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1 | INTRODUCTION

Abstract

This review examines putative, yet likely critical evolutionary pressures contributing
to human skin pigmentation and subsequently, depigmentation phenotypes. To
achieve this, it provides a synthesis of ideas that frame contemporary thinking, with-
out limiting the narrative to pigmentation genes alone. It examines how geography
and hence the quality and quantity of UV exposure, pigmentation genes, diet-related
genes, vitamins, anti-oxidant nutrients, and cultural practices intersect and interact to
facilitate the evolution of human skin color. The article has a strong focus on the vita-
min D-folate evolutionary model, with updates on the latest biophysical research
findings to support this paradigm. This model is examined within a broad canvas that
takes human expansion out of Africa and genetic architecture into account. A thor-
ough discourse on the biology of melanization is provided (includes relationship to
BH4 and DNA damage repair), with the relevance of this to the UV sensitivity of
folate and UV photosynthesis of vitamin D explained in detail, including the rele-
vance of these vitamins to reproductive success. It explores whether we might be
able to predict vitamin-related gene polymorphisms that pivot metabolism to the pre-
vailing UVR exposome within the vitamin D-folate evolutionary hypothesis context.
This is discussed in terms of a primary adaptive phenotype (pigmentation/depigmen-
tation), a secondary adaptive phenotype (flexible metabolic phenotype based on
vitamin-related gene polymorphism profile), and a tertiary adaptive strategy (dietary
anti-oxidants to support the secondary adaptive phenotype). Finally, alternative evo-
lutionary models for pigmentation are discussed, as are challenges to future research

in this area.
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diversity, our complete understanding of melanogenesis biochemistry
means skin color as an evolved trait is often thought of as a relatively

Human skin color is one of the most visible human phenotypes, uni- straightforward human phenotype to study (Quillen et al., 2018). In

versally recognized as a highly variable attribute. Despite this truth, the reality is more complex, and one has to consider a gamut of
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relevant evolutionary pressures acting on disparate global populations.
Indeed, we now know that skin color is highly polygenic, with complex
epistatic and stochastic (i.e., dietary and environmental/UV) interac-
tions underpinning the direction of evolutionary change. A combina-
tion of natural selection, drift, bottlenecks, and admixture are
considered to be critical. Furthermore, relevant alleles are often popu-
lation specific and effects highly pleiotropic in nature (Quillen
et al,, 2018). In a Darwinian sense, there is no finality to the dynamic
phenomenon of evolving human skin color, merely a series of ques-
tions that when answered will help us to better explain the nature of
this fascinating dynamic.

Of course, ideas themselves are always evolving, and the aim of
this article is to demonstrate contemporary thought without limiting
the narrative to genes alone. Recent research shows that the quality
and quantity of ultraviolet radiation (UVR) exposure, a plethora of pig-
mentation genes, diet-related genes, vitamins, antioxidant nutrients,
and cultural practices intersect and interact to influence the natural
selection of human skin color. Indeed, diet as an evolutionary pressure
has shaped human biology through our lineage and across geography,
resonating strongly with contemporary ideas on Darwinian Medicine
(Lucock et al., 2014). Darwinian or Evolutionary Medicine is a concept
gaining significant traction across medical disciplines (Berlim &
Abeche, 2001; Pennisi, 2011; Roman-Franco, 2009), and one that is
likely impacted by changes in vitamin biology caused by the maladap-
tation of pigmentation phenotype to specific UV environments. This
idea is explored later.

This article will have a strong focus on the “vitamin D-folate
hypothesis” as a core component within the evolution of skin photo-
type (Jablonski & Chaplin, 2000, 2010); recent biophysical research
findings have helped to support and extend this enduring paradigm
(Lucock et al., 2021), and this will be discussed within a broad canvas
that takes in population history/dispersal and genetic architecture. As
a brief introduction to this concept, folate and vitamin D are structur-
ally and metabolically very discrete entities. However, they are linked
in that both are photosensitive. Vitamin D is a prohormone that is
photosynthesized in the skin by UV-B energy (this is optimal <310 nm
with peak synthesis around 297 nm). By contrast, reduced folate vita-
mers are photodegraded by both UV-B and longer UV-A wavelengths
(Lucock et al., 2018; Lucock, 2021). Branda and Eaton (1978) first pro-
posed natural selection for melanisation to protect folate. Their study
was carried out in the 1970s and provides the first evidence for the
vitamin D-folate hypothesis, although they did not refer specifically to
this hypothesis. They were concerned only with the effects of simu-
lated sunlight on folate, alluding at the end of their paper to the
importance of skin pigmentation in protecting folate, but they did not
discuss vitamin D. The first mention of skin pigmentation being the
product of selection on pathways affecting folate and vitamin D was
by Jablonski and Chaplin (2000). More recently, Jablonski and Chaplin
(Jablonski & Chaplin, 2010) have developed and advanced the vitamin
D-folate hypothesis as a paradigm to partially explain how the evolu-
tion of human skin pigmentation phenotype fits with the prevailing
UVR regime (they describe human skin pigmentation as the product

of two clines, which were produced by the dual selective pressures of
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photoprotection and vitamin D photosynthesis), an idea that has been

further strengthened by a series of recent studies which add support
to this construct (Batai et al., 2021; Jones et al., 2016; Jones, Lucock,
et al, 2018; Jones, Veysey, et al, 2018; Lucock et al, 2017,
Lucock, 2021). The theory is straightforward: Folate deficiency
impacts reproductive success, as does vitamin D deficiency. Variation
in human skin pigmentation phenotype evolved as an adaptation to
the prevailing UVR regime. UV photolysis of folate in the dermal vas-
culature provided a strong selection pressure for a more highly mela-
nized, darker skin at tropical latitudes where Homo sapiens first
evolved. However, following early dispersals out of Africa to more
northerly latitudes, less skin pigmentation was needed to facilitate
adequate vitamin D photosynthesis. Ultimately, early humans were
subjected to two opposing UVR/pigmentation clines; the first (folate
driven) involved melanisation as one moves closer to the equator and
the geographic origin of our species (making this the ancestral pheno-
type). The second (vitamin D driven) involved loss of pigmentation fol-
lowing early human expansion out of Africa. This second cline,
therefore, drives depigmentation from the equator to the pole
(Jablonski & Chaplin, 2010). Figure 1 provides a schematic view of this
generalized model.

This elegant, and ostensibly simple adaptive trait, is maintained by
natural selection involving diet, UVR and a complex and variable
nexus of key pigmentation and diet-related gene polymorphisms
(Deng & Xu, 2017; Graf et al., 2005; Lao et al., 2007; Lucock
et al, 2021; Quillen & Shriver, 2011; Rees, 2004; Rocha, 2020;
Sturm, 2009; Sturm & Duffy, 2012). It modulates the availability/
adequacy of folate and vitamin D for maintenance of reproductive
efficiency, and provides a sensitive target for natural selection to
shape phenotypic variation in skin phototype via photo-responsive
reciprocity in these two critical vitamins. A deeper metabolic ratio-
nale to underpin this phenomenon is given later, but it is worth
mentioning that recent research has extended this evolutionary
model; this addendum adds the need for folate (and hence tetrahy-
drobiopterin [BH4]) in the synthesis of eumelanin (black/brown pig-
ment) and pheomelanin (yellow/red pigment), it also considers
relevant UVR-folate-gene and UVR-folate-antioxidant interactions.
Again, these aspects, and the critical role of folate in offsetting UV-
DNA-related damage are dealt with in more detail later (Lucock
et al., 2021).

A comprehensive understanding of the biology of skin color is
emerging. Skin, hair, and eye color are highly variable across popula-
tions, and unsurprisingly, a large number of genes act on the melano-
some to grade the biosynthesis of melanin (Sturm & Duffy, 2012). It
has been shown that polygenicity in skin color is higher in Africa than
on any other continent and is thought to be amongst the most rapidly
evolving of evolutionary traits, being one of the strongest examples of
positive selection in human biology (Martin et al., 2017). There are
around 170 genes implicated in defining skin pigmentation phenotype
across model organisms, but only around 15 genes have been linked
to human skin color (Martin et al., 2017). Unfortunately, early work
has led to a bias in favor of genetic research on European/European

derived populations, and this hid the true global complexity in genetic
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FIGURE 1 Early humans were subjected to two opposing UVR/pigmentation clines; the first (folate driven) involved melanization as one
moves closer to the equator (ancestral phenotype). The second (vitamin D driven) involved depigmentation following early human expansion out
of Africa and changing cultural practices (agricultural development). This second cline therefore drives depigmentation from equator to pole. This
figure provides a simplified schematic view of this generalized model

architecture that underscores skin color. Indeed, loci relevant to (2021) has put this into perspective; he estimates that 5.43 billion
European pigmentation variation may be neither relevant to, nor as individuals on Earth are dark skinned compared to only 3.6 billion fair
numerous as in populations outside of Europe (Crawford et al., 2017; skinned individuals—his arguments on what the “normal’ means in

Martin et al., 2017; Norton, 2020; Quillen et al.,, 2018). Graves Jr biology are truly insightful.
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Despite this previous observation, it is important to note that a
European bias in pigmentation genetics work was driven by attempts
to urgently understand the relationship between MCI1R polymor-
phisms and skin cancer susceptibility, especially amongst recent
European migrants to Australia (Sturm et al., 2001; Sturm, 2002;
Sturm, Duffy, Box, Chen, et al., 2003; Sturm, Duffy, Box, Newton,
et al., 2003).

While this article will focus primarily on the “vitamin D-folate
hypothesis” as a significant driver of skin pigmentation/depigmenta-
tion, other evolutionary models have been postulated and these
include the following: “the skin mutagenesis hypothesis,”, “the skin
barrier hypothesis,” and the “metabolic conservation hypothesis”
(Jones, Lucock, et al., 2018). The relative merits of these models will
be discussed later.

One of the major objectives of this article is to recognize that
while pigmentation itself represents the primary adaptive phenotype,
secondary adaptive phenotypes exist in the genetics and biochemistry
that regulates folate-dependent one-carbon metabolism and vitamin
D biology. The interplay between primary and secondary adaptive
phenotypes, diet, environment and geography will be discussed in

terms of evolutionary significance.

2 | MAPPING HUMAN EXPANSION OUT
OF AFRICA, INCLUDING IDEAS ON
PIGMENTATION PHENOTYPE

The emergence of the earliest hominins possessing most anatomical
traits associated with H. sapiens has been traced back to Jebel Irhoud,
Morocco, around 300,000 years BP (Hublin et al., 2017). However, it
is clear that anatomical modernity evolved piecemeal over several
tens of thousands of years, as did the cultural evolution of fully articu-
late speech and language, modern tool types, and the ability to control
fire. Some of the earliest subsequent evidence for anatomically mod-
ern humans comes from Ethiopian fossils dated to around 150,000-
190,000 years BP (McDougall et al., 2005; White et al., 2003). In
accord with the fossil evidence, phylogenetic data based on human
mitochondrial DNA analysis also places the origin of H. sapiens in
Africa. Indeed, Africans have the greatest genetic diversity among all
extant human populations (Rosenberg et al., 2002). This and further
data support a large, sub-divided African population structure
throughout human evolution, with the deepest split in sub-Saharan
Africa. There is also evidence of significant admixture in the region
(Nielsen et al., 2017). Evidence for introgression exists, although the
degree of archaic admixture in Africa is still an open question (Nielsen
et al., 2017). This rich diversity is supported by genome-wide micro-
satellite DNA variation in 3000 African subjects demonstrating
14 ancestral population groupings. These clusters showed a broad
corollary with language, culture and geography (Tishkoff et al., 2009).
Recent data on the genomic architecture of skin pigmentation in
Africans reflects a parallel complexity with intricate, polygenic traits.
These loci vary across populations according to different local evolu-

tionary pressures (Martin et al., 2017). This is supported by Crawford
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and colleagues (2017) who examined ethnically diverse African

genomes, identifying pigmentation critical gene variants that repair
DNA damage and underpin melanocyte biology (DDB1/TMEM138).
They show that both light and dark pigmentation alleles evolved prior
to the emergence of modern humans, and that dark pigmentation in
Africans is identical (by descent) in both South Asian and Australo-
Melanesian populations (Crawford et al., 2017).

The dispersal of modern humans out of Africa left a strong
genetic signature in all non-African populations, which includes a
reduced level of genetic diversity and increased linkage disequilibrium
(Nielsen et al., 2017; Ramachandran et al., 2005).

As small human populations dispersed out of high UV environ-
ments in Africa into the continent's geographic extremes and into Eur-
asia, they encountered a wide range of habitats, eventually including
arctic tundra, low lying savannas and extreme high elevations such as
the Tibetan Plateau, where they were subjected to strong local selec-
tion pressures. Natural selection conferred upon us the ability to sur-
vive in extremes of temperature, under the hypoxia of altitude, or in
the presence of pathogens. Indeed, the expansion of our ancestors
into a myriad of challenging environments allowed us to acquire a ver-
itable smorgasbord of polymorphisms that help us not just to survive,
but to thrive. Selected examples include variants that permit us to live
on high starch and fat diets, digest milk lactose, influence height
(i.e., pygmies in rainforests), confer adaptations in the spleen size to
permit longer diving times in Bajau sea nomads, and the example most
germane to the present thesis, adaptation of skin to the prevailing UV
regime based on latitude, altitude, environment, and culture
(Jablonski, 2021; Lucock et al., 2014).

Outside Africa, modern human fossils occur in the Middle-East
around 100,000 years BP (Griin et al., 2005) and in China by
80,000 years BP (Liu et al., 2015). Despite what are considered to be
some of the oldest fossil remains outside Africa excavated at Skhul
and Qafzeh in Israel, dated to 90,000-120,000 years BP, any further
evidence of H. sapiens living outside of Africa largely vanishes about
90,000 years BP, only to emerge much later. Only then, tens of thou-
sands of years on are our African Ancestors' diaspora ready to dramat-
ically expand across the planet. There is debate on the likely routes of
passage; a northern journey would have taken our species through
the Levant up into Europe. However, more recent and tenable ideas
suggest an early and extensive occupation of southeast Asia and Aus-
tralasia, with movements into more northerly latitudes and then west
into what is now Europe occurring later. In this Asia first model,
human fossil remains have been found in Borneo and Lake Mungo in
Australia at 40,000-46,000 years BP. In Eastern Europe, fossil
remains from Romania have been dated at 40,000 years BP, while in
Western Europe the oldest skeletal remains are marginally younger at
36,000 to 37,000 years BP. The Americas were believed to be colo-
nized far later at around 16,000 years BP, however, recent evidence
of human footprints from New Mexico suggests settlement may have
occurred even earlier, between 21,000 and 23,000 years BP (Bennett
etal., 2021).

During these remarkable dispersals, our skin underwent a geneti-

cally driven change in pigmentation phenotype, from its ancestral dark
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pigmented state in Africa where we first evolved, to lighter tones at

higher latitudes under the selective influence of a variety of environ-
mental and cultural factors, particularly, but not exclusively the pre-
vailing UV regime. Of course, as discussed below, selection pressures
can operate on pigmentation in opposing directions. Recent findings
muddy the waters for any simple theory. After H. sapiens left Africa in
their major expansion out of the continent, their skin did not lighten
immediately; several polymorphisms in pigmentation genes were
acted on by natural selection tens of thousands of years after we
emerged from Africa. A sweep shared by Europeans and East Asians
at KITLG occurred approximately 30,000 years BP, after the out-of-
Africa dispersal. Even more relevant, selective sweeps for European-
specific alleles in three genes—TYRP1, SLC24A5, and SLC45A2
occurred far later, within the last 11,000-19,000 years, long after the
first dispersals of modern humans into Europe (Beleza et al., 2013).
Furthermore, the genome of a 7000 year old Mesolithic hunter from
the La Brafa-Arintero site in Ledn, Spain was found to carry ancestral
alleles in several skin pigmentation genes, suggesting that the light
skin of modern Europeans was far from ubiquitous, even in relatively
recent Mesolithic times (Olalde et al., 2014). Wilde and colleagues
(2014) also examined how European skin pigmentation altered over
time. They examined three pigmentation-related genes (TYR,
SLC45A2, and HERC2) from 48 ancient Ukrainian skeletons (4000-
5500 years BP). The variant allele frequency rates in these genes
which affect skin, hair, and eye color were compared to 60 modern-
day Ukrainians and almost 250 modern genomes from surrounding
regions. Neutrality was rejected for all alleles examined, with esti-
mates of selection ranging from around 2%-10% per generation, dem-
onstrating that strong selection favored lighter skin, hair, and eye
pigmentation in European populations over the last 5000 years. Afri-
cans have none of these lighter gene variants (Wilde et al., 2014). It is
interesting to compare different strongly selected genetic traits. Selec-
tion for a lighter skin is similar to that seen for lactose digestion and
protection against Plasmodium falciparum malaria.

Ultimately, in Western Eurasia, deep ancestral selection for light
skin was driven by a relatively small pool of gene polymorphisms that
associate with contemporary phenotypic variation. Ju and Mathieson
(2021) examined more than 1000 ancient West Eurasian genomes
covering 40,000 years BP. They showed that the evolution of light
skin was driven by frequency shifts in a relatively small fraction of
gene variants that are linked to pigmentation today—one of the most
notable large effect variants was at SLC24A5 (rs2675345).

The big question has to be why did natural selection for lighter
skin, hair and eye pigmentation act so long after humans moved away
from Africa with its harsh UV regime? The most probable explanation
resides in diet, and specifically the availability of vitamin D. As hunter
gatherers, our diet was rich in vitamin D (particularly from fish and
meat), but after the development of farming practices, grains became
a major dietary component, leading to a deficit in vitamin D status.
Given the significance of vitamin D in maintaining reproductive effi-
ciency (see later), natural selection will have favored a loss in pigmen-
tation to allow for improved vitamin D photosynthesis in our skin. So

the agricultural revolution that first emerged in the Levant may have

triggered this out of Africa late onset natural selection of skin depig-
mentation. It is worth bearing in mind that initially, coastal dispersion
of early humans into Europe may have permitted retention of ances-
tral pigmentation alleles because reduced vitamin D photosynthesis in
the skin (due to a high melanin content) was mitigated by marine and
plant based sources of the vitamin, including fungi and lichens
(Chaplin & Jablonski, 2013; Jablonski, 2021; Lucock et al., 2021).

These genes also influence eye color (Jablonski, 2021; Sturm &
Duffy, 2012); in particular, OCA2-HERC2 is strongly associated with
blue iris color in Europeans and has been linked to sexual selection
(Laeng et al., 2007). This may also be a direct counter-measure to a
short winter photoperiod at high latitudes; blue eyes increase intraoc-
ular light scattering and thereby suppress melatonin release from the
pineal gland. This may be an adaptive trait to reduce/prevent depres-
sion, a condition linked to short day length (Higuchi et al., 2007,
Lucock et al., 2021).

Like SLC45A2, the SLC24A5 gene is important in regulation of
melanogenesis and hence an important loci in determining skin pig-
mentation phenotype. It has a large-effect variant that was introduced
into Western Europe via migrating Neolithic farming populations, and
continued to be under selection post-admixture (Ju &
Mathieson, 2021). Although the SLC24A5 light skin allele is now
almost fixed in Europe, it is interestingly also associated with a lighter
skin phototype in Africans, achieving high frequencies in Afro-Asiatic
groups in East Africa (28%-50%), and some Khoisan groups from
South Africa (33%-53%) (Crawford et al., 2017; Martin et al., 2017;
Pagani et al., 2012; Rocha, 2020). It is believed that the SLC24A5 vari-
ant arrived in East Africa via the Middle East around 3000-
9000 years BP (Crawford et al., 2017; Pagani et al., 2012), and was
carried into South Africa by migrating East African agriculturalists
around 2000 years ago, and once there was favored by natural selec-
tion, with admixture promoting the evolution of complex mixed pig-
mentation genotypes and a wide gamut of moderately pigmented
phenotypes (Jablonski, 2021).

Of course, while repeated episodes of depigmentation have
occurred in our recent evolutionary history, so too have repeated epi-
sodes of repigmentation, including the evolution of markedly
enhanced tanning abilities, as populations dispersed out of, and then
back into, regions of high seasonal UVB (Quillen et al., 2012,
2017, 2018).

Before ending this section, it is worth emphasizing how important
genetic bottlenecks are in defining natural selection. The relevance of
this was first stressed by Henn and colleagues (Henn et al., 2012). The
random effects of population bottlenecks will have had particularly
profound consequences for the evolution of human skin pigmentation
because the pool of potential gene variants available for selection var-
ied with every dispersal and were further compounded in cases of
sequential dispersals. An example of the latter would be where
humans dispersed into northeastern Asia and then into North Amer-
ica. Recent research into skin pigmentation genetics indicate that the
number of genetic variants (loci/SNPs) that impact variability in skin
phototype is quite large, and includes; genes that control up- and

down-regulation of melanin biosynthesis and the packaging of
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melanin in melanosomes, by various pathways. When selection for
increased or decreased skin pigmentation was strong, it acted on
whatever suite of variants was available at that place, and at that time,
to produce a set of variants that would confer a selective advantage.
Thus, natural selection could only occur on the limited number of vari-
ants that were available in any particular “genetic grab bag” produced
by the bottleneck.

While the primary focus of this article is to achieve the most up-
to-date contemporary synthesis on aspects of the vitamin D-folate
hypothesis as a model for the evolution of skin pigmentation, it is
none-the-less important to also provide a good background on human
dispersals with an integration of how this fits with what we know
about pigmentation genes. Out of necessity, this is limited, but for

readers who want to delve deeper into this, the following key papers/
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reviews should prove useful (Crawford et al., 2017; Deng & Xu, 2017
Feng et al, 2021; Henn et al, 2012; Jablonski, 2021; Martin
et al., 2017; Nielsen et al., 2017; Pavan & Sturm, 2019; Quillen &
Shriver, 2011; Quillen et al., 2018; Rocha, 2020).

3 | THE BIOLOGY OF SKIN
PIGMENTATION

3.1 | Genes

The effect of UVR on the biochemistry of melanogenesis (enzymes and

signaling proteins) is profoundly underpinned by genetics (Pavan &

Sturm, 2019). Table 1 describes a selection of some of the most relevant

TABLE 1 A selection of some of the most relevant gene polymorphisms linked to hair, skin and eye pigmentation phenotype
Pigmentation Selected Relevant to the vitamin D-
related gene Expression product Function variants folate hypothesis
TYR Tyrosinase enzyme Melanogenesis rs1042602 ?
GMR5 Glutamate metabotropic receptor 5 Tyrosine expression rs10831496 ?
IRF4 Interferon regulatory factor 4 Tyrosine expression rs12203592 YES
HERC2 HECT and RLD domain containing E3 Regulation of OCA2 expression and rs12913832 YES

ubiquitin ligase 2 hence melanogenesis rs4932620
rs649721
OCA2 Oculocutaneous albinism 2 Melanogenesis rs1800404 ?
(melanocyte-specific transporter rs1800414
protein/pink-eyed dilution protein rs74653330
homolog) rs7495174
APBA2 Amyloid beta A4 precursor protein- Potential regulation of OCA2 rs442881 ?
binding family A member 2 expression and hence
melanogenesis
SLC45A2 Solute carrier family 45 member 2 Melanogenesis rs16891982 ?
(membrane associated transporter)
SLC24A4 Membrane transporter (NCKX4) Na*/Ca?*, K* exchanger. Eye color rs12896399 ?
SLC24A5 Solute carrier family 24 member 5 K* dependent Na*/Ca®" exchanger rs1426654 ?
(NCKX5) (melanogenesis)
MCI1R Melanocortin 1 receptor (G protein- Eumelanin synthesis rs1805007 ?
coupled receptor) rs42687448
KITLG KIT Ligand Melanocyte migration rs642742 ?
rs12821256
MFSD12 Major facilitator superfamily domain Transporter mediating import of rs10424065 ?
containing 12 cysteine into melanosome, rs2240751
regulating pheomelanin synthesis rs2240751
DDB1/ Damage specific DNA binding protein UVR exposure response and DNA rs2513329 ?
TMEM138 1/Transmembrane protein 138 damage repair rs7948623
rs11230664
TYRP1 Tyrosinase-related protein 1 Melanogenesis rs115075138 ?
ASIP Agouti-signaling protein Interacts with MC1R to determine rs6058017 ?
whether melanocyte synthesizes rs6059655
pheomelanin or eumelanin rs4911414
BNC2 Zinc finger protein basonuclin-2 Potential regulated expression of rs10756819 ?
pigmentation genes
MITF Melanocyte inducing transcription Controls development and function of rs149617956  ?

factor

melanocytes
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gene polymorphisms linked to hair, skin, and eye pigmentation pheno-

type. The table identifies the expression product and its function along
with specific biologically important gene variants. Figure 2 shows how
some of these genes/proteins are integrated into the biochemistry of

melanogenesis within the melanocyte and melanosome.

3.2 | Biochemistry

Melanin is derived from tyrosine and is synthesized in epidermal mela-
nosomes and subsequently translocated to surrounding keratinocytes
via transport along dendritic projections. It is a darkly pigmented mac-
romolecular biopolymer that protects from the deleterious effects of
UVR. Greater melanisation is also associated with protection against
systemic oxidative stress (Shih et al., 2020).

The regulation of melanogenesis is dependent on both ion trans-
port and precursor substrates: Figures 2 and 3 show how BHj4-
dependent phenylalanine hydroxylase (PAH) converts phenylalanine
into tyrosine, a process located in the cytoplasm of the melanocyte.
Tyrosine is then actively transported into the melanosome, where it is
converted to L-DOPA by tyrosine hydroxylase (isoform 1). L-DOPA
then activates tyrosinase (TYR) initiating melanogenesis. Tyrosinase
activity is regulated by BH4 by the formation of a 1:1 inhibitory com-
plex with tyrosinase. This can be reversed by a- and p-melanocyte-
stimulating hormone (MSH), rendering tyrosinase active once again.
Inteferon regulatory factor 4 (IRF4) cooperates with the melanocyte

master regulator (MITF) to activate tyrosinase. Interestingly, it has

recently been shown that the IRF4 pigmentation gene interacts with
UV to influence folate levels (Lucock et al., 2021).

In addition to the provision of key substrates, ion transport into
the melanosome is also a critical component within melanin biosyn-
thesis. TYR is pH sensitive, and Na*, K*, Ca?*, CI~, and H™ transport
are coupled to the membrane-associated transporter protein (MATP),
K*-dependent Na*/Ca?* exchanger 5 (NCKX5), P protein, two-pore
segment channel 2 (TPC2), and ATP (V-ATP), respectively. In addition,
cysteine is actively translocated into the melanosome, with cystine, a
negative regulator, removed from the melanosome by cystinosin
(CTNS). This regulatory mechanism for ion transport in the melano-
some is shown in Figure 2. It is the MATP gene, SLC45A2 described
earlier, which is responsible for very recent depigmentation in
Europeans (Beleza et al., 2013; Wilde et al., 2014).

It is believed that the default biochemical pathway is for pheomela-
nin (red/yellow pigment) synthesis, a process that continues until cyste-
ine within the melanosome is consumed (cysteine and DOPAquinone are
conjugated to form cysteinyIDOPA). At this point, eumelanin synthesis
begins (DHI-eumelanin = black pigment; DHICA-eumelanin = brown
pigment). Silver locus protein homolog provides the matrix in which
these melanin compounds are polymerized. (Pavan & Sturm, 2019). The
full biochemical pathway for the synthesis of all three melanin polymers
is given in Figure 3.

The varying proportion of these three forms of melanin contrib-
ute to the wide range of variation in skin color exhibited across the
human species. In terms of geometry, the melanosomes provide an

umbrella-like cover over the nucleus of the keratinocyte. This provides
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FIGURE 2

Simplified schematic showing some of the genes/proteins/ionic transport that are integrated into the biochemistry of

melanogenesis within the melanocyte and melanosome. Details are fully elaborated upon in the text
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FIGURE 3 The figure shows the complex relationship between folate dependent one-carbon transfers into dTMP (DNA), purines (GTP and
hence BH,4) and methionine (methyl groups, including genomic CpG groups) and the contribution these make to melanogenesis. It also shows how
anti-oxidant vitamins interact to protect labile folates from UVR, and details the biochemistry related to the formation of the three forms of
melanin (pheomelanin, DHICA-eumelanin and DHI-eumelanin—in order of increasing darkness). A working hypothesis is that folate is required for
BH4 and hence melanin production. Therefore, a low folate equates to lower BH4 and hence reduced melanin biosynthesis. This reduction in
melanin leads to even more UVR-related folate loss and hence ever greater DNA damage. This propagates a progressive negative spiral in folate
status since the low folate that does exist will be redirected to DNA repair, and demonstrates how dietary antioxidant status is likely relevant in
this scenario for protecting reduced and highly labile folates from UV-related oxidation. Folate gene and pigmentation gene interactions are also
likely important in modulating this progressive negative spiral in folate status

protection against UV radiation induced damage (i.e., DNA lesions and
folate degradation). Figures 2 and 3 also show how the melanocyte
responds to UVR initiated DNA damage, particularly cyclobutane pyrimi-
dine dimer formation, which can activate the p53 protein. P53 activation
leads to the generation of pro-opiomelanocortin (POMC) and KITLG (KIT
ligand). POMC forms a-MSH, which binds to the melanocortin 1 receptor
(MC1R), initiating cAMP-protein kinase activity. This cAMP-responsive
element binding protein (CREB) pathway leads to activation of MITF.
Additionally, KITLG binds the KIT receptor on the surface of the melano-
cyte, leading to initiation of mitogen-activated protein kinase (MAPK),
which also interacts with MITF. Furthermore, activation of MCIR can be
inhibited by the agouti signaling protein (ASIP). Ultimately, granules con-
taining melanin migrate to the cell membrane and are transported into

the keratinocyte cells.

4 | PIGMENTATION AND THE NEED TO
PROTECT FOLATE
4.1 | Biochemistry and genetics

mixture of natural
5-methyltetrahydrofolate (5-methyl-H,4PteGlu,) and the synthetic

Folate in our contemporary diet is a

analog, pteroylmonoglutamic acid (PteGlu). However, ancestral
humans will only have been exposed to 5-methyl-H,PteGlu,. An oral
dose of around 266-400 pg PteGlu is efficiently converted into
5-methyl-H4PteGlu (Kelly et al., 1997; Lucock et al., 1989). Despite
this, scientists remain concerned about potential risks of being
exposed to excessive PteGlu, including negative UV-related effects
(Choi et al., 2014). The normal transport form of the vitamin is monoglu-
tamyl 5-methyl-H4PteGlu. Once this vitamer is transported out of the
blood plasma into the cell, it must be demethylated and converted into a
polyglutamate coenzyme. Polyglutamylation is essential before it can be
used as a cofactor for folate-dependent one-carbon metabolism. The key
biochemical roles of folate are biosynthesis of methionine (i.e., genomic
CpG methylation/gene expression), purine (i.e., impacts GTP and hence
BH,4 production), pyrimidine (i.e., dTMP and hence DNA synthesis), and
the interconversion of serine and glycine. It is also required for the catab-
olism of histidine (Lucock, 2000; Shane, 2008) (Selected aspects of
folate-dependent one-carbon metabolism are given in Figure 4).

The biochemistry that is most closely linked to phenotype is likely
to involve de novo pyrimidine, purine and methionine biosynthesis.
That is, DNA-thymidylate (d{TMP), GTP, and CpG methylation, respec-
tively (Lucock, 2021; Sohn et al., 2009). If folate is in short supply
(diet, UVR loss, genetic polymorphism), DNA fragility occurs, leading
to uracil being misincorporated into the primary DNA base sequence
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Gene variation confers flexibility in the balance between homocysteine remethylation and transsulfuration, but any UV-related adaptive biochemistry is unclear. rs1801394 and rs3733890

(not shown) are likely to be important. Both are examples where the variant allele is more frequent in a lighter skin phototype
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FIGURE 4 Selected aspects of folate-dependent one-carbon metabolism designed to explore putative metabolic consequences of gene
variants potentially relevant to skin pigmentation phenotype and the evolutionary model. Publicly available data on gene frequency from several
sources have been mapped to the metabolic pathway for folate. Indicative mapping of gene rsid to metabolism suggests the effect of variant
alleles on folate dependent one-carbon transfer tends to support the evolutionary model; i.e. based on disposition of polymorphisms, the
thymidylate cycle seems favored in a light phototype and the purine cycle favored in a dark phototype. This supports the need for DNA repair in
light skin and melanin synthesis in dark skin. The effect of variant alleles on methylation is less obvious, and may reflect biochemical flexibility at
this critical locus. This secondary adaptive metabolic phenotype supports the primary pigmentation phenotype. The collective effect is a higher

survival index tailored to specific environments (UVR regimes). Diet (antioxidant vitamins), is a tertiary factor that is also supportive of the
secondary adaptive phenotype, especially in populations with a light skin and high UVR

in place of thymine (Blount et al., 1997). In addition to this, 5-methyl-
H4PteGlu, dependent de novo methionine biosynthesis provides
methyl groups for the methylome, underpinning gene expression.
Therefore, since half of our methionine requirement is met via this
route (Mosharov et al., 2000; Lucock, 2006), folate depletion may
impact regulated gene expression (Friso et al., 2017). Figure 2 iden-
tifies some of the pigmentation specific, target epigenetic methylation
sites/pathways found within the melanocyte (Zhou et al., 2021).
Reduced folate coenzymes also contribute to the de novo biosynthe-
sis of purine nucleotides. Carbon-8 and carbon-2 positions of the
purine ring are derived from 10-formyltetrahydrofolate (10-formyl-
H4PteGlu,) via reactions catalyzed by glycinamide ribonucleotide
transformylase and 5-amino-4-imidazolecarboxamide ribonucleotide
transformylase, converting glycinamide ribonucleotide (GAR) into
formyl-glycinamide ribonucleotide (FGAR) and aminomidazole carbox-
amide ribonucleotide (AICAR) into formyl-aminoimidazole carboxya-
mide ribonucleotide (FAICAR), respectively (Shane, 2008). Folate
depletion would impact purine synthesis and onward metabolism to
GTP and hence BH, (Schallreuter et al., 2008; Shi et al., 2004). Given
that BH, is critical for melanogenesis, 5-methyl-H4PteGlu is UVR sen-
sitive, and that UVR-related DNA damage is dependent on folate for

DNA repair, folate and skin pigmentation share an obvious nexus.
However, this nexus receives far less attention than research linking
this part of metabolism to neural tube defects (NTD) and a raft of
other early developmental and late-life degenerative disorders, includ-
ing several cancers and vascular disease (Lucock & Yates, 2009;
Selhub, 2002). Consequently, it is important to consider the UV expo-
some, along with dietary and genetic factors when considering folate
biology and pigmentation phenotype (Lucock, 2021). Indeed, folate
genes are highly polymorphic, with gene clusters working in tight syn-
ergy. For example, one specific gene cluster encodes serine hydroxy-
methyltransferase (SHMT1), thymidylate synthase (TS) and dihydrofolate
reductase (DHFR), and is responsible for utilization of 5,10 methylene-
H4PteGlu for dTMP/DNA biosynthesis. 5,10-methylenetetrahydrofolate
reductase (MTHFR) provides an alternative fate for 5,10 methylene-
H4PteGlu, namely reduction to 5-methyl-H4PteGlu and utilization for the
conversion of homocysteine into methionine, a process that also requires
vitamin Bj,. This pathway nexus provides a bifurcation in the fate of
one-carbon units, with gene variation (i.e. rs1801133) shifting the proba-
bility of which route one-carbon units partition into. There is little doubt
that diet, folate status, UV exposure and other factors (discussed later)

could also easily modulate the favored metabolic route.
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As discussed earlier, the role of UVR-related folate loss in the
evolution of skin pigmentation is a mature hypothesis. It has been
established that UV exposure can reduce red cell and plasma folate
status. Erythrocyte levels are considered to be the best general mea-
sure of overall folate status, and the effect of UVR on erythrocyte
folate is clearly influenced by the MTHFR C677T genotype
(rs1801133) (Lucock et al., 2017). A large cohort of 649 subjects were
examined for cumulative UV irradiance over 42 and 120 days prior to
blood collection. The UV irradiance was found to be significantly neg-
atively associated with erythrocyte folate status. When data were
stratified by MTHFR C677T genotype, the relationship between UV
irradiance and red cell folate remained significant only in carriers of
the polymorphic T allele. This provides the strongest evidence to date
that UV irradiance arriving at the Earth's surface reduces systemic
folate status (Lucock et al., 2017). Many other reports now outline the
UVR sensitivity of folate. One of the most significant ones, which is
also highly supportive of in vivo UV loss of systemic folate, and repre-
sents the only other population based study, was conducted by Borra-
dale and colleagues. (Borradale et al, 2014). These researchers
showed that 3 weeks of solar UV exposure diminished the effective-
ness of PteGlu supplements in raising serum vitamin levels in a popu-
lation of young females of reproductive age. As with the previous
population study (Lucock et al., 2017), this cohort lived in a geo-
graphic region (Eastern Australia) with extreme UV exposure (largely
maladapted skin phenotype). However, unlike the former study, this
one was relatively small with only 45 participants. It should be noted
that serum folate does not reflect overall folate status as well as
erythrocyte folate values do. In both these population studies
(Borradale et al., 2014; Lucock et al., 2017), the observed decline in
systemic folate needs to be considered alongside the possibility that a
diminished folate status might also reflect an increased requirement
for the vitamin to maintain DNA repair processes (Duthie, 1999) in
the face of UV induced genomic damage; 1 day's sun exposure results
in up to 10° UV-propagated photo-lesions per individual skin cell
(Hoeijmakers, 2009). Despite this, a direct effect of UVR on folate is
also likely; HPLC evidence from in vitro studies unambiguously dem-
onstrate how UV-B light at 312 nm degrades the monoglutamate
form of 5-methyl-H4PteGlu into oxidized 5-methyl-H,PteGlu (Lucock
et al., 2003), with eventual loss of all vitamin activity via scission of
the C9-N10 bond linking pteridine and aminobenzoyl glutamate moi-
eties. These findings have been further validated by an ex vivo study
showing that longer UV-A as well as UV-B wavelengths of light can
degrade the natural monoglutamyl 5-methyl-H4PteGlu blood vitamer
(Hasoun et al., 2015). From a pigmentation perspective, UV-A wave-
lengths can penetrate deep under the skin to reach the dermal circula-
tion, making this a likely wavelength trigger for folate driven
evolutionary change in melanin density/skin phototype.

It is not possible to examine folate biochemistry without giving
consideration to vitamin B;,, since “active reduced folate” and de
novo methionine for maintaining genomic methylation patterns is
dependent upon Bj,’s cofactor role at the methionine synthase/
methionine synthase reductase locus (Figure 4). Indeed, a 2014 study

suggests vitamin B4, deficiency is associated with geographic latitude
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(and hence solar radiation) within an older population living in Chile

(Cabrera et al., 2014); vitamin B4, deficiency was associated with
higher solar radiation and living closer to the Equator.

It has also been suggested that another B-vitamin coenzyme may
be relevant to folate UV-photolysis; Vitamin B, (riboflavin) is light sen-
sitive itself, and has been postulated to act as a photosensitizer
(Cardoso et al., 2012), enhancing the UV-dependent degradation of
folate vitamers. However, recent research shows that riboflavin, does
not sensitize erythrocyte folate to UVR, and actually affords anti-
oxidative protection toward folate (Lucock et al., 2021).

One of the more interesting UVR-folate-related findings may pro-
vide another link with BH4 synthesis and function. Wolf and col-
leagues recently uncovered a novel effect of UV light on the vascular
system mediated by folate (Wolf et al., 2018). UV-B irradiance attenu-
ates nitric oxide (NO)-mediated vasodilation within the cutaneous
microvasculature by degrading 5-methyl-H4PteGlu, a vitamin thought
to be required for NO synthesis. BH, is also an important cofactor for
NO synthesis and both folate and biopterin cofactors may have a
degree of functional overlap/interaction. The authors suggest this
UV-folate effect may be via a direct and/or reactive oxygen species-
induced loss of 5-methyl-H4PteGlu. Interestingly, this UV-B effect on

the vascular system was independent of skin phototype.

4.2 | The argument for natural selection driven by
folate depletion

It is now firmly established that an inadequate folate status (for what-
ever reason-dietary, genetic, UVR related) adversely impacts the
reproductive success of both males and females. The impact of low
folate on female embryonic biology is well documented; the terato-
genic effects of a low folate lead to NTDs such as spina bifida and
anencephaly (Smithells et al., 1983; MRC Vitamin Study Research
Group, 1991) and have been the driver of modern folate fortification
programs. However, congenital malformations induced by inadequate
folate are also believed to have been instrumental in the natural selec-
tion of dark skin at low latitudes to protect folate for reproductive
success and the maintenance of fertility (Jablonski & Chaplin, 2010;
Tamura & Picciano, 2006). Similarly, in males, a diminished sperm
count and motility also occurs due to low folate status (Boxmeer
et al.,, 2009). It is also of note that homocysteine is considered to be
an embryotoxic thiol, and that the most effective mechanism to lower
homocysteine is increased intake of folic acid (Lucock, 2006).
Ultimately, the critical nature of folic acid in the elaboration and
synthesis of DNA, and associated cellular division during embryogene-
sis (and spermatogenesis) provides a developmental timeline that is
particularly vulnerable around 4 weeks post-conception, when the
embryo's neural tube closes. A vitamin shortage at this time increases
risk of malformation. Eumelanin concentrated in keratinocytes in the
epidermal stratum basale would/does protect folate from UVR degra-
dation, improving fertility and buffering the stochastic nature of die-
tary folate (Jablonski, 2021). This pigmentation barrier is considered
to be most effective at shielding against UVB, with less influence on
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longer, more penetrative UVA wavelengths. This is beneficial because

UVB is deleterious to DNA and also exerts a greater effect on folate
loss than at longer wavelengths. It has recently been shown that UVB
and low UVA (near UVB) wavelengths cause the greatest loss of
erythrocyte folate, and that this is enhanced in a lighter skin photo-
type (IRF4 TT genotype—rs12203592) (Lucock et al., 2021). With this in
mind, and despite the previous data being derived from an older popula-
tion, it is worth noting that an individual's maximal level of constitutive
pigmentation occurs early in life (late teens to early 20s) when humans
enter their period of optimal fertility and hence presumably, peak folate
requirement (Jablonski & Chaplin, 2010; Robins, 1991).

Clearly, nutrient-gene interactions are likely to be important and
influence this well-established evolutionary model of skin pigmenta-
tion. An evidence-based extension of the prevailing evolutionary

model that integrates metabolism genes and diet is detailed later.

5 | DEPIGMENTATION AND THE NEED TO
PHOTOSYNTHESISE VITAMIN D

5.1 | Biochemistry and genetics

Vitamin D photosynthesis uses short UVB wavelengths (<310 nm peak-

ing around 297 nm) and involves the conversion of 7-dehydrocholesterol
into previtamin D5 within the skin epidermis. Previtamin D3 subsequently

rs7944926 @
rs11603330 O
rs3794060 O

Cholesterol <—— 7-Dehydrocholesterol UV-B

photo-converts into the inactive metabolites, lumisterol or tachysterol, or
it undergoes a temperature-dependent isomerization to form vitamin D3
(cholecalciferol/calciol). This vitamer is then metabolized in the liver by
calciol 25-hydroxylase (CYP2R1 gene) to form the main plasma and stor-
age form of the vitamin—calcidiol [25(OH)D5]. Calcidiol is subsequently
converted into the biologically active form of the vitamin, calcitriol [1,25
(OH,)D3] in the kidney via the action of calcidiol 1-hydroxylase
(CYP27B1 gene) (Martin et al., 2014; Webb & Holick, 1988). Calcidiol
and calcitriol vitamers can also be redirected to form inactive metabolites
(24, 25-dihydroxyvitamin D and 1a,24R,25-trihydroxyvitamin D, respec-
tively) by calcidiol 24-hydroxylase (CYP24A1 gene), depending on meta-
bolic need, particularly in regard to the maintenance of calcium balance
(see Figure 5).

Ultimately, the sunlight-dependent vitamin D endocrine system
underpins calcium regulation, fostering a stable sub-micromolar level
of free intracellular calcium. In turn, calcium exhibits a reciprocal
homeostatic effect on production of the active calcitriol vitamer. This
is a complex biochemistry, with several feedback mechanisms in play
to regulate this critical nexus, and hence maintain calcium levels
within physiological norms. Briefly, major feedback steps operate at
the level of the 1- and 24-hydroxylase enzymes. The first control
point involves calcitriol slowing its own synthesis by inducing the
24-hydroxylase while repressing the 1-hydroxlase enzyme. In both
these cases, metabolic inhibition occurs due to altered gene expres-
sion (CYP27B1 and CYP24A1 respectively). The second control point

Derived alleles in DHCR7 could potentially raise 7-dehydrocholesterol levels and hence increase the rate of
vitamin D photosynthesis. This would benefit a dark skin phototype, and also, where UV-B exposure is limited, a light skin phototype
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FIGURE 5

2000 genomic binding sites exist for the VDR
transcription factor, with the expression
profile of over 200 genes affected. Classic Y
roles for vitamin D include calcium
homeostasis (bone mineralisation, hormone
secretion, nerve conduction, and
vasodilation). Other roles relate to regulating
cell proliferation and the immune response

The action of light on
calcitriol biosynthesis
mediates gene expression
and phenotypic plasticity.
Therefore, VDR
polymorphisms,
pigmentation gene
variants, and UV exposure
are all critical factors in
evolution and survival

Selected aspects of vitamin D metabolism designed to explore putative metabolic consequences of gene variants potentially

relevant to skin pigmentation phenotype and the evolutionary model. Details are fully elaborated upon in the text, but might be particularly
relevant for GC, DHCR7 and CYP11A1 gene variants. In some cases, they may have evolved to provide adaptive plasticity to differing skin
phototypes i.e. DHCR7 rs11603330 and rs3794060. This secondary adaptive metabolic/genetic phenotype supports the primary pigmentation
phenotype. The collective effect is a higher survival index tailored to specific environments (UVR regimes)
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involves a drop in blood calcium, which initiates the secretion of para-
thyroid hormone, promoting 1-hydroxylase activity, but inhibiting
24-hydroxylase activity. This phenomenon is counteracted by rising
calcium and calcitriol levels, which conspire to repress parathyroid
hormone synthesis. The third control point is less overt; calcium
directly inhibits the 1-hydroxylase enzyme (Jeon & Shin, 2018; Lucock
et al,, 2015, 2018).

Classic hormonal signaling via the vitamin D receptor (VDR) is
thought to have first evolved to regulate calcium flux, equilibrium,
storage, and signaling within nerve and muscle tissue. It mediates
actions that augment phenotypic plasticity by modulating gene
expression, and hence phenotypic outcomes in response to UVR origi-
nated cues. The VDR is a member of the nuclear receptor superfamily
of steroids. (Beckett et al., 2016). When activated by D vitamers, the
nuclear receptor has high tissue specificity and regulates calcium and
phosphorus homeostasis. Additionally, the VDR underpins the growth
and differentiation of many cell types found in VDR-dependent target
tissues (Bouillon et al., 2008). VDR action influences gene expression,
including those that modify and remodel chromatin, and hence can
alter the DNA methylome. Interestingly, the VDR gene is itself methyl-
ated at key CpG islands; providing a mechanism by which light trans-
duces/signals biological outcomes (Fetahu et al., 2014). To render
perspective on the magnitude of vitamin D activity in human biology,
the VDR potentiates gene expression at the single gene and complex
gene-network level. Clearly, solar exposure (and diet) along with
genetic and epigenetic mechanisms interact to alter gene expression
in a way that has extremely wide pleiotropic effects (Pike &
Meyer, 2012). This point is well illustrated by the fact that 2276 geno-
mic loci are occupied by the VDR with 229 genes exhibiting altered
expression profiles in response to vitamin D. Of even greater interest
is the fact that more than 4000 protein coding mRNAs within adipose
tissue and white blood cells show seasonally derived expression pro-
files that are different between the Northern and Southern hemi-
sphere with implications for immunity and physiology (Dopico
et al., 2015). A more recent 2020 study on vitamin D signaling showed
that CD14 was the most significantly regulated vitamin D target gene,
while the most induced vitamin D target gene was CYP24A1 (Hanel
et al,, 2020). In human studies, the same group (Neme et al., 2019)
noted 702 genes with significantly altered expression patterns follow-
ing a 2 mg vitamin D bolus. In THP-1 cells, ChlP-seq detected 11,657
VDR binding sites (Neme et al., 2017), although only 510 were
occupied under all conditions. In addition to these persistent binding
sites, 2109 transient VDR-binding sites were found to exist. The
majority of binding sites (9038) were only observed after 24 h
ligand stimulation. Clearly, the spatiotemporal VDR transcription
factor binding within vitamin D target tissues elicits an epigenome
and transcriptome-wide response. Relevant tissues include the
plasma membrane, nucleus, cytosol, cytoskeleton and endoplasmic
reticulum (Hanel et al., 2020). The effects of vitamin D pleiotropy
are, therefore, manifold and help adapt the human phenome
according to a narrow wave band of UV-B radiation and a limited

number of dietary food sources.

e WILEY-| 2

5.2 | The argument for natural selection driven by
vitamin D depletion

Recent (Ca. 5000 years BP) selection for a lighter skin pigmentation in
Europe to cope with a reduced intake of vitamin D has already been
discussed in the context of human agricultural development. How-
ever, there are some key aspects of the evolutionary mechanism
responsible for this change that have, as yet, not been mentioned, and
which relate to the vitamin's biochemistry, particularly calcium
homeostasis. Although vitamin D is a hormone, it is also a vitamin,
with an important deficiency syndrome—rickets, in which there is
insufficient calcium for normal bone formation. As with folate, inade-
quate vitamin D during pregnancy can affect fertility by several vita-
min D-calcium-related mechanisms. Elevated follicular fluid and blood
vitamin D (calcidiol) predict the success of in vitro fertilization (Ozkan
et al., 2010). In addition, during pregnancy there is a four- to five-fold
increase in vitamin D to satisfy the calcium requirement for fetal skel-
etal development. However, one of the most relevant aspects driving
a strong selection pressure against reproductive success due to vita-
min D inadequacy occurs because of the likelihood of maternal pelvis
malformation in the face of suboptimal calcium homeostasis. This is a
serious skeletal deformation that prevents childbirth because the
width of the birth canal becomes restricted, and is a form of rickets
that additionally increases maternal mortality (Holick, 2012).
Historically, this vitamin deficiency disease has been widespread.
Rickets has been identified in early archeological samples and Neo-
lithic materials as occurring at a rate of 1%-2.7%, which is a reason-
ably high selective value (Chaplin & Jablonski, 2009; Littleton, 1991;
Mays et al., 2006; Robins, 1991). Written accounts of rickets can be
(Chaplin &
Jablonski, 2009). Even today, rickets is not uncommon in developing

found in literature from many early cultures
nations, and following industrialization the incidence of rickets
reached 80% in children under the age of two (Shaw, 2003) and 33%
in the general population in studies prior to 1935 (Vieth, 2001).
Readers who want to gain a comprehensive perspective on vita-
min D and the evolution of depigmentation should read Chaplin &
Jablonski, 2009, which is both thorough and wide reaching in its anal-

ysis and critique of the literature.

6 | INTEGRATING THE LATEST IDEAS ON
THE VITAMIN D-FOLATE HYPOTHESIS INTO
AN EXTENDED MODEL FOR THE EVOLUTION
OF SKIN PIGMENTATION

Although the vitamin D-folate hypothesis endures as an explanation
for the evolution of skin pigmentation, recent research has extended
this model to incorporate a multiplex of critical factors (environmental
and genetic) that conspire to adapt human skin phototype to a vari-
able UVR regime (Lucock et al., 2021). Total ozone mapping spectrom-
eter (TOMS) satellite data were used to examine surface UV-

irradiance in a large Australian study. Twenty-two vitamin D- and
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folate-related gene polymorphisms, along with two pigmentation gene

variants (IRF4-rs12203592/HERC2-rs12913832) were examined as

was calcidiol and erythrocyte folate.

This paper provides several findings that help clarify the evolu-
tionary model. UVR and pigmentation genes interacted to alter blood
vitamin levels; the light skin IRF4-TT genotype showed the highest
folate loss while light skin HERC2-GG genotype had the highest vita-
min D3 synthesis. These findings were based on both TOMS and sea-
sonal data analysis.

It was interesting that, as might be predicted on an a priori basis,
UV-wavelength exhibited a dose-response relationship with respect
to folate loss in individuals with the light skin IRF4-TT genotype
(305 > 310 > 324 > 380 nm). Clearly, UVB is more deleterious than
UVA with respect to folate loss. Statistically significant vitamin D3
photosynthesis only occurred in individuals with the light skin HERC2-
GG genotype and was maximal at 305 nm.

One of the most novel, and unexpected findings was that three
dietary antioxidant vitamins (vitamins C, E, and p-carotene) interacted
with UVR and pigmentation genes to prevent oxidative loss of highly
labile reduced erythrocyte folate vitamers. The greatest benefit was
to individuals with the light skin IRF4-TT genotype. It was particularly
interesting that the putative photosensitizer, riboflavin, did not sensi-
tize erythrocyte folate to UVR degradation, and actually afforded pro-
tection. It had previously been thought that UVR folate loss could
potentially arise due to oxidation of folates by radical species gener-
ated by UVR reacting with endogenous photosensitizers, particularly
riboflavin (vitamin B,) (Steindal et al., 2008). However, riboflavin actu-
ally protects native reduced folate stores from UVR loss, possibly via
independent antioxidant action, or through its role within the glutathi-
one redox cycle (Ashoori & Saedisomeolia, 2014).

Although one might predict a varied genetic contribution to the
model, including epistasis, nothing had previously been reported.
However, four genes (5xSNPs) were found to modify blood vitamin
levels when stratified by pigmentation genotype (Lucock et al., 2021).
These genes were MTHFR-rs1801133/rs1801131, TS-rs34489327,
CYP24A1-rs17216707, and VDR-Apal-rs7975232.

The study also closed in on a genotype-phenotype corollary that
was highly supportive of the model; Individuals with the lightest IRF4-
TT/darkest HERC2-AA genotype combination (greatest folate loss/
lowest vitamin D3 synthesis) had a 0% occurrence. By contrast, the
opposing, commonest compound genotype (darkest IRF4-CC/lightest
HERC2-GG) had a 39% occurrence. This latter compound genotype
permits the least folate loss, and greatest synthesis of vitamin Ds.

Collectively, the above findings (Lucock et al., 2021) provide new
biophysical evidence to support and extend the vitamin D-folate
hypothesis for the evolution of skin pigmentation.

Given that a link exists between folate and melanin (see Figure 3),
the same authors have suggested a broadening of the vitamin D-
folate hypothesis of skin pigmentation to incorporate this link. The
new working hypothesis is that a low folate (for whatever reason, but
in the current context due to high UVR) limits BH,, and hence melanin
biosynthesis. This scenario would lead to an even greater loss of

folate due to UVR photolysis, and hence propagate significant DNA

damage and a reduced capacity for DNA repair. In other words, it sets
up a progressive negative spiral in folate status, which in an evolution-
ary context would have led to reduced reproductive fitness.

Given that vitamin and pigmentation genes interact to tailor bio-
chemistry to the prevailing UV exposome, it is interesting to consider
the above findings within a Darwinian medicine context. Because of
the central role for folate and vitamin D in the pathology of several
diseases (Lucock & Yates, 2009), broad questions about the link
between UVR and folate/vitamin D and health are inevitable. Do pig-
mentation or vitamin-related genes impact disease etiology? Does the
intensity and wavelength of UVR influence disease etiology? If so, can
high risk environment-metabolism profiles be identified and disease
mitigation implemented? This is one area where understanding evolu-

tionary biology may pay real dividends in contemporary healthcare.

6.1 | Can we predict how vitamin-related gene
polymorphisms might pivot metabolism to the
prevailing UVR exposome within the vitamin D-folate
hypothesis model for the evolution of skin
pigmentation based on recent literature?

It is interesting to examine the geographic (i.e. latitudinal/UVR) occur-
rence of folate and vitamin D-related polymorphisms, and see
whether any putative functional metabolic consequences of these
gene variants might have relevance to skin pigmentation phenotype
and the evolutionary model. To examine this, publicly available data
on gene frequency from several sources and recent studies
(i.e. Beckett et al, 2017; Jones et al., 2016; Jones, Veysey,
et al,, 2018; Jones et al., 2020; Lucock et al., 2015; 2021; ALFRED -
Allele Frequency Database; 1000 Genomes Database] have been
mapped to the metabolic pathway for each vitamin. Figures 4 and 5
show this mapping, and help expand the model by considering the
breadth of secondary effects relevant to the evolutionary model.
Although findings can only be considered indicative, mapping of
rsid to metabolism in Figure 4 suggests the effect of variant alleles
on folate dependent one-carbon transfer tends to support the evo-
lutionary model; that is, based on the disposition of polymorphisms,
the thymidylate cycle seems to be favored in a light phototype and
the purine cycle favored in a dark phototype. This supports the
need for DNA repair in light skin and melanin synthesis in dark skin
(Lucock et al., 2021). The effect of variant alleles on methylation is
less clear and may reflect a need for biochemical flexibility at this
critical locus.

A similar story holds for the mapping of rsid to vitamin D metabo-
lism (Figure 5), suggesting a potentially good fit to the evolutionary
model. Ancestral GC alleles (gene for vitamin D binding protein
needed for vitamin transport) are more frequent in a dark skin photo-
type, which would enhance vitamin D transport in a skin phenotype
where photosynthesis of vitamin D is much lower. Indeed, data sug-
gests that as a population's UVR exposure increases (likely darker skin
phototype), so the frequency of the GC variant decreases. This is true
for 6 of the 7 GC variants examined (Jones et al., 2020) (Figure 5).
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synthesis and DNA repair

A particularly interesting mapping is given by DHCR7. Derived
DHCR7 have the
7-dehydrocholesterol levels, and hence increase the rate of vitamin

alleles in potential to raise precursor
D3 photosynthesis, which would be beneficial for individuals with a
dark skin phototype. Figure 5 shows this mapping (rs7944926) would
be consistent with the evolutionary model. However, in areas where
the relevant wavelengths of UV-B are limited (i.e. high latitudes), a
light skin phototype would be beneficial. This potentially maps DHCR7
rs11603330 and rs3794060 to the evolutionary model (Figure 5).

Similarly, derived CYP11A alleles may potentially benefit individ-
uals with a dark skin phototype by slowing up the metabolism of vita-
min D into inactive metabolites.

The effects of UVR on allelic variation in HERC2 (rs12913832)
and IRF4 (rs12203592) and hence vitamin D3 and folate, respectively,
have been discussed earlier.

Given the above mapping of several vitamin and pigmentation
gene polymorphisms to metabolism, and their fit to the evolutionary
model, | suggest that the vitamin D-folate evolutionary model of skin
pigmentation can be broken down into:

A. Primary adaptive phenotype—pigmentation (highest evolution-
ary significance).

B. Secondary adaptive phenotype—biochemical/metabolic (sup-
portive, although flexible and adaptive in its own right).

C. Tertiary adaptive strategy—Dietary support; role of dietary
antioxidants to counter UVR-related oxidative damage (supportive of

the secondary adaptive phenotype).

The secondary adaptive phenotype supports the primary one.
The collective effect is a very high survival index tailored to specific
environments (UVR regimes). Dietary factors are also supportive of
the secondary adaptive phenotype, especially in populations with a
light skin and high UVR exposure. This seems especially true for folate
and is consistent with a major conclusion made by Lucock et al.
(2021)—“Folate metabolism is challenged most in light skin photo-
types in high UV regimes. IRF4 genotype, MTHFR genotype, and folate
act together in a contemporary population, and hence, historically,
may have acted to drive the evolution of skin pigmentation phenotype
as an adaptive mechanism to the prevailing UV exposome.”

Figure 6 shows the relationship between UVR, pigmentation phe-
notype, folate, and vitamin D-related reproduction efficiency and
evolutionary fitness. It also adds in what we now know about antioxi-
dant vitamins and pigmentation genes, as well as folate (BH,4)-related
melanin synthesis and DNA repair.

7 | ALTERNATE HYPOTHESES

A variety of ideas have been postulated to explain the evolutionary
basis of skin pigmentation. Patrice Jones and colleagues recently inte-
grated these into a review that explores the vitamin D-folate hypothe-
sis, as well as alternative and even complementary theories such as
the “skin mutagenesis hypothesis,” “the skin barrier hypothesis,” and

the “metabolic conservation hypothesis” (Jones, Lucock, et al., 2018).
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Although this review has a major focus on the “vitamin D-folate

hypothesis of skin pigmentation,” aspects of the other theories may
have merit. In particular, “the metabolic conservation hypothesis”
implies that evolutionary depigmentation of ancestral humans
resulted from the need to redirect resources away from melanin pro-
duction to other metabolic processes designed to combat the stress
of a colder climate (Elias & Williams, 2016; Jones, Lucock,
et al., 2018). Nevertheless, most of the alternative theories have now
been significantly challenged or disproven (Jablonski & Chaplin, 2017).

The idea that less melanization facilitates vitamin D photosynthe-
sis in the skin has been challenged. Bogh et al. (2010) found no signifi-
cant correlations between skin pigmentation and calcidiol levels after
UVB exposure. Hakim et al. (2016) also found no differences in photo-
synthesis of calcidiol in different skin phototypes. More recently,
Young et al. (2020), by comparing vitamin D production in extreme
skin types Il and VI, concluded that the inhibitory effect of melanin on
vitamin D3 synthesis is small. Although Batai et al. (2021) found an
association between pigmentation-related gene variants (Genetic
Score) and vitamin D deficiency, there was no association between
melanin Index and serum calcidiol. Although such findings are equivo-
cal as far as supporting the vitamin D-folate hypothesis is concerned,
other recent findings are strongly supportive. Clearly, the relationship
between skin phototype and vitamin D photosynthesis requires fur-
ther investigation, taking the fullest account possible of the complex-
ity of factors involved. Below, in the future directions section, |
suggest how this might be achieved.

The most recent critique of the vitamin D-folate evolutionary
model is presented in a review by Hanel and Carlberg (2020a). These
authors assess recent archeogenomic data for changing skin, hair, and
eye color in European populations over the last 10,000 years. They
also look at allele frequency in vitamin D transport, metabolism and
signaling genes. The authors argue that variation in vitamin D-related
allele frequencies allows for an alternate mechanism for adapting to
the UVR regime at northern latitudes. That is to say, ancestral
European populations may have dealt with a scarcity in vitamin D by
developing a higher sensitivity (avidity) toward vitamin D5 vitamers,
rather than simply evolving a lighter skin. However, as alluded to ear-
lier, considerable genetic/evolutionary evidence links depigmentation
to the expansion of agriculture and hence loss of vitamin D that would
supplied by hunter-gatherers (Ju &
Mathieson, 2021; Wilde et al., 2014). The authors suggest that the
introduction of high vitamin D responsiveness (polymorphisms) was

otherwise have been

an essential trait that permitted early Europeans to survive long dark
(Hanel &

Carlberg, 2020b). These are interesting ideas, and are not inconsistent

winters without suffering vitamin D deficiency
with the suggestion above that a secondary adaptive biochemical/
metabolic phenotype supports the primary adaptive pigmentation
phenotype. They also align with our group's findings on vitamin D
genes (Jones et al, 2020) and folate genes (Jones, Lucock,
et al.,, 2018; Jones, Veysey, et al., 2018). In the latter case, we have
suggested that folate genotypes are selected to maintain homeostasis
in the folate system under differing UVR conditions, as well as being a

target for selection.

Ultimately, the evolutionary model is simply more complex than
we previously thought, but recent studies and ideas all help shed light

on the mechanisms and implications involved.

8 | FUTURE DIRECTION AND
CHALLENGES

Although hard evidence is now beginning to emerge that strongly sup-
ports the vitamin D-folate evolutionary model (Lucock et al., 2021),
there is still much to understand, in particular the secondary adaptive
biochemical/metabolic phenotype that supports the primary adaptive
pigmentation phenotype. Furthermore, the latter study by Lucock and
colleagues examines a population that for the most part, exhibits an
environmentally “maladapted” pigmentation phenotype since it
gathers data from individuals of mostly European ancestry living in a
very high UVR regime in Australia. Although this may appear to be a
weakness, these polar extremes of generally lighter pigmentation
phototype and extreme UVR help amplify any vitamin-gene-
environment interactions. Thus, in many ways, this is a valid and use-
ful approach. Despite this, without doubt, future studies should criti-
cally examine the same and expanded parameters in a variety of
diverse populations whose skin phototype is matched to the prevail-
ing UVR regime, and whose skin color is accurately measured. The
study should also look at individuals in their late teens to early 20s,
when humans enter optimal fertility and have their maximal level of
constitutive pigmentation. Only then can conclusions related to the
evolutionary biology of skin, and the role of vitamins and UVR be fully
characterized. Additional analysis should look beyond IFR4 and HERC2
pigmentation genotypes to examine the full gamut of relevant pig-
mentation genes, as different pigment-gene variant combinations lead
to different coloration phenotypes (Jablonski & Chaplin, 2017;
Jablonski, 2021)—see Table 1.

Cultural factors are also potentially very important and are often
overlooked as is the contribution from sexual selection for skin and
eye color (Jablonski, 2021; Sturm & Duffy, 2012). Assessments such
as the time spent outdoors and clothing worn are also likely to be ger-
mane in future studies. Thorough dietary information also needs to be
captured given the latest data pointing to the importance of anti-oxi-
dants. However, for the best interpretation, blood measurements of
anti-oxidant vitamins and other antioxidant metabolites along with
biopterin, markers of DNA damage and associated/relevant gene vari-
ants should also be included to provide the widest metabolomics/
genomics library possible (see Figure 3). Studies of this depth and
magnitude are extremely difficult and expensive to conduct, but are
possible. They are justified given the evolutionary significance of skin
pigmentation and its importance to human biology. It also seems likely
that this biology will have great relevance to human health given the
critical nature of vitamin D and folate to so many diseases.

Within any future modeling, one also needs to examine the fusion
of epistasis, pleiotropy and many aspects of culture in shaping the
geography of skin color. Without doubt, the vitamin D-folate evolu-

tionary model is far more complex than text books suggest.
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One of the biggest challenges is to elucidate how recent dis-
persals to locations with different UVR regimes, and resulting popula-
tion admixture contribute to the model—what, if any, are the clinical
and natural selection ramifications? Although we do not have all the
answers, we can be certain that in the long term, the human genome
has adequate reserve capacity (2.97 x 10° polymorphic loci [1 per
300 nucleotides]) to accommodate phenotypic variation to cope with

the full repertoire of environmental selection pressures.

9 | SUMMARY

Human skin pigmentation provides an effective shield to damaging
UVR. The prevailing evolutionary model suggests this melanin barrier
evolved at equatorial latitudes to protect UV-labile folate, which is a
prerequisite for reproductive success (needed for DNA, purine and
methionine biosynthesis). Similarly, when dark skinned humans
migrated out of Africa, and eventually established agricultural cultures,
a shortage of both dietary and photosynthesized vitamin D led to the
evolution of depigmentation. This happened fairly recently within
Europe and is probably also linked to reproductive success (vitamin D
deficiency leads to rickets and promotes skeletal malformations,
including of the pelvis, which potentially impacts childbirth). Recent
evidence strongly supports the vitamin D-folate evolutionary model,
although there is still much to learn.
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