of producible vi-
tamin D3, is critically dependent on the activity of the enzyme 7-de-
hydrocholesterol reductase (DHCR7).[27] Individuals with less active 
DHCR7 have a higher amount of substrate in their skin, that is they 
can produce vitamin D3 more efficiently even at less intense UV-B 
exposure. Moreover, vitamin D synthesis takes place predominantly 
in keratinocytes of the upper epidermis layer stratum spinosum[28] 
(Figure 1, centre), where highest concentrations of 7-dehydrocho-
lesterol are found.[29] In contrast, 70-80% of total melanin is found in 
the basal epidermis layer irrespectively of the skin phototype,[23] en-
suring photodamage protection to the most cancer-susceptible skin 
layer.[28] Thus, a dark pigmentation of the skin, which is mainly due 
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to eumelanin-laden melanosomes in keratinocytes of lower layers, 
seems not to inhibit significantly vitamin D3 synthesis taking place 
in the upper layers.[6,30,31] Accordingly, dark skinned hunter-gatherer 
populations of Africa that live traditionally and expose most of their 
skin to intensive sun, such as the Tanzanian Hadza, have a rather high 
vitamin D status with average 25(OH)D3 serum levels in the order of 
110 nmol/L.[32]

Like other dietary fats, vitamin D3 obtained from diet or supple-
ments is assembled in intestinal enterocytes into chylomicrons and 
passed through the lymphatic system to the bloodstream, where 
the vitamin is unloaded to the serum glycoprotein GC (GC vitamin 
D binding protein).[33] Similarly, vitamin D3 obtained from endoge-
nous synthesis is released from keratinocytes into the bloodstream 
and is as well transported via the GC protein. In the liver, vitamin 
D3 is converted to 25(OH)D3, primarily by the enzyme CYP2R1[34] 
(cytochrome P450 family 2 subfamily R member 1). Due to a half-
life of some 3 weeks, 25(OH)D3 is the most stable and abundant 
vitamin D metabolite and often used as a biomarker for the vitamin 

D status of a person.[35] Kidneys and a few other cell types, such as 
immune cells and keratinocytes, express the enzyme CYP27B1 me-
diating further hydroxylation of 25(OH)D3 into 1α,25-dihydroxyvi-
tamin D3 (1,25(OH)2D3).[36] The GC protein is responsible for the 
transport of all vitamin D metabolites but shows higher affinity for 
25(OH)D3 than for 1,25(OH)2D3. Accordingly, in serum vitamin D 
metabolites are mainly protein-bound and only a very small frac-
tion circulates as “free” molecules.[36] 1,25(OH)2D3 binds with high 
affinity (KD = 0.1 nM) to the transcription factor vitamin D receptor 
(VDR).[37] Thus, vitamin D regulates via 1,25(OH)2D3 and the VDR 
the expression of hundreds of primary target genes. Examples of 
important vitamin D target genes are CYP24A1, CD14 (CD14 mole-
cule) and CARD9 (caspase recruitment domain family member 9)[38] 
(Figure 1, right).

Vitamin D endocrinology emerged some 550 million years ago 
in the boneless fish lamprey.[39] Thus, rather than bone metabolism, 
the prime function of vitamin D was the regulation of energy me-
tabolism.[40] Since the immune system requires substantial amounts 

F I G U R E  1   Biology of skin pigmentation and vitamin D synthesis. Melanocytes residing in the basal layer of the epidermis provide 
keratinocytes and hair follicles (not shown) with melanosomes (left). In keratinocytes, melanosomes are taken up by phagocytosis and 
reorganized in the supranuclear area to form melanin caps. In the process of melanogenesis, melanin is produced in melanosomes under 
the control of the proteins KITLG, SLC24A5 and SLC45A2. Vitamin D3 is produced when the cholesterol precursor 7-dehydrocholesterol is 
exposed to UV-B radiation (right). This non-enzymatic reaction produces previtamin D3 (not shown) that rapidly isomerizes to vitamin D3. In 
serum, vitamin D3 and its metabolites are transported bound to the GC protein. In the liver, the enzyme CYP2R1 converts vitamin D3 into 
25(OH)D3 and in the kidneys (and other cell types) CYP27B1 produces 1,25(OH)2D3, which is the high-affinity ligand to the transcription 
factor VDR. Examples of VDR target genes are indicated
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of energy,[41] vitamin D and its receptor obtained via the control of 
immunometabolism a modulatory impact on immunity.[42] Since im-
mune cells are the most rapidly growing cells of the human body, 
vitamin D extended its functional profile to the control of cellu-
lar proliferation, differentiation and apoptosis.[43] When around 
400 million years ago bony fish left the calcium-rich ocean, at calci-
um-poor land they were facing the need to control the homeostasis 
of this ion being essential for a stable skeleton.[44] Thus, at that time 
vitamin D endocrinology gained the additional role of regulating cal-
cium homeostasis. In this physiological function, vitamin D obtained 
key importance,[45] that is in contrast to its other tasks no other reg-
ulatory molecules are able to replace it. This explains why the prime 
phenotype of vitamin D deficiency is bone malformation, such as oc-
curring in rickets.[46] Nevertheless, the rather ubiquitous expression 
of the VDR gene in more than half of the 400 human tissues and cell 
types indicates that vitamin D has a wider physiological role than the 
regulation of calcium homeostasis.[47]

Taken together, vitamin D and its metabolites are important bio-
molecules, the sufficient synthesis of which is critical for a number 
of physiological functions of the human body.

4  | HISTORY OF SKIN LIGHTENING IN 
EUROPE ANS

The genetic history of today’s European populations is based on 
continuous migrations over the past 40 000 years. Homo sapiens ar-
rived in Europe from Near East some 42 000 years ago.[48,49] Like 
in their African origin, these humans had dark skin but due to vari-
ations of their OCA2 gene (causing iris depigmentation) many of 
them had blue eyes[48,50] (Figure 2, left). At that time, still ancestral 
Neanderthal hominins lived in Europe, whom had arrived from Africa 
at least some 400 000 years earlier.[50-52] Through interbreeding with 
modern humans, the Neanderthalers were outnumbered[53] and dis-
appeared a few thousand years after the arrival of the modern hu-
mans.[52] In net effect, the genome of today’s Europeans contains in 
average 2.3% Neanderthal DNA.[54] The first European homo sapi-
ens lived as hunter-gatherers in ice-free south-western Europe.[55] 
Following the retreating ice-sheet some 11-12 000 years ago, these 
hunter-gatherers started to colonize also northern Europe.[48] 
Interestingly, eastern and Scandinavian hunter-gatherers had light 
skin,[48] in contrast to Baltic hunter-gatherers who kept their dark 
skin only until 3800 years ago when farming was introduced in this 
region by the Bronze Age expansion of people of Russian steppe ori-
gin.[56,57] These migrants were associated with the Yamnaya culture 
and emerged out of a mixture between light-skinned Caucasus and 
eastern hunter-gatherers.[58,59] In addition, north-eastern speak-
ers of Uralic languages, such as Estonians, Finns and most notably 
Saami, have a genetic component most similar to modern Siberians 
who arrived 3500 years ago.[56,60] Thus, Siberians and Yamnayas had 
a large impact on the phenotype of today’s northern Europeans.

Although large genome-wide association studies highlighted skin 
colour as a highly polygenic trait,[20,61,62] evidence for selection of 

pigmentation variants in present-day Europeans was found only for a 
limited number of large-effect variants, the top two of which turned 
out to be the loci of the genes SLC24A5 and SLC45A2.[24,63] Thus, the 
light skin colour of today’s Europeans is primarily based on non-syn-
onymous SNPs of the genes SLC24A5 and SLC45A2, the geograph-
ical origin of which is western Asia and the Near East[48] (Figure 2). 
Initial estimations based on haplotype diversity of microsatellites 
in modern humans suggested that derived alleles of these SNPs 
were common in Europeans already some 11 000 to 19 000 years 
ago.[64,65] However, recent archeogenomic analysis, that is whole ge-
nome sequencing of ancient DNA, allowed a more precise descrip-
tion of the evolution and timing of trait changes within European 
populations.[48,56,57,65-70]

The SNP rs1426654 within the SLC24A5 gene has the single 
largest effect on skin lightening of all gene variants identified to 
date.[66] It is located within a large (78 kb) haplotype block C11 
shared by virtually all carriers of this allele, including ancient 
Scandinavian, eastern and Caucasus hunter-gatherers,[48] sug-
gesting that this light skin variant derives from a single carrier 
who lived 22 000-28 000 years ago[48,71] in the Middle East.[72] 
Similarly, haplotype analysis of the SNP rs16891982 of the 
SLC45A2 gene concluded that this skin-lightening mutation oc-
curred only once in the ancestry of Caucasians.[48,73] Migrations 
across the Caucasus and Eastern Europe would have brought both 
alleles to Scandinavia, in contrast to southern and central Europe, 
where they were introduced by farmers from western Anatolia[48] 
expanding 8500 to 5000 years ago[3] (Figure 2, right). This was the 
start of the Neolithic revolution in these regions, characterized by 
a more sedentary lifestyle and the domestication of certain animal 
and plant species.[3]

The Anatolian farmers had rather short body stature and pre-
dominantly brown eyes, which explains the key anthropomorphic 
traits of today’s southern Europeans, in contrast to Yamnayas, 
who had a high body stature and settled preferentially in north-
ern Europe.[3,74] Moreover, these steppe pastoralists brought 
the horse, the wheel and Indo-European languages.[66,74-76] 
Interestingly, ancient North Eurasian derived populations, such as 
eastern hunter-gatherers and Yamnayas, carried the blond hair al-
lele rs12821256 of the KITLG gene to Europe.[66] Its first evidence 
was described in an 18 000 years old ancient North Eurasian west 
of Lake Baikal (Figure 2, right). It is important to note that the four 
major founding populations of Eurasians, which were farmers of 
the Fertile Crescent (including western Anatolia), farmers of Iran, 
hunter-gatherers of central and western Europe as well as of east-
ern Europe (Figure 2, right), genetically differed from each other 
probably as much as today’s Europeans to East Asians.[77] Thus, the 
classic light phenotype of Europeans became frequent only within 
the past 5000 years[3,56,70] and owes its origin to migrants from 
Near East and western Asia.[48]

Differences in the relative admixture of ancient hunter-gather-
ers, Anatolian farmers, Yamnaya pastoralists and Siberians explain 
the variations in skin and hair pigmentation, eye colour, body stat-
ure and many other traits of present Europeans.[60,74,78,79] The rapid 
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increase in population size due to the Neolithic revolution,[64,80] 
such as the use of milk products as food source for adults and the 
rise of agriculture,[81] as well as the massive spread of Yamnaya pas-
toralists likely caused the rapid selective sweep in European pop-
ulations towards light skin and hair. Interestingly, there had been 
an increase in the frequencies of the alleles of the genes SLC45A2 
and SLC24A5 for light skin even after the admixture event indicat-
ing that selection for depigmentation variants was ongoing until 
rather recent times.[24,48,82] Phenotype predictions of ancient indi-
viduals have been recently based not only on the genes SLC24A5, 
SLC45A2 and OCA2 but on a whole array of marker pigmentation 
SNPs used in forensics[56,67,68,70,83] suggesting that light skin was for 
many thousand years not essential for survival at higher latitudes 
of Europe.[84] In addition, there is no mechanistical link between 
vitamin D and the expression of the main light skin alleles, such as 
primary vitamin D target genes carrying VDR binding sites in their 
regulatory regions.[85]

In summary, there is no convincing evidence of a direct evolu-
tionary effect of vitamin D on skin lightening of Europeans.

5  | GENETIC VARIANTS A SSOCIATED 
WITH VITAMIN D METABOLISM AND 
SIGNALLING

A genome-wide association study (GWAS) based on nearly 80,000 
European-descent subjects indicated that SNPs in the genes 
DHCR7, GC, CYP2R1 and CYP24A1, which are related to vitamin D 
metabolism and transport, may explain some of the genetics be-
hind their vitamin D status.[11] For example, the derived allele of 
the SNP rs12785878 results in reduced expression of the DHCR7 
gene causing increased concentrations of 7-dehydrocholesterol in 
the skin and more efficient synthesis of vitamin D3.[86] The SNP is 
located within an enhancer residing in an exon of the NADSYN1 
gene some 8 kb upstream of the transcription start site of the 
DHCR7 gene. Compared to African and Asian populations, today’s 
Europeans have a 2.4- to 3.1-fold higher frequency of the derived 
allele of rs12785878 (Figure 3), that is they can better manage 
with low UV-B exposure and still synthesize sufficient vitamin 
D3. The derived allele occurred already with ancient European 

F I G U R E  2   History of human pigmentation in Europe. Archeogenomic data were downloaded from the Reich Lab webpage (https://reich.
hms.harva rd.edu, version 37.2, released February 22, 2019) and complemented with recent data,[55,56,58,67-69,108] in order to create the map 
of migration and admixture of populations in Europe since the arrival of homo sapiens some 40 000 years ago. Phenotype information was 
retrieved from supplementary files of the according publications or additionally assessed following the instructions of HirisPlex-S (https://
hiris plex.erasm usmc.nl), which is a forensic DNA phenotyping tool based on an array of different marker SNPs providing additional support 
to the SNPs of the genes SLC24A5, SLC45A2 and OCA2. The map was plotted using the R package rnaturalearth (https://CRAN.R-proje 
ct.org/packa ge=rnatu ralearth) and sf (https://CRAN.R-proje ct.org/packa ge=sf). Ya, years ago
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hunter-gatherers[63] (Figure 2, left). Interestingly, DHCR7 is a risk 
gene for autoimmune diseases, type 1 diabetes[87] and multiple 
sclerosis,[88] which are both highly associated with vitamin D defi-
ciency. Thus, evolution rather used the adaption of DHCR7 expres-
sion than that of skin-lightening genes as a mechanism of avoiding 
vitamin D deficiency and its medical consequences.[89]

Like the minor allele of the DHCR7 SNP rs12785878, also the 
frequencies of the derived alleles of the vitamin D transport pro-
tein (GC, rs3755967), the 25(OH)D3 synthesizing enzyme (CYP2R1, 
rs10741657), VDR (rs2228570 (commonly known as FokI polymor-
phism), rs1544410 (Bsm1) and rs731236 (Taq1)) and the VDR tar-
get genes CYP24A1 (rs17216707), CD14 (rs2569190) and CARD9 
(rs4077515) increased up to 4-fold in European populations com-
pared with the reference from Africa and even up to 8.6-fold in 
relation to data from Asian populations (Figure 3). In addition, also 
variants in the genes CYP11A1 and CYP27A1, which are encoding 
for enzymes involved in vitamin D metabolism, as well as the genes 

RXRA and RXRG, encoding for VDR partner proteins retinoid X re-
ceptors α and γ, had been shown to be enriched in European pop-
ulations.[90] The mechanistic details how the minor alleles of these 
gene variants affect vitamin D metabolism and signalling are not 
fully understood, but in net effect the European populations seem 
to be more sensitive in their response to vitamin D. For example, the 
translation start site polymorphism of the VDR gene (rs2228570, 
FokI) results in a three amino acid shorter protein mediating higher 
transcriptional activity to its target genes.[91] Moreover, increased 
circulating levels of the fibroblast growth factor 23 proteins are 
associated with the minor allele of SNP rs17216707 close to the 
CYP24A1 gene,[92] a beneficial elevated pro-inflammatory re-
sponse in the contextof sepsis is linked to the derived allele of 
SNP rs2569190 of the CD14 gene[93] and the minor allele of SNP 
rs4077515 of the CARD9 gene leads to a lower likelihood of pro-
gressive liver disease.[94] Thus, all thirteen example SNPs under-
went positive selection within the European population.

F I G U R E  3   SNPs affecting the vitamin D system. Five modern European populations were compared with average African and East Asian 
populations for the frequency of derived alleles (in colour) of SNPs related to the synthesis, transport, metabolism, receptor function and 
target gene efficiency of vitamin D. The nine SNPs affect the seven indicated genes, which were selected due to their impact of determining 
the 25(OH)D3 serum level as well as for vitamin D signalling. Population genomics data for African/African American (n = 21 042), East Asian 
(n = 1567), Finnish (n = 5244) and Estonian (n = 2297) populations were retrieved from the genome aggregation database gnom.AD (https://
gnomad.broad insti tute.org). Data for the British population (n = 1927) are based on the Avon Longitudinal Study of Parents and Children 
(ALSPAC) cohort and were together with Toscani (n = 107) and Iberian (n = 107) population retrieved from the 1000 Genomes Project 
(https://www.inter natio nalge nome.org).[107] UTR, untranslated region
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Taken together, within the past 40 000 years of the presence of 
homo sapiens in Europe populations were selected for genetic vari-
ants that allowed to cope via different mechanisms with lower levels 
of circulating 25(OH)D3.

6  | STATUS AND RESPONSE INDE X OF 
VITAMIN D

The vitamin D status of an individual is most commonly deter-
mined via its 25(OH)D3 serum level. Seasonal changes of sun ex-
posure at latitudes distant from the equator, such as in Europe, 
lead to variations of the vitamin D status of non-supplemented 
individuals over the year[7] (Figure 4, centre). The US Institute 
of Medicine[95] considers a 25(OH)D3 serum level of 50 nmol/L 
sufficient, while the US Endocrine Society[96] suggests at least 
75 nmol/L, that is there are different recommendations how 
much daily vitamin D3 supplementation should be used, in order 
to reach which vitamin D status. Depending of these threshold 
levels, some 25%-50% of the world population can be considered 

as vitamin D deficient.[97] However, it can be questioned, whether 
a threshold level of the vitamin D status is the best reference 
for calculating the vitamin D needs of individuals. Based on the 
vitamin D response index concept[98] persons are distinguished 
into high, mid and low responders to vitamin D[99,100] (Figure 4, 
centre). Accordingly, they have a personal need for vitamin D3 
supplementation, which depends on their vitamin D status in re-
lation to their response index. The index describes the molecu-
lar response to vitamin D3 and its metabolites and is measured 
via the change in the expression of a few or all vitamin D target 
genes in a given tissue, such as peripheral blood mononuclear 
cells (PBMCs), after a significant change in the vitamin D status[38] 
(Figure 4, centre). The response index is a variable genetic trait 
of each individual that is constant over time or may change only 
slowly, such as during the development of an age-related disease. 
Importantly, high vitamin D responders benefit even from a low 
vitamin D status, that is they should tolerate conditions of low or 
no endogenous vitamin D3 production during European winters. 
Accordingly, these persons should be less affected by disorders, 
such as infections,[101] autoimmune diseases[102] and cancer,[103] 

F I G U R E  4   Hypotheses explaining vitamin D status and response index. Schematic illustration of the vitamin D status and response index 
(centre) and hypotheses related to them (left and right). Hypotheses 3 and 4 represent physiological consequences of hypothesis 2. FC, fold 
change

VDR

VDR

VDR

[2
5(

O
H

)D
3]

Time
1,25(OH)2D3

Vitamin D status
(single serum measurement)

25(OH)D3

Vitamin D3

Vitamin D response index
(two measurements of each 
serum and gene expression)

R
es

po
ns

e 
in

de
x

Time
FC

 g
en

e 
ex

pr
es

si
on

FC [25(OH)D3]

High responder

Mid responder

Low responder

P
op

ul
at

io
n 

di
ffe

re
nc

es

     Serum

Target tissues,
e.g., PBMCs

Hypothesis 3:

Affinity adaptation
 to lower vitamin D status 

[2
5(

O
H

)D
3]

Time

ø

ø

AffinitySubstrate
amount

Product
amount

Hypothesis 4:

Ancestry-based
North-South gradient 

of vitamin D response index

Ancient North Eurasian - 
related ancestry

Western hunter-
gatherer ancestry

Anatolian
 farmer 
ancestry

North

South

Hypothesis 2:

SNPs altering the 
vitamin D system

on the level of
synthesis, transport,
metabolism, receptor
function and target
gene efficiency  

G T

C T

A G

T C

A G

C T

A G

C T

A G

Hypothesis 1:

Skin lightening

?

7-dehydrocholesterol



8  |     HANEL ANd CARLBERG

against which vitamin D has a protective function. In contrast, 
low vitamin D responders need to reach a high vitamin D status, 
in order to obtain the full benefit from vitamin D.

In summary, analysing the vitamin D response index may be the 
better parameter for describing vitamin D needs than referring to 
the vitamin D status.

7  | E VOLUTIONARY VITAMIN D 
ADAPTION HYPOTHESES

The central point of this review is the question how during the 
40,000 year history of homo sapiens in Europe they adapted their 
vitamin D system of synthesis, transport, metabolism, receptor 
binding and target gene efficiency so that they did not suffer from 
malfunction due to deficiency. The first answer to this question 
was the hypothesis of Jablonski[8,9] that the need for efficient vi-
tamin D3 synthesis acted as evolutionary driver for skin lightening 
(Figure 4, left). Although this theory has attractive simplicity, the 
recent data on the history of skin lighting in the European popula-
tion (Figure 2) demonstrated that European hunter-gatherers of 
central and western Europe survived for 35 000 years with dark 
skin and got lighter skin only by interbreeding with external popu-
lations from western Anatolia and the Russian Steppe migrating 
into different European regions. It has been suggested that the 
introduction of agriculture by these populations, that is dietary 
change from a hunter-gatherer diet to vitamin D-poor agricul-
turalist diet, reinforced the selection pressure for light pigmen-
tation.[65,82] Accordingly, the dark skin of some of today’s Arctic 
Native people, such as Inuits, has been traditionally explained 
for their marine diet rich in vitamin D3.[8] However, nitrogen and 
carbon isotope analysis of northern and western Scandinavian 
hunter-gatherers revealed their had an extreme marine diet as well 
and yet developed light skin.[48] Thus, archeogenomic data as well 
as comparisons of today’s populations did not provide any indica-
tion for an evolutionary pressure for light skin created by the need 
for vitamin D.

The second hypothesis is based on SNPs of the genes DHCR7, 
GC and CYP2R1 that show association with the vitamin D status 
of individuals[11] (Figure 4, left). The minor alleles of the SNPs 
of all three genes accumulated in today’s European populations 
(Figure 3). Importantly, archeogenomic analysis found the derived 
alleles of the DHCR7 gene rs12785878, rs7940244 and rs7944926 
to be present already in western hunter-gatherers, highlighting 
rs7944926 as the 7th most significantly selected SNP in ancient 
Eurasians.[63] Moreover, in contrast to previous beliefs, dark pig-
mentation seems not to be a prominent inhibitor of vitamin D3 
synthesis, since the latter happens largely in upper layers of the 
skin that are less pigmented.[6,30] In addition, other SNPs affecting 
the vitamin D system, such as those discussed in Figure 3, may 
improve vitamin D’s actions, so that individuals can better handle 
a lower vitamin D status at higher latitudes. Interestingly, based on 
a recent study with more than 400 000 Europeans[12] in total 143 

SNPs were found to be associated with 25(OH)D3 serum levels. 
These genetic variants are located in 112 genomic regions carry-
ing genes that are, for example involved in dermal development 
and integrity, such as FLG encoding for the cytoskeletal protein 
filaggrin.[104] Thus, future studies should provide further mecha-
nistic explanations how these SNPs affect the vitamin D system 
and when they occurred during the evolution of homo sapiens in 
Europe.

The third hypothesis suggests that populations at higher lati-
tudes managed to live with a lower vitamin D status, because their 
vitamin D system (enzymes, transporter and receptor) developed a 
higher affinity for vitamin D3 and its metabolites, so that it can be 
activated by a lower vitamin D status (Figure 4, right). This concept 
has the advantage that individuals would not have to aim for a high 
vitamin D status. However, although similar affinity adaptions are 
known from different biological systems, such as sensing glucose 
or adapting to cold temperature,[105] there is so far no experimental 
proof for this hypothesis.

Since for high vitamin D responders a rather low vitamin D sta-
tus is still sufficient to activate all vitamin D target genes,[38] there 
may have been a selection for high vitamin D responders in northern 
Europe. Accordingly, hypothesis 4 assumes that Yamnaya ancestry 
(including ancestry from Siberian hunter-gatherers) had a dominant 
effect on the phenotype of northern Europeans,[3,106] that is to-
gether with other traits Yamnayas also brought high vitamin D sen-
sitivity to Europe, which may have originated predominantly from 
ancient North Eurasians (Figure 4, right). In a north-south gradient, 
persons with ancestry from western European hunter-gatherers may 
show an intermediate responsiveness to vitamin D and those with 
Anatolian farmers the lowest. The mechanistic basis for the pro-
cesses behind hypotheses 3 and 4 are likely the SNPs discussed in 
the context of hypothesis 2. Thus, hypotheses 3 and 4 are closely 
linked to hypothesis 2 and may be presented as one concept.

Taken together, the concept of increasing frequency of SNPs 
affecting the vitamin D system may serve as a replacement of the 
skin-lightening hypothesis.

8  | CONCLUSION

The 1000 Genomes Project[107] indicated that humans of European 
decent have a number of variants in their genome that have impor-
tant effects on traits forming their phenotype. The master example 
of these traits is lactose tolerance, where due to SNPs within an en-
hancer regulating the LCT gene adults are able to digest milk sugar. 
Furthermore, anthropomorphic traits, such as skin, hair and eye 
colour, are now well understood on the basis of SNPs affecting the 
genes SLC24A5, SLC45A2, OCA2, KITLG and others. The skin-light-
ening hypothesis of Jablonski[8] was formulated first 20 years ago 
and assumed that the need for efficient vitamin D synthesis acted 
as evolutionary driver for skin lightening in populations living at high 
latitudes. However, archeogenomic data indicated that Europeans 
got pale as predominant skin colour just some 5000 years ago 
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through interbreeding with migrating populations originating from 
Anatolia and the Russian steppe. The latter populations likely accu-
mulated the light skin alleles via genetic drift[24] rather than through 
an effect of vitamin D.

In this review, we provided alternative explanations for the adap-
tion of the vitamin D system during the migration of homo sapiens to 
geographic regions of low or no endogenous vitamin D3 production 
during winter. These concepts are based on SNPs affecting the func-
tion of genes involved in vitamin D synthesis, transport, metabolism, 
receptor binding and target gene efficiency. In conclusion, ancient 
European populations dealt with their “vitamin D problem” primarily 
via higher sensitivity for vitamin D3 and its metabolites but less likely 
by getting lighter skin.

ACKNOWLEDG EMENTS
The authors would like to thank Jani Miettinen for guidance in R pro-
gramming and Juha Kekäläinen and Teemu Kuulasmaa for bioinfor-
matic support, as well as Mauro Scaravilli for valuable discussions.

CONFLIC TS OF INTERE S TS
The authors have no conflicts of interest.

AUTHOR CONTRIBUTION
A.H. and C.C. conceptualized the project, analysed the data, created 
the figures, wrote the manuscript and reviewed it.

ORCID
Andrea Hanel  https://orcid.org/0000-0001-6022-4362 
Carsten Carlberg  https://orcid.org/0000-0003-2633-0684 

R E FE R E N C E S
 [1] R. A. Sturm, D. L. Duffy, Genome Biol. 2012, 13, 248.
 [2] L. Pagani, D. J. Lawson, E. Jagoda, A. Mörseburg, A. Eriksson, 

M. Mitt, F. Clemente, G. Hudjashov, M. DeGiorgio, L. Saag, J. D. 
Wall, A. Cardona, R. Mägi, M. A. Wilson Sayres, S. Kaewert, C. 
Inchley, C. L. Scheib, M. Järve, M. Karmin, G. S. Jacobs, T. Antao, 
F. Mircea Iliescu, A. Kushniarevich, Q. Ayub, C. Tyler-Smith, Y. 
Xue, B. Yunusbayev, K. Tambets, C. Basu Mallick, L. Saag, E. 
Pocheshkhova, G. Andriadze, C. Muller, M. C. Westaway, D. M. 
Lambert, G. Zoraqi, S. Turdikulova, D. Dalimova, Z. Sabitov, G. 
Nurun Nahar Sultana, J. Lachance, S. Tishkoff, K. Momynaliev, 
J. Isakova, L. D. Damba, M. Gubina, P. Nymadawa, I. Evseeva, L. 
Atramentova, O. Utevska, F.-X. Ricaut, N. Brucato, H. Sudoyo, T. 
Letellier, M. P. Cox, N. A. Barashkov, V. Škaro, L. Mulahasanovic, 
D. Primorac, H. Sahakyan, M. Mormina, C. A. Eichstaedt, D. V. 
Lichman, S. Abdullah, G. Chaubey, J. T. S. Wee, E. Mihailov, A. 
Karunas, S. Litvinov, R. Khusainova, N. Ekomasova, V. Akhmetova, 
I. Khidiyatova, D. Marjanović, L. Yepiskoposyan, D. M. Behar, E. 
Balanovska, A. Metspalu, M. Derenko, B. Malyarchuk, M. Voevoda, 
S. A. Fedorova, L. P. Osipova, M. Mirazón Lahr, P. Gerbault, M. 
Leavesley, A. Bamberg Migliano, M. Petraglia, O. Balanovsky, 
E. K. Khusnutdinova, E. Metspalu, M. G. Thomas, A. Manica, R. 
Nielsen, R. Villems, E. Willerslev, T. Kivisild, M. Metspalu, Nature 
2016;538:238.

 [3] P. Skoglund, I. Mathieson, Annu. Rev. Genomics Hum. Genet. 2018, 
19, 381.

 [4] L. Deng, S. Xu, Hereditas 2018, 155, 1.
 [5] C. Carlberg, Nutrients 2019, 11, 676.

 [6] M. K. Bogh, A. V. Schmedes, P. A. Philipsen, E. Thieden, H. C. Wulf, 
J. Invest. Dermatol. 2010, 130, 546.

 [7] C. M. O'Neill, A. Kazantzidis, M. J. Ryan, N. Barber, C. T. Sempos, 
R. A. Durazo-Arvizu, R. Jorde, G. Grimnes, G. Eiriksdottir, V. 
Gudnason, M. Frances Cotch, M. Kiely, A. R. Webb, K. D. Cashman, 
Nutrients, 2016, 8, 553.

 [8] N. G. Jablonski, G. Chaplin, J. Hum. Evol. 2000, 39, 57.
 [9] M. Lucock, R. Thota, M. Garg, C. Martin, P. Jones, J. Furst, Z. Yates, 

N. G. Jablonski, G. Chaplin, M. Veysey, J. M. Sutherland, E. Beckett, 
Am. J. Hum. Biol. 2018, 30, e23166.

 [10] B. L. Mitchell, G. Zhu, S. E. Medland, M. E. Renteria, D. W. Eyles, K. 
L. Grasby, J. J. McGrath, NG Martin Behav. Genet. 2019, 49, 386.

 [11] X. Jiang, P. F. O'Reilly, H. Aschard, Y.-H. Hsu, J. B. Richards, J. 
Dupuis, E. Ingelsson, D. Karasik, S. Pilz, D. Berry, B. Kestenbaum, 
J. Zheng, J. Luan, E. Sofianopoulou, E. A. Streeten, D. Albanes, P. L. 
Lutsey, L. Yao, W. Tang, M. J. Econs, H. Wallaschofski, H. Völzke, 
A. Zhou, C. Power, M. I. McCarthy, E. D. Michos, E. Boerwinkle, S. 
J. Weinstein, N. D. Freedman, W.-Y. Huang, N. M. Van Schoor, N. 
van der Velde, L. C. P. G. M. de Groot, A. Enneman, L. A. Cupples, 
S. L. Booth, R. S. Vasan, C.-T. Liu, Y. Zhou, S. Ripatti, C. Ohlsson, L. 
Vandenput, M. Lorentzon, J. G. Eriksson, M. K. Shea, D. K. Houston, 
S. B. Kritchevsky, Y. Liu, K. K. Lohman, L. Ferrucci, M. Peacock, C. 
Gieger, M. Beekman, E. Slagboom, J. Deelen, D. van Heemst, M. E. 
Kleber, W. März, I. H. de Boer, A. C. Wood, J. I. Rotter, S. S. Rich, 
C. Robinson-Cohen, M. den Heijer, M.-R. Jarvelin, A. Cavadino, 
P. K. Joshi, J. F. Wilson, C. Hayward, L. Lind, K. Michaëlsson, S. 
Trompet, M. C. Zillikens, A. G. Uitterlinden, F. Rivadeneira, L. 
Broer, L. Zgaga, H. Campbell, E. Theodoratou, S. M. Farrington, M. 
Timofeeva, M. G. Dunlop, A. M. Valdes, E. Tikkanen, T. Lehtimäki, 
L.-P. Lyytikäinen, M. Kähönen, O. T. Raitakari, V. Mikkilä, M. A. 
Ikram, N. Sattar, J. W. Jukema, N. J. Wareham, C. Langenberg, 
N. G. Forouhi, T. E. Gundersen, K.-T. Khaw, A. S. Butterworth, J. 
Danesh, T. Spector, T. J. Wang, E. Hyppönen, P. Kraft, D. P. Kiel, 
Nat. Commun. 2018;9:260.

 [12] J. A. Revez, T. Lin, Z. Qiao, A. Xue, Y. Holtz, Z. Zhu, J. Zeng, H. 
Wang, J. Sidorenko, K. E. Kemper, A. A. E. Vinkhuyzen, J. Frater, 
D. Eyles, T. H. J. Burne, B. Mitchell, N. G. Martin, G. Zhu, P. M. 
Visscher, J. Yang, N. R. Wray, J. J. McGrath, Genome-wide associa-
tion study identifies 143 loci associated with 25 hydroxyvitamin D 
concentration. bioRxiv, 2019: 860767.

 [13] A. Sebe-Pedros, B. M. Degnan, I. Ruiz-Trillo, Nat. Rev. Genet. 2017, 
18, 498.

 [14] D. O. Hessen, in Solar Radiation and Human Health. (Ed. E 
Bjertness) The Norwegian Academy of Science and Letters, Oslo 
2008.

 [15] P. Meredith, J. Riesz, Photochem. Photobiol. 2004, 79, 211.
 [16] W. J. Pavan, R. A. Sturm, Annu. Rev. Genomics Hum. Genet. 2019, 

20, 41.
 [17] M. Cichorek, M. Wachulska, A. Stasiewicz, A. Tyminska, Postepy 

Dermatol. Alergol. 2013, 30, 30.
 [18] M. Bustamante, C. Hernandez-Ferrer, A. Tewari, Y. Sarria, G. I. 

Harrison, E. Puigdecanet, L. Nonell, W. Kang, M. R. Friedländer, 
X. Estivill, J. R. González, M. Nieuwenhuijsen, A. R. Youngv, Br. J. 
Dermatol. 2019, 182, 1458.

 [19] J. Lindgren, A. Moyer, M. H. Schweitzer, P. Sjövall, P. Uvdal, D. E. 
Nilsson, J. Heimdal, A. Engdahl, J. A. Gren, B. Pagh Schultz, B. P. 
Kear, Proc. Biol. Sci. 2015, 282, 20150614.

 [20] N. G. Crawford, D. E. Kelly, M. E. B. Hansen, M. H. Beltrame, S. 
Fan, S. L. Bowman, E. Jewett, A. Ranciaro, S. Thompson, Y. Lo, S. 
P. Pfeifer, J. D. Jensen, M. C. Campbell, W. Beggs, F. Hormozdiari, 
S. Wata Mpoloka, G. George Mokone, T. Nyambo, D. Wolde 
Meskel, G. Belay, J. Haut, NISC Comparative Sequencing Program; 
H. RothschildL. Zon, Y. Zhou, M. A. Kovacs, M. Xu, T. Zhang, K. 
Bishop, J. Sinclair, C. Rivas, E. Elliot, J. Choi, S. A. Li, B. Hicks, S. 
Burgess, C. Abnet, D. E. Watkins-Chow, E. Oceana, Y. S. Song, 

https://orcid.org/0000-0001-6022-4362
https://orcid.org/0000-0001-6022-4362
https://orcid.org/0000-0003-2633-0684
https://orcid.org/0000-0003-2633-0684


10  |     HANEL ANd CARLBERG

E. Eskin, K. M. Brown, M. S. Marks, S. K. Loftus, W. J. Pavan, M. 
Yeager, S. Chanock, S. A. Tishkoff, Science 2017;358:eaan8433.

 [21] T. David-Barrett, R. I. Dunbar, J. Hum. Evol. 2016, 94, 72.
 [22] M. Greaves, Proc. Biol. Sci. 2014, 281, 20132955.
 [23] D. Fajuyigbe, S. M. Lwin, B. L. Diffey, R. Baker, D. J. Tobin, R. P. E. 

Sarkany, A. R. Young, FASEB J. 2018, 32, 3700.
 [24] D. Ju, I. Mathieson, The evolution of skin pigmentation associ-

ated variation in West Eurasia. bioRxiv preprint 2020; https://doi.
org/10.1101/2020.05.08.085274

 [25] H. Eiberg, J. Troelsen, M. Nielsen, A. Mikkelsen, J. Mengel-From, K. 
W. Kjaer, L. Hansen, Hum. Genet. 2008, 123, 177.

 [26] C. A. Guenther, B. Tasic, L. Luo, M. A. Bedell, Nat. Genet. 2014, 46, 
748.

 [27] A. V. Prabhu, W. Luu, D. Li, L. J. Sharpe, A. J. Brown, Prog. Lipid Res. 
2016, 64, 138.

 [28] B. B. Shih, M. D. Farrar, M. S. Cooke, J. Osman, A. K. Langton, R. 
Kift, A. R. Webb, J. L. Berry, R. E. B. Watson, A. Vail, F. R. de Gruijl, 
L. E. Rhodes, J. Invest. Dermatol. 2018, 138, 2244.

 [29] M. F. Holick, J. Invest. Dermatol. 1981, 77, 51.
 [30] A. R. Young, K. A. Morgan, T. W. Ho, N. Ojimba, G. I. Harrison, K. P. 

Lawrence, N. Jakharia-Shah, H. ChristianWulf, J. K. Cruickshank, P. 
A. Philipsen, J. Invest. Dermatol. 2020, 140, 1418.

 [31] O. A. Hakim, K. Hart, P. McCabe, J. Berry, R. Francesca, L. E. 
Rhodes, N. Spyrou, A. Alfuraih, S. Lanham-New, J. Steroid Biochem. 
Mol. Biol. 2016, 164, 223.

 [32] M. F. Luxwolda, R. S. Kuipers, I. P. Kema, D. A. Dijck-Brouwer, F. A. 
Muskiet, Br. J. Nutr. 2012, 108, 1557.

 [33] D. D. Bikle, J. Schwartz, Front. Endocrinol. 2019, 10, 317.
 [34] D. D. Bikle, Chem. Biol. 2014, 21, 319.
 [35] J. E. Zerwekh, Am. J. Clin. Nutr. 2008, 87, 1087S.
 [36] D. Bikle, S. Christakos, Nat. Rev. Endocrinol. 2020, 16, 234.
 [37] M. R. Haussler, P. W. Jurutka, M. Mizwicki, A. W. Norman, Best 

Pract. Res. Clin. Endocrinol. Metab. 2011, 25, 543.
 [38] A. Neme, S. Seuter, M. Malinen, T. Nurmi, T.-P. Tuomainen, J. K. 

Virtanen, C. Carlberg, J. Steroid Biochem. Mol. Biol. 2019, 188, 71.
 [39] G. K. Whitfield, H. T. Dang, S. F. Schluter, R. M. Bernstein, T. Bunag, 

L. A. Manzon, G. Hsieh, C. Encinas Dominguez, J. H. Youson, M. R. 
Haussler, J. J. Marchalonis, Endocrinology. 2003, 144, 2704.

 [40] A. Hanel, C. Carlberg, Biochem. Pharmacol. 2020, 173, 113595.
 [41] V. Muller, R. J. de Boer, S. Bonhoeffer, E. Szathmary, Biol. Rev. 

Camb. Philos. Soc. 2018, 93, 505.
 [42] A. S. Vanherwegen, C. Gysemans, C. Mathieu, Mol. Cell Endocrinol. 

2017, 453, 52.
 [43] M. Cortes, M. J. Chen, D. L. Stachura, S. Y. Liu, W. Kwan, F. Wright, 

L. T. Vo, L. N. Theodore, V. Esain, I. M. Frost, T. M. Schlaeger, W. 
Goessling, G. Q. Daley, T. E. North, Cell Rep. 2016, 17, 458.

 [44] R. Bouillon, T. Suda, BoneKEy Rep. 2014, 3, 480.
 [45] V. Veldurthy, R. Wei, L. Oz, P. Dhawan, Y. H. Jeon, S. Christakos, 

Bone Res. 2016, 4, 16041.
 [46] M. F. Holick, J. Clin. Invest. 2006, 116, 2062.
 [47] J. van de Peppel, J. P. van Leeuwen, Front. Physiol. 2014, 5, 137.
 [48] T. Gunther, H. Malmstrom, E. M. Svensson, A. Omrak, F. Sánchez-

Quinto, G. M. Kılınç, M. Krzewińska, G. Eriksson, M. Fraser, H. 
Edlund, A. R. Munters, A. Coutinho, L. G. Simões, M. Vicente, A. 
Sjölander, B. Jansen Sellevold, R. Jørgensen, P. Claes, M. D. Shriver, 
C. Valdiosera, M. G. Netea, J. Apel, K. Lidén, B. Skar, J. Storå, A. 
Götherström, M. Jakobsson, PLoS Biol. 2018, 16, e2003703.

 [49] S. Nakagome, G. Alkorta-Aranburu, R. Amato, B. Howie, B. M. 
Peter, R. R. Hudson, A. Di Rienzo, Mol. Biol. Evol. 2016, 33, 657.

 [50] Q. Fu, C. Posth, M. Hajdinjak, M. Petr, S. Mallick, D. Fernandes, A. 
Furtwängler, W. Haak, M. Meyer, A. Mittnik, B. Nickel, A. Peltzer, 
N. Rohland, V. Slon, S. Talamo, I. Lazaridis, M. Lipson, I. Mathieson, 
S. Schiffels, P. Skoglund, A. P. Derevianko, N. Drozdov, V. Slavinsky, 
A. Tsybankov, R. Grifoni Cremonesi, F. Mallegni, B. Gély, E. Vacca, 
M. R. González Morales, L. G. Straus, C. Neugebauer-Maresch, 

M. Teschler-Nicola, S. Constantin, O. Teodora Moldovan, S. 
Benazzi, M. Peresani, D. Coppola, M. Lari, S. Ricci, A. Ronchitelli, F. 
Valentin, C. Thevenet, K. Wehrberger, D. Grigorescu, H. Rougier, 
I. Crevecoeur, D. Flas, P. Semal, M. A. Mannino, C. Cupillard, H. 
Bocherens, N. J. Conard, K. Harvati, V. Moiseyev, D. G. Drucker, 
J. Svoboda, M. P. Richards, D. Caramelli, R. Pinhasi, J. Kelso, N. 
Patterson, J. Krause, S. Pääbo, D. Reich, Nature. 2016, 534, 200.

 [51] K. Prufer, F. Racimo, N. Patterson, F. Jay, S. Sankararaman, S. 
Sawyer, A. Heinze, G. Renaud, P. H. Sudmant, C. de Filippo, H. 
Li, S. Mallick, M. Dannemann, Q. Fu, M. Kircher, M. Kuhlwilm, M. 
Lachmann, M. Meyer, M. Ongyerth, M. Siebauer, C. Theunert, 
A. Tandon, P. Moorjani, J. Pickrell, J. C. Mullikin, S. H. Vohr, R. E. 
Green, I. Hellmann, P. L. F. Johnson, H. Blanche, H. Cann, J. O. 
Kitzman, J. Shendure, E. E. Eichler, E. S. Lein, T. E. Bakken, L. V. 
Golovanova, V. B. Doronichev, M. V. Shunkov, A. P. Derevianko, 
B. Viola, M. Slatkin, D. Reich, J. Kelso, S. Pääbo, Nature. 2014, 505, 
43.

 [52] S. Peyregne, V. Slon, F. Mafessoni, C. de Filippo, M. Hajdinjak, S. 
Nagel, B. Nickel, E. Essel, A. Le Cabec, K. Wehrberger, N. J. Conard, 
C. Joachim Kind, C. Posth, J. Krause, G. Abrams, D. Bonjean, K. Di 
Modica, M. Toussaint, J. Kelso, M. Meyer, S. Pääbo, K. Prüfer, Sci. 
Adv. 2019;5:eaaw5873.

 [53] K. Vaesen, F. Scherjon, L. Hemerik, A. Verpoorte, PLoS One. 2019, 
14, e0225117.

 [54] M. Petr, S. Paabo, J. Kelso, B. Vernot, Proc. Natl Acad. Sci. USA 2019, 
116, 1639.

 [55] V. Villalba-Mouco, M. S. van de Loosdrecht, C. Posth, R. Mora, J. 
Martínez-Moreno, M. Rojo-Guerra, D. C. Salazar-García, J. I. Royo-
Guillén, M. Kunst, H. Rougier, I. Crevecoeur, H. Arcusa-Magallón, 
C. Tejedor-Rodríguez, I. García-Martínez, R. de Lagrán, K. W. Alt 
Garrido-Pena, C. Jeong, S. Schiffels, W. Haak, Curr. Biol. 2019, 29, 
1169.

 [56] L. Saag, M. Laneman, L. Varul, M. Malve, H. Valk, M. A. Razzak, I. G. 
Shirobokov, V. I. Khartanovich, E. R. Mikhaylova, A. Kushniarevich, 
C. Lyn Scheib, A. Solnik, T. Reisberg, J. Parik, L. Saag, E. Metspalu, 
S. Rootsi, F. Montinaro, M. Remm, R. Mägi, E. D'Atanasio, E. 
Ryunosuke Crema, D. Díez-Del-Molino, M. G. Thomas, A. Kriiska, 
T. Kivisild, R. Villems, V. Lang, M. Metspalu, K. Tambets, Curr. Biol. 
2019, 29, 1701.

 [57] A. Mittnik, C. C. Wang, S. Pfrengle, M. Daubaras, G. Zariņa, F. 
Hallgren, R. Allmäe, V. Khartanovich, V. Moiseyev, M. Tõrv, A. 
Furtwängler, A. Andrades Valtueña, M. Feldman, C. Economou, 
M. Oinonen, A. Vasks, E. Balanovska, D. Reich, R. Jankauskas, W. 
Haak, S. Schiffels, J. Krause, Nat. Commun. 2018, 9, 442.

 [58] V. M. Narasimhan, N. Patterson, P. Moorjani, N. Rohland, R. 
Bernardos, S. Mallick, I. Lazaridis, N. Nakatsuka, I. Olalde, 
M. Lipson, A. M. Kim, L. M. Olivieri, A. Coppa, M. Vidale, J. 
Mallory, V. Moiseyev, E. Kitov, J. Monge, N. Adamski, N. Alex, 
N. Broomandkhoshbacht, F. Candilio, K. Callan, O. Cheronet, B. 
J. Culleton, M. Ferry, D. Fernandes, B. Gamarra, D. Gaudio, M. 
Hajdinjak, É. Harney, T. K. Harper, D. Keating, A. Marie Lawson, 
M. Mah, K. Mandl, M. Michel, M. Novak, J. Oppenheimer, N. Rai, 
K. Sirak, V. Slon, K. Stewardson, F. Zalzala, Z. Zhang, G. Akhatov, 
A. N. Bagashev, A. Bagnera, B. Baitanayev, J. Bendezu-Sarmiento, 
A. A. Bissembaev, G. Luca Bonora, T. T. Chargynov, T. Chikisheva, 
P. K. Dashovskiy, A. Derevianko, M. Dobeš, K. Douka, N. Dubova, 
M. N. Duisengali, D. Enshin, A. Epimakhov, S. Freilich, A. V. Fribus, 
D. Fuller, A. Goryachev, A. Gromov, S. P. Grushin, B. Hanks, M. 
Judd, E. Kazizov, A. Khokhlov, A. P. Krygin, E. Kupriyanova, 
P. Kuznetsov, D. Luiselli, F. Maksudov, A. M. Mamedov, T. B. 
Mamirov, C. Meiklejohn, D. C. Merrett, R. Micheli, O. Mochalov, S. 
Mustafokulov, A. Nayak, D. Pettener, R. Potts, D. Razhev, M. Rykun, 
S. Sarno, T. M. Savenkova, K. Sikhymbaeva, S. M. Slepchenko, O. 
A. Soltobaev, N. Stepanova, S. Svyatko, K. Tabaldiev, M. Teschler-
Nicola, A. A. Tishkin, V. V. Tkachev, S. Vasilyev, P. Velemínský, D. 

https://doi.org/10.1101/2020.05.08.085274
https://doi.org/10.1101/2020.05.08.085274


     |  11HANEL ANd CARLBERG

Voyakin, A. Yermolayeva, M. Zahir, V. S. Zubkov, A. Zubova, V. 
S. Shinde, C. Lalueza-Fox, M. Meyer, D. Anthony, N. Boivin, K. 
Thangaraj, D. J. Kennett, M. Frachetti, R. Pinhasi, D. Reich, Science 
2019, 365, eaat7487.

 [59] C. C. Wang, S. Reinhold, A. Kalmykov, A. Wissgott, G. Brandt, C. 
Jeong, O. Cheronet, M. Ferry, E. Harney, D. Keating, S. Mallick, 
N. Rohland, K. Stewardson, A. R. Kantorovich, V. E. Maslov, V. 
G. Petrenko, V. R. Erlikh, B. C. Atabiev, R. G. Magomedov, P. L. 
Kohl, K. W. Alt, S. L. Pichler, C. Gerling, H. Meller, B. Vardanyan, 
L. Yeganyan, A. D. Rezepkin, D. Mariaschk, N. Berezina, J. Gresky, 
K. Fuchs, C. Knipper, S. Schiffels, E. Balanovska, O. Balanovsky, I. 
Mathieson, T. Higham, Y. B. Berezin, A. Buzhilova, V. Trifonov, R. 
Pinhasi, A. B. Belinskij, D. Reich, S. Hansen, J. Krause, W. Haak, 
Nat. Commun. 2019, 10, 590.

 [60] T. C. Lamnidis, K. Majander, C. Jeong, E. Salmela, A. Wessman, 
V. Moiseyev, V. Khartanovich, O. Balanovsky, M. Ongyerth, A. 
Weihmann, A. Sajantila, J. Kelso, S. Pääbo, P. Onkamo, W. Haak, J. 
Krause, S. Schiffels, Nat Commun. 2018, 9, 5018.

 [61] K. Adhikari, J. Mendoza-Revilla, A. Sohail, M. Fuentes-Guajardo, 
J. Lampert, J. Camilo Chacón-Duque, M. Hurtado, V. Villegas, 
V. Granja, V. Acuña-Alonzo, C. Jaramillo, W. Arias, R. Barquera 
Lozano, P. Everardo, J. Gómez-Valdés, H. Villamil-Ramírez, C. 
C. Silva, T. de Cerqueira, V. R. Hunemeier, L. Schuler-Faccini, 
F. M. Salzano, R. Gonzalez-José, M.-C. Bortolini, S. Canizales-
Quinteros, C. Gallo, G. Poletti, G. Bedoya, F. Rothhammer, D. J. 
Tobin, M. Fumagalli, D. Balding, A. Ruiz-Linares, Nat. Commun. 
2019, 10, 358.

 [62] A. R. Martin, M. Lin, J. M. Granka, J. W. Myrick, X. Liu, A. Sockell, E. 
G. Atkinson, C. J. Werely, M. Möller, M. S. Sandhu, D. M. Kingsley, 
E. G. Hoal, X. Liu, M. J. Daly, M. W. Feldman, C. R. Gignoux, C. D. 
Bustamante, B. M. Henn, Cell 2017, 171, 1340.

 [63] I. Mathieson, I. Lazaridis, N. Rohland, S. Mallick, N. Patterson, S. 
Alpaslan Roodenberg, E. Harney, K. Stewardson, D. Fernandes, 
M. Novak, K. Sirak, C. Gamba, E. R. Jones, B. Llamas, S. Dryomov, 
J. Pickrel, J. Luís Arsuaga, J. María Bermúdez, E. de Castro, F. G. 
Carbonell, A. Khokhlov, P. Kuznetsov, M. Lozano, H. Meller, O. 
Mochalov, V. Moiseyev, M. A. Rojo Guerra, J. Roodenberg, J. Maria 
Vergès, J. Krause, A. Cooper, K. W. Alt, D. Brown, D. Anthony, C. 
Lalueza-Fox, W. Haak, R. Pinhasi, D. Reich, Nature 2015, 528, 499.

 [64] S. Beleza, A. M. Santos, B. McEvoy, I. Alves, C. Martinho, E. 
Cameron, M. D. Shriver, E. J. Parra, J. Rochav, Mol. Biol. Evol. 2013, 
30, 24.

 [65] S. Marciniak, G. H. Perry, Nat Rev Genet. 2017, 18, 659.
 [66] I. Mathieson, S. Alpaslan-Roodenberg, C. Posth, A. Szécsényi-

Nagy, N. Rohland, S. Mallick, I. Olalde, N. Broomandkhoshbacht, 
F. Candilio, O. Cheronet, D. Fernandes, M. Ferry, B. Gamarra, 
G. González Fortes, W. Haak, E. Harney, E. Jones, D. Keating, B. 
Krause-Kyora, I. Kucukkalipci, M. Michel, A. Mittnik, K. Nägele, 
M. Novak, J. Oppenheimer, N. Patterson, S. Pfrengle, K. Sirak, 
K. Stewardson, S. Vai, S. Alexandrov, K. W. Alt, R. Andreescu, D. 
Antonović, A. Ash, N. Atanassova, K. Bacvarov, M. Balázs Gusztáv, 
H. Bocherens, M. Bolus, A. Boroneanţ, Y. Boyadzhiev, A. Budnik, 
J. Burmaz, S. Chohadzhiev, N. J. Conard, R. Cottiaux, M. Čuka, C. 
Cupillard, D. G. Drucker, N. Elenski, M. Francken, B. Galabova, 
G. Ganetsovski, B. Gély, T. Hajdu, V. Handzhyiska, K. Harvati, T. 
Higham, S. Iliev, I. Janković, I. Karavanić, D. J. Kennett, D. Komšo, 
A. Kozak, D. Labuda, M. Lari, C. Lazar, M. Leppek, K. Leshtakov, D. 
Lo Vetro, D. Los, I. Lozanov, M. Malina, F. Martini, K. McSweeney, 
H. Meller, M. Menđušić, P. Mirea, V. Moiseyev, V. Petrova, T. D. 
Price, A. Simalcsik, L. Sineo, M. Šlaus, V. Slavchev, P. Stanev, A. 
Starović, T. Szeniczey, S. Talamo, M. Teschler-Nicola, C. Thevenet, 
I. Valchev, F. Valentin, S. Vasilyev, F. Veljanovska, S. Venelinova, 
E. Veselovskaya, B. Viola, C. Virag, J. Zaninović, S. Zäuner, P. W. 
Stockhammer, G. Catalano, R. Krauß, D. Caramelli, G. Zariņa, B. 
Gaydarska, M. Lillie, A. G. Nikitin, I. Potekhina, A. Papathanasiou, 

D. Borić, C. Bonsall, J. Krause, R. Pinhasi, D. Reich, Nature 2018, 
555, 197.

 [67] T. Z. T. Jensen, J. Niemann, K. H. Iversen, A. K. Fotakis, S. 
Gopalakrishnan, Å. J. Vågene, M. Winther Pedersen, M.-H. 
S. Sinding, M. R. Ellegaard, M. E. Allentoft, L. T. Lanigan, A. J. 
Taurozzi, S. Holtsmark Nielsen, M. W. Dee, M. N. Mortensen, M. 
C. Christensen, S. A. Sørensen, M. J. Collins, M. T. P. Gilbert, M. 
Sikora, S. Rasmussen, H. Schroeder, Nat. Commun. 2019, 10, 5520.

 [68] S. Brace, Y. Diekmann, T. J. Booth, L. van Dorp, Z. Faltyskova, N. 
Rohland, S. Mallick, I. Olalde, M. Ferry, M. Michel, J. Oppenheimer, 
N. Broomandkhoshbacht, K. Stewardson, R. Martiniano, S. Walsh, 
M. Kayser, S. Charlton, G. Hellenthal, I. Armit, R. Schulting, O. E. 
Craig, A. Sheridan, M. Parker Pearson, C. Stringer, D. Reich, M. G. 
Thomas, I. Barnes, Nat. Ecol Evol. 2019, 3, 765.

 [69] G. Gonzalez-Fortes, E. R. Jones, E. Lightfoot, C. Bonsall, C. Lazar, 
A. Grandal-d’Anglade, M. Dolores Garralda, L. Drak, V. Siska, A. 
Simalcsik, A. Boroneanţ, J. R. Vidal Romaní, M. Vaqueiro Rodríguez, 
P. Arias, R. Pinhasi, A. Manica, M. Hofreiter, Curr. Biol. 2017, 27, 1801.

 [70] H. Schroeder, A. Margaryan, M. Szmyt, B. Theulot, P. Włodarczak, 
S. Rasmussen, S. Gopalakrishnan, A. Szczepanek, T. Konopka, T. Z. 
T. Jensen, B. Witkowska, S. Wilk, M. M. Przybyła, Ł. Pospieszny, 
K.-G. Sjögren, Z. Belka, J. Olsen, K. Kristiansen, E. Willerslev, K. M. 
Frei, M. Sikora, N. N. Johannsen, M. E. Allentoft, Proc. Natl Acad. 
Sci. USA 2019, 116, 10705.

 [71] C. Basu Mallick, F. M. Iliescu, M. Mols, S. Hill, R. Tamang, G. 
Chaubey, R. Goto, S. Y. W. Ho, I. Gallego Romero, F. Crivellaro, G. 
Hudjashov, N. Rai, M. Metspalu, C. G. Nicholas Mascie-Taylor, R. 
Pitchappan, L. Singh, M. Mirazon-Lahr, K. Thangaraj, R. Villems, T. 
Kivisild, PLoS Genet. 2013, 9, e1003912.

 [72] V. A. Canfield, A. Berg, S. Peckins, S. M. Wentzel, K. Chung Ang, S. 
Oppenheimer, K. C. Cheng. G3 (Bethesda). 2013, 3, 2059.

 [73] I. Yuasa, K. Umetsu, S. Harihara, A. Kido, A. Miyoshi, N. Saitou, 
B. Dashnyam, F. Jin, G. Lucotte, P. K. Chattopadhyay, L. Henke, J. 
Henke, Ann. Hum. Genet. 2006, 70, 802.

 [74] W. Haak, I. Lazaridis, N. Patterson, N. S. Mallick Rohland, B. 
Llamas, G. Brandt, S. Nordenfelt, E. Harney, K. Stewardson, Q. Fu, 
A. Mittnik, E. Bánffy, C. Economou, M. Francken, S. Friederich, R. 
Garrido Pena, F. Hallgren, V. Khartanovich, A. Khokhlov, M. Kunst, 
P. Kuznetsov, H. Meller, O. Mochalov, V. Moiseyev, N. Nicklisch, S. 
L. Pichler, R. Risch, M. A. Rojo Guerra, C. Roth, A. Szécsényi-Nagy, 
J. Wahl, M. Meyer, J. Krause, D. Brown, D. Anthony, A. Cooper, K. 
Werner Alt, D. Reich, Nature 2015, 522, 207.

 [75] P. B. Damgaard, N. Marchi, S. Rasmussen, M. Peyrot, G. Renaud, 
T. Korneliussen, J. V. Moreno-Mayar, M. Winther Pedersen, A. 
Goldberg, E. Usmanova, N. Baimukhanov, V. Loman, L. Hedeager, 
A. Gorm Pedersen, K. Nielsen, G. Afanasiev, K. Akmatov, A. 
Aldashev, A. Alpaslan, G. Baimbetov, V. I. Bazaliiskii, A. Beisenov, 
B. Boldbaatar, B. Boldgiv, C. Dorzhu, S. Ellingvag, D. Erdenebaatar, 
R. Dajani, E. Dmitriev, V. Evdokimov, K. M. Frei, A. Gromov, 
A. Goryachev, H. Hakonarson, T. Hegay, Z. Khachatryan, R. 
Khaskhanov, E. Kitov, A. Kolbina, T. Kubatbek, A. Kukushkin, I. 
Kukushkin, N. Lau, A. Margaryan, I. Merkyte IV, V. K. M. Mertz, 
E. Mijiddorj, V. Moiyesev, G. Mukhtarova, B. Nurmukhanbetov, Z. 
Orozbekova, I. Panyushkina, K. Pieta, V. Smrčka, I. Shevnina, A. 
Logvin, K.-G. Sjögren, T. Štolcová, A. M. Taravella, K. Tashbaeva, 
A. Tkachev, T. Tulegenov, D. Voyakin, L. Yepiskoposyan, S. 
Undrakhbold, V. Varfolomeev, A. Weber, M. A. Wilson Sayres, N. 
Kradin, M. E. Allentoft, L. Orlando, R. Nielsen, M. Sikora, E. Heyer, 
K. Kristiansen, E. Willerslev, Nature 2018, 557, 369.

 [76] D. Reich, Who We Are and How We Got Here, Oxford University 
Press, Oxford 2018.

 [77] M. Gallego-Llorente, S. Connell, E. R. Jones, D. C. Merrett, Y. Jeon, 
A. Eriksson, V. Siska, C. Gamba, C. Meiklejohn, R. Beyer, S. Jeon, 
Y. S. Cho, M. Hofreiter, J. Bhak, A. Manica, R. Pinhasi, Iran. Sci Rep. 
2016, 6, 31326.



12  |     HANEL ANd CARLBERG

 [78] Z. Hofmanova, S. Kreutzer, G. Hellenthal, C. Sell, Y. Diekmann, D. 
Díez-del-Molino, L. van Dorp, S. López, A. Kousathanas, V. Link, 
K. Kirsanow, L. M. Cassidy, R. Martiniano, M. Strobel, A. Scheu, 
K. Kotsakis, P. Halstead, S. Triantaphyllou, N. Kyparissi-Apostolika, 
D. Urem-Kotsou, C. Ziota, F. Adaktylou, S. Gopalan, D. M. Bobo, 
L. Winkelbach, J. Blöcher, M. Unterländer, C. Leuenberger, Ç. 
Çilingiroğlu, B. Horejs, F. Gerritsen, S. J. Shennan, D. G. Bradley, 
M. Currat, K. R. Veeramah, D. Wegmann, M. G. Thomas, C. 
Papageorgopoulou, J. Burger, Proc. Natl Acad. Sci. USA 2016, 113, 
6886.

 [79] M. Slatkin, F. Racimo, Proc. Natl Acad.. Sci. USA 2016, 113, 6380.
 [80] F. Racimo, M. Sikora, M. Vander Linden, H. Schroeder, C. Lalueza-

Fox, Nat. Rev. Genet. 2020, 21, 355.
 [81] S. Charlton, A. Ramsøe, M. Collins, O. E. Craig, R. Fischer, M. 

Alexander, C. F. Speller, Archaeologic. Anthropologic. Sci. 2019, 11, 
6183.

 [82] S. Wilde, A. Timpson, K. Kirsanow, E. Kaiser, M. Kayser, M. 
Unterländer, N. Hollfelder, I. D. Potekhina, W. Schier, M. G. 
Thomas, J. Burger, Proc. Natl Acad. Sci. USA 2014, 111, 4832.

 [83] L. Chaitanya, K. Breslin, S. Zuniga, L. Wirken, E. Pośpiech, M. 
Kukla-Bartoszek, T. Sijen, P. de Knijff, F. Liu, W. Branicki, M. Kayser, 
S. Walsh, Forensic. Sci. Int. Genet. 2018, 35, 123.

 [84] M. Haber, M. Mezzavilla, Y. Xue, C. Tyler-Smith, Genome Biol. 2016, 
17, 1.

 [85] P. Tuoresmäki, S. Väisänen, A. Neme, S. Heikkinen, C. Carlberg, 
PLoS ONE 2014, 9, e96105.

 [86] T. J. Wang, F. Zhang, J. B. Richards, B. Kestenbaum, J. B. van 
Meurs, D. Berry, D. Kiel, E. A. Streeten, C. Ohlsson, D. L. Koller, 
L. Palotie, J. D. Cooper, P. F. O'Reilly, D. K. Houston, N. L. Glazer, 
L. Vandenput, M. Peacock, J. Shi, F. Rivadeneira, M. I. McCarthy, 
P. Anneli, I. H. de Boer, M. Mangino, B. Kato, D. J. Smyth, S. L. 
Booth, P. F. Jacques, G. L. Burke, M. Goodarzi, C.-L. Cheung, M. 
Wolf, K. Rice, D. Goltzman, N. Hidiroglou, M. Ladouceur, S. L. Hui, 
N. J. Wareham, L. J. Hocking, D. Hart, N. K. Arden, C. Cooper, S. 
Malik, W. D. Fraser, A.-L. Hartikainen, G. Zhai, H. Macdonald, N. G. 
Forouhi, R. J. F. Loos, D. M. Reid, A. Hakim, E. Dennison, Y. Liu, C. 
Power, H. E. Stevens, L. Jaana, R. S. Vasan, N. Soranzo, J. Bojunga, 
B. M. Psaty, M. Lorentzon, T. Foroud, T. B. Harris, A. Hofman, J.-O. 
Jansson, J. A. Cauley, A. G. Uitterlinden, Q. Gibson, M.-R. Järvelin, 
D. Karasik, D. S. Siscovick, M. J. Econs, S. B. Kritchevsky, J. C. 
Florez, J. A. Todd, J. Dupuis, E. Hypponen, T. D. Spector, Lancet. 
2010, 376, 180.

 [87] B. N. Frederiksen, M. Kroehl, T. E. Fingerlin, R. Wong, A. K. Steck, 
M. Rewers, J. M. Norris, J. Clin. Endocrinol. Metab. 2013, 98, 
E1845.

 [88] I. Alloza, D. Otaegui, A. L. de Lapuente, A. Antigüedad, J. Varadé, 
C. Núñez, R. Arroyo, E. Urcelay, O. Fernandez, L. Leyva, M. Fedetz, 
G. Izquierdo, M. Lucas, B. Oliver-Martos, A. Alcina, A. Saiz, Y. 
Blanco, M. Comabella, X. Montalban, J. Olascoaga, F. Matesanz, K. 
Vandenbroeck, Genes Immun. 2012, 13, 253.

 [89] V. Kuan, A. R. Martineau, C. J. Griffiths, E. Hypponen, R. Walton, 
BMC Evol. Biol. 2013, 13, 144.

 [90] P. Jones, M. Lucock, G. Chaplin, N. G. Jablonski, M. Veysey, C. 
Scarlett, E. Beckett, Genes Nutr. 2020, 15, 5.

 [91] H. Arai, K. Miyamoto, Y. Taketani, H. Yamamoto, Y. Iemori, K. 
Morita, T. Tonai, T. Nishisho, S. Mori, E. Takeda, J. Bone Miner Res. 
1997, 12, 915.

 [92] C. Robinson-Cohen, T. M. Bartz, D. Lai, T. A. Ikizler, M. Peacock, 
E. A. Imel, E. D. Michos, T. M. Foroud, K. Akesson, K. D. Taylor, L. 
Malmgren, K. Matsushita, M. Nethander, J. Eriksson, C. Ohlsson, 
D. Mellström, M. Wolf, O. Ljunggren, F. McGuigan, J. I. Rotter, M. 
Karlsson, M. J. Econs, J. H. Ix, P. L. Lutsey, B. M. Psaty, I. H. de Boer, 
B. R. Kestenbaum, J. Am. Soc. Nephrol. 2018, 29, 2583.

 [93] A. Mansur, B. Liese, M. Steinau, M. Ghadimi, I. Bergmann, M. 
Tzvetkov, A. Frederik Popov, T. Beissbarth, M. Bauer, J. Hinz, PLoS 
One. 2015, 10, e0127761.

 [94] K. M. Burghardt, V. Avinashi, C. Kosar, W. Xu, P. W. Wales, Y. 
Avitzur, A. Muise, PLoS One. 2014, 9, e85915.

 [95] Institute-of-Medicine. Dietary Reference Intakes for Calcium and 
Vitamin D. National Academies Press, Washington, DC 2011.

 [96] M. F. Holick, N. C. Binkley, H. A. Bischoff-Ferrari, C. M. Gordon, 
D. A. Hanley, R. P. Heaney, M. H. Murad, C. M. Weaver, J. Clin. 
Endocrinol Metab. 2011, 96, 1911–1930.

 [97] M. F. Holick, Nat. Rev. Endocrinol. 2011, 7, 73.
 [98] C. Carlberg, A. Haq, J. Steroid Biochem. Mol. Biol. 2018, 175, 12.
 [99] N. Saksa, A. Neme, J. Ryynänen, M. Uusitupa, V. D. F. de Mello, S. 

Voutilainen, T. Nurmi, J. K. Virtanen, T.-P. Tuomainen, C. Carlberg, 
J. Steroid Biochem. Mol. Biol. 2015, 148, 275.

 [100] S. Seuter, J. K. Virtanen, T. Nurmi, J. Pihlajamäki, J. Mursu, S. 
Voutilainen, T.-P. Tuomainen, A. Neme, C. Carlberg, J. Steroid 
Biochem. Mol. Biol. 2017, 174, 314–321.

 [101] M. Mangin, R. Sinha, K. Fincher, Inflamm Res. 2014, 63, 803.
 [102] J. Salzer, G. Hallmans, M. Nystrom, H. Stenlund, G. Wadell, P. 

Sundstrom, Neurology. 2012, 79, 2140.
 [103] J. C. Fleet, M. DeSmet, R. Johnson, Y. Li, Biochem. J. 2012, 441, 61.
 [104] J. P. Thyssen, D. D. Bikle, P. M. Elias, Evol. Biol. 2014, 41, 388.
 [105] A. N. Brooks, S. Turkarslan, K. D. Beer, F. Y. Lo, N. S. Baliga, Wiley 

Interdiscip. Rev. Syst. Biol Med. 2011, 3, 544.
 [106] I. Lazaridis, Curr. Opin. Genet Dev. 2018, 53, 21.
 [107] P. H. Sudmant, T. Rausch, E. J. Gardner, R. E. Handsaker, A. Abyzov, J. 

Huddleston, Y. Zhang, K. Ye, G. Jun, M. Hsi-Yang Fritz, M. K. Konkel, A. 
Malhotra, A. M. Stütz, X. Shi, F. Paolo Casale, J. Chen, F. Hormozdiari, 
G. Dayama, K. Chen, M. Malig, M. J. P. Chaisson, K. Walter, S. Meiers, 
S. Kashin, E. Garrison, A. Auton, H. Y. K. Lam, X. Jasmine Mu, C. 
Alkan, D. Antaki, T. Bae, E. Cerveira, P. Chines, Z. Chong, L. Clarke, 
E. Dal, L. Ding, S. Emery, X. Fan, M. Gujral, F. Kahveci, J. M. Kidd, Y. 
Kong, E.-W. Lameijer, S. McCarthy, P. Flicek, R. A. Gibbs, G. Marth, 
C. E. Mason, A. Menelaou, D. M. Muzny, B. J. Nelson, A. Noor, N. 
F. Parrish, M. Pendleton, A. Quitadamo, B. Raeder, E. E. Schadt, M. 
Romanovitch, A. Schlattl, R. Sebra, A. A. Shabalin, A. Untergasser, J. 
A. Walker, M. Wang, F. Yu, C. Zhang, J. Zhang, X. Zheng-Bradley, W. 
Zhou, T. Zichner, J. Sebat, M. A. Batzer, S. A. McCarroll, Genomes 
Project Consortium; R. E. Mills, M. B. Gerstein, A. Bashir, O. Stegle, S. 
E. Devine, C. Lee, E. E. Eichler, J. O. Korbel, Nature. 2015, 526, 75.

 [108] N. Kashuba, E. Kirdok, H. Damlien, M. A. Manninen, B. Nordqvist, 
P. Persson, A. Götherström, Commun. Biol. 2019, 2, 185.

How to cite this article: Hanel A, Carlberg C. Skin colour and 
vitamin D: An update. Exp Dermatol. 2020;00:1–12. https://
doi.org/10.1111/exd.14142

https://doi.org/10.1111/exd.14142
https://doi.org/10.1111/exd.14142

