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Dietary transitions in human history have been suggested to play important roles in the evolution of mankind. Genetic variations caused by
adaptation to diet during human evolution could have important health consequences in current society. The advance of sequencing
technologies and the rapid accumulation of genome information provide an unprecedented opportunity to comprehensively characterize
genetic variations in human populations and unravel the genetic basis of human evolution. Series of selection detection methods, based on
various theoretical models and exploiting different aspects of selection signatures, have been developed. Their applications at the species and
population levels have respectively led to the identification of human specific selection events that distinguish human from nonhuman primates
and local adaptation events that contribute to human diversity. Scrutiny of candidate genes has revealed paradigms of adaptations to specific

nutritional components and genome-wide selection scans have verified the prevalence of diet-related selection events and provided many
more candidates awaiting further investigation. Understanding the role of diet in human evolution is fundamental for the development of
evidence-based, genome-informed nutritional practices in the era of personal genomics. Adv. Nutr. 2: 486-496, 2011.

Introduction

Food represents one of the most important environmental
factors for humans. Genetic adaptations to the diet con-
sumed throughout human history have sculpted the human
genome and influenced a variety of human traits. Local ad-
aptations to regionally specific dietary components might
have been one critical shaping force of the human genome,
driving population differentiation and laying the genetic
basis for human diversity. Genomic adaptations to environ-
mental factors through increasing frequency of advanta-
geous mutations in the human population usually take
hundreds of generations (thousands of years), whereas soci-
etal, cultural, and dietary transformations in the human soci-
ety are ever-accelerating. Maladaptations of the lagging
genome to rapid dietary shifts may underlie a wide range of
so-called civilization diseases, such as diabetes, obesity, cardi-
ovascular diseases, and cancers. Extensive efforts have been
invested into the examination of genomic adaptations to
diet with the hope of elucidating the genetic basis of complex
disorders and tailoring strategies of disease management
through personalized medicine and nutrition (1-3).
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The objective of this review is to briefly overview the
shaping effects of food on the human genome and to discuss
insights learned from evolutionary research into genome-in-
formed clinical and nutritional practices. Along the way, we
will summarize the main dietary transitions in human his-
tory, the mode of natural selection, approaches utilized to
detect selection signals, and knowledge gained about the
genetic basis of dietary adaptation. Comprehensive reviews
could be found elsewhere of evidence for adaptations to
diet (2,3), or more generally of human demographic history
and evolutionary adaptations (4—6). Specialized reviews of
approaches for detecting selection and their specific advan-
tages and limitations are also available elsewhere (7-9).

Major dietary transitions during
human evolution

There might be 3 major dietary transitions in human his-
tory (Fig. 1). Upon the split of humans and chimpanzees
~4.6-6.2 mya’ (10), the early hominid (Ardipithecus rami-
dus) was suggested to reside in a predominantly wooded

3 Abbreviations used: kya, thousand years ago; LP, lactase persistence; mya, million years ago;
SFS, site frequency spectrum; SNP, single nucleotide polymorphism; SV, structure variation.
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FIGURE 1 Major dietary transitions
along human history. The dietary
pattern of each period is depicted
with a box with blurry boundaries
representing the transitional
processes.
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habit and exploit a generalized plant-based diet (11,12).
Around 4 mya, Australopithecus, the predecessor of Homo, be-
gan to transfer to more open landscapes and consume harder
and more abrasive foods, such as large seeds with tough shells
and underground storage organs. This dietary pattern was
supported by the adaptively enlarged teeth and thickened
enamel (11). Homo arose ~2.5 mya and began to use stone
tools, leading to an increased consumption of animal source
foods through scavenging and hunting (11,13). Another im-
portant technological innovation in this period, around 1.6
mya onward, was the controlled use of fire (14), which also
contributed to this dietary shift. This dual dietary strategy,
providing essential nutrients from animal source foods and
energy mainly from plant source foods, made possible the ev-
olution of humans as a large, active, and highly social primate
with an unraveled complex brain (15).

Around 200 kya anatomically modern humans (Homo
sapiens) originated in Africa and expanded to other parts
of the world (16,17). The Neolithic Revolution, which was
characterized by the domestication of plants and animals,
occurred ~ 10 kya and stimulated another dramatic dietary
transformation in human history. Varying environmental
resources on different continents led to domestications of
local species and thus adoptions of regionally specific dietary
patterns. In spite of the pronounced explosion of food pro-
duction, only a few wild species were domesticated and have
since then been heavily relied on (18). Some agricultural
societies might draw 90% of their energy input from domes-
ticated plants (19). Overall, this dietary transformation
resulted in loss of nutritional diversity, excess of caloric
availability, and sedentary lifestyle, which might contribute
to many of the health challenges in modern society (20-22).

Adaptations to dietary transitions during human evolu-
tion have left specific signatures in our genome. Identifying
these signatures with the hope of unraveling human evolu-
tionary history and improving human health has been an
active research direction in the fields of evolutionary
genomics, population genetics, and molecular evolution.

Genetic variation and its functional significance
Genetic variation underlies the tremendous range of
phenotypic diversity and disease susceptibility in human
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populations. Any 2 individuals are estimated to be different
in 1-3% of their genomes (23). Each person is estimated to
carry ~250-300 genes with loss-of-function variants, 50—
100 of which are implicated in inherited disorders (24).
With the rapid advance of sequencing technologies, espe-
cially the advent of next and next-next generation sequenc-
ing platforms, extensive efforts have been invested into
unraveling human genetic variations and understanding
their general features, forces shaping their pattern, and,
most importantly, their clinical consequence. Genome-
wide association studies have been successful in linking
some genetic variations to complex traits and common dis-
eases. In spite of confronting difficulty in explaining all ge-
netic impacts, it still holds the promise of elucidating the
genetic architecture of human health, providing interesting
hypotheses and pointing out possible directions for medical
research (25).

Genetic variations include SNPs, SV, and chromosomal
abnormality. SNP is the simplest, most common, and
most well-studied variation. It is estimated that there are
in total 10-15 million common SNPs with a frequency >
1% in human genomes and 3 million are estimated to be
present in each individual (24,26-28). SV, according to the
molecular mechanisms of their origin, could be classified
into deletion, insertion, reversion, translocation, duplica-
tion, and their complicated combinations. Some SV result
in different copy numbers of sequence unit and are called
copy number variations. The importance of SV has been
underestimated until the recent development of sequencing
technologies, which makes its characterization possible. It is
estimated that copy number variations cover 12-30% of the
human genome (29,30). A big proportion of genetic varia-
tions do not have fitness consequence, meaning that their
existences will not make their carriers more sick or healthier.
Only functional variations that influence the fitness of their
carriers are subject to natural selection. Functional varia-
tions in coding regions may directly change protein struc-
ture or its function and those in noncoding regions may
interfere with the regulation of gene expression. Usually,
coding SNPs are classified into synonymous SNPs and non-
synonymous SNPs. Synonymous SNPs do not change the
peptide sequence, because 2 codons encode the same amino
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acids. Nonsynonymous SNPs may change the amino acid
(missense SNPs) or introduce a stop codon (nonsense
SNPs). Nonsynonymous SNPs are more likely than synony-
mous ones to have phenotypic consequences.

The pattern of genetic variation in human populations
is the product of interactions among demographic history
(e.g. effective population size, population structure, and
migration), gene-specific factors (mutation and recombina-
tion rate), selection pressure, and random processes (also
called genetic drift) (31). Mutation rate determines how
many variations are introduced into the genome. Under sim-
ple demographic models without selection, the mutation rate
equals the evolutionary rate. Recombination rate is another
shaping force of variation pattern, especially when coupled
with selection and demographic history. The recombination
rate is the main parameter determining the degree of linkage
disequilibrium between adjacent variants and the coupling of
their evolutionary fate. Regions identified as targets of selec-
tion show a drastically reduced level of recombination, prob-
ably due to the fact that a low recombination rate decelerates
the deterioration of selection signatures (8,32). For the same
reason, regions of high recombination rate attenuate the
sweeping effect of selection and tend to have high variability,
though there is also a hypothesis that recombination could be
mutagenic (33). Demographic history is an important deter-
minant of variation patterns in different populations (34).
Demographic events, such as population bottleneck and pop-
ulation growth, can create variation patterns that mimic those
of selection. Thus, it is always important to take into account
the effect of demographic history when interpreting potential
selection signals (31,35). Selection occurs only on functional
variations and thus creates dramatically different patterns of
evolution and population dynamics between functional and
nonfunctional variants, which usually are regarded as impor-
tant indicators of selection (9).

Different modes of natural selection

Natural selection can be broadly defined as the process in
which beneficial heritable traits increase in frequency and
unfavorable ones decrease. The reflection of this process at
the molecular level is the spread of advantageous alleles
and the purification of deleterious ones in the population.
Natural selection happens in a variety of modes. According
to the trajectory of frequency shift for the allele under study,
selection can be classified into 3 categories: positive selec-
tion, negative selection, and balancing selection. Positive
selection refers to the process whereby a beneficial allele
spreads in the population and ultimately reaches fixation.
In contrast, negative selection is the process by which a del-
eterious allele decreases in frequency and ultimately
becomes extinct. Balancing selection occurs under 2 scenar-
ios. In one scenario, the presence of multiple conflicting
selective pressures, instead of a single selective pressure or
multiple selective pressures in a single direction, renders
the targeted allele both beneficial and deleterious. Ulti-
mately, the frequency of the targeted allele will fluctuate
around a specific level. The other scenario is called
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heterozygous advantage under which the heterozygote is fa-
vored and both alleles are maintained in the population at
the equilibrium frequency.

Positive selection is of special interest, because it under-
lies regional adaptation and the development of novel traits.
Positive selection alone has a wide range of modes, leaving
distinct signatures along the selected genomic region (36).
Two extensively studied models of positive selection are
complete sweep and partial sweep (Fig. 2), both of which
emphasize the onset of selection on a newly mutated allele,
driving it to rapidly increase in frequency. Complete sweep
describes the scenario in which the allele reaches fixation in
the population, whereas partial sweep refers to the situation
that the allele only reaches high frequency but not fixation.
Under both scenarios, the mutation of the advantageous al-
lele happens in a specific genomic background (haplotype)
and is linked with specific alleles of nearby variable sites.
The strong selection on the favored allele rapidly drags the
haplotype to high frequency or fixation in such a short
time that mutation and recombination do not drastically de-
grade the selected haplotype, leaving specific selection signa-
tures, including long-range haplotype with high frequency,
skewed SFS (excess of rare variants or excess of high-fre-
quency derived alleles), reduced variation level in the se-
lected region, etc. (7,9).

In contrast with complete sweep and partial sweep, both
of which are also called hard sweep, soft sweep depicts an-
other situation under which selection operates on standing
variations or simultaneously on multiple alleles of a locus
(Fig. 2). Standing variations refer to variations that have
been present and evolved neutrally before the action of
selection when environmental shifts render them adaptive.
The initial neutral drifting phase allows mutation and
recombination to erode the homogeneous genetic back-
ground upon which the new mutations arise. When multiple
alleles of a locus are similarly adaptive, all of them will be se-
lected, but none of them will be able to reach fixation. In this
situation, the selected alleles have limited effects on the
linked sites (37).

Selective sweeps, both hard and soft, emphasize the dras-
tic frequency change before and after selection. However,
adaptation could also happen through subtle allele fre-
quency shifts of many loci, which was recently proposed
as a model of polygenic adaptation (Fig. 3) (36-38). For
complex traits controlled by multiple genes of small effect,
a new optimum phenotype could be reached by simulta-
neous subtle allele frequency shifts across many loci without
dramatic allele frequency changes or fixation events. The rel-
ative importance of hard sweep, soft sweep, and polygenic
adaptation to human evolution is still difficult to estimate,
because most studies have focused on hard sweep and it
was only possible in the past decade to perform genome-
wide assessment of natural selection events. Moreover,
both soft sweep and polygenic adaptation received attention
only recently. Theoretical modeling and empirical genome-
wide examination are required to understand their relative
importance.
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FIGURE 2 Models of hard
sweep (including partial
sweep and complete sweep)
and soft sweep. Each
horizontal line represents a
haplotype defined by different
combinations of alleles of
adjacent variable sites. Blue
lines are the haplotype
present before selection, and

Neutral drift

o °
 — = the new haplotype generated
——— -4 from recombination are
- ——— depicted with an additional
= oo 5 s o : color (yellow). The derived
allele (mutation) of a variable
ls,gfec,,-m site is illustrated as a dot. The
i g2 orange dot represents the
S ——— beneficial mutation under
§ i - 4 i ° selection. Hard sweep, both
e——e—o e partial and complete,
§ 5 § ; emphasizes the onset of
selection on a new
Soft sweep

advantageous mutation.

Haplotypes, old or new, carrying the selected mutation will rapidly increase in frequency to high frequency (partial sweep) or fixation
(complete sweep). The time to reach high frequency or fixation is so short that not many recombination events occur. Soft sweep
occurs on a standing variation rather than a new mutation. Before the onset of selection, the mutation is neutral and its frequency
fluctuates randomly. In this period of neutral drift, recombination creates new haplotypes carrying the mutation. Once environmental
change renders the mutation beneficial, all haplotypes carrying this mutation will rapidly spread in the population. Although the

selected mutation also reaches high frequency or fixation, the haplotype homogeneity in the surrounding regions is degraded. Part of

the figure was adapted from (8).

Neutrality tests for detecting natural selection

A series of neutrality tests has been developed to identify
selection signatures that are distinct from those of neutral
evolution. Different tests exploit different aspects of selec-
tion signatures, have specific underlying assumptions (about
selection mode, strength, scale, etc.), and have varying
power for different selective modes. Human-specific adapta-
tion events after the split of humans with other primates can
be detected by comparative genomic analysis between hu-
man and nonhuman primates, and regional adaptation
events along with human global migration can be analyzed
using human population genomic data from populations
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of different habitats. For each neutrality test, it is essential
to assess the significance of the signal, i.e., to differentiate
a true selection signal from those by neutral processes. For
this purpose, neutral signals are usually gained from simula-
tions with equivalent demographic models without selection
or from empirical distributions of functionally neutral loci.
Due to the complexity of human demographic history, it is
usually difficult to develop an accurate, realistic model. With
the availability of genome-wide variation data, however, us-
ing empirical neutral distribution is more practical and con-
venient. Neutrality tests have been applied for specific genes
and for genome-wide selection scans. The candidate gene

FIGURE 3 Polygenic adaptation
model. Multiple loci (4 in this case)
are responsible for a single trait. Most
loci (loci 1, 2, 3) harbor mutations,
later becoming beneficial, while
there are also loci (locus 4) gaining
new advantageous mutations after
the onset of selection. The selected
mutations are present at different
frequencies in the population before
selection as a result of random drift.
Upon environmental change,
selection acts on all these beneficial
mutations and elevates their
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frequency. However, each mutation only needs to have a slight increase in frequency.
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approach is hypothesis driven and usually provides detailed
evolutionary stories, whereas genome-wide scans are unbi-
ased, which can reveal a complete picture of adaptation
events and generate hypotheses for further candidate gene
approach. A large number of loci under selection have
been revealed with the application of these methods.

Comparative analysis. Without selection, the evolutionary
rate of functional mutations (e.g. nonsynonymous muta-
tions, regulatory mutations) should be the same as that of
nonfunctional ones (e.g. most synonymous mutations).
However, if there were repeated selective events on multiple
functional mutations in a gene that drove these mutations to
fixation, we would find an elevated evolutionary rate of
functional mutations compared with that of neutral ones
(dN/dS test) (39—41). In the absence of selection, the poly-
morphism levels within species and sequence divergence be-
tween species should be positively correlated. Similarly, the
ratio of nonsynonymous:synonymous changes between spe-
cies should be equal to that within species. Departures from
these neutral expectations are signals of natural selection
and could be tested by HKA and MK tests, respectively
(42,43). A creative comparison of the evolutionary rate at
the promoter regions with that at neutral intron regions
yielded a surprising discovery that nutrition-related genes
have experienced positive selection at the regulatory regions
(41). It is worthwhile to point out that classical examples of
metabolic adaptation, such as lactose digestion (44) and
starch metabolism (45), experienced their selections on
gene regulation and adapted to varying food sources by
changing gene expression levels. Selection on regulatory re-
gions may have played an important role in the evolution of
metabolic genes, though its relative importance compared to
selection on coding regions during human evolution is still
difficult to assess.

SES-based tests. After a complete selection sweep, the var-
iation levels along the selected regions were reduced, because
most variations were wiped out due to fixation of the se-
lected alleles. Although new mutations began to accumulate
in this region, they were present only in low frequency given
limited time after the selection event. Thus, the SFS skewed
with an excess of low-frequency polymorphisms. Several
tests, such as Tajima’s D test (46) and Fu and Li’s tests
(47), have been developed for this type of signature left by
complete sweep. Under the scenario of partial sweep, the
rapid increase of a beneficial allele to high frequency drags
alleles of nearby loci to similarly high frequencies (a phe-
nomenon called hitchhiking). If the derived alleles of linked
loci happened to be in linkage with the favored allele, the
hitchhiking effect will result in an excess of high-frequency
derived alleles, which would otherwise remain at low fre-
quency given their young age. This type of skewed SFS
can be detected with Fay and Wu’s H test (48). Because com-
plete resequencing data are needed to capture the accurate
SES with extremely rare variations, SES-based tests are usu-
ally applied in candidate gene studies. For instance, CYP3A4

490 Ye and Gu

and CYP3A5 genes have a marked excess of rare variants in
Asian and European populations as revealed by negative Ta-
jima’s D. CYP3A4 gene also has an excess of high-frequency
derived alleles in both populations (49). Taken together with
other evidence, these 2 genes are suggested to be adaptive to
climate-related selection, contributing to the current popu-
lation disparity in the prevalence of salt-sensitive hyperten-
sion (49).

Haplotype-based tests. When a new advantageous muta-
tion arose, it did so in a specific haplotype background.
Positive selection on the beneficial variant dragged the hap-
lotype to high frequency in such a short time that mutation
and recombination did not substantially break down the
haplotype. Thus, a long-range haplotype with an unusually
high frequency in a population is a signature of positive se-
lection (50,51). To control for regional heterogeneity of re-
combination rate, several derived tests were developed to
compare the haplotype of interest with other haplotypes
in the same region (50,52). Although these tests are powerful
for partial sweeps, they lose power for complete sweeps or
when the selected allele approaches fixation, because there
are few alternative alleles to serve as control. A comparison
between populations may solve this problem, because when
the selected allele reaches fixation in one population, it
remains polymorphic in the others (53). A genome-wide se-
lection scan using haplotype-based tests in 3 main continen-
tal populations (African, European, and Asian) found genes
with exceptionally long common haplotypes in one or more
populations. Examples include LCT (a gene responsible for
lactose digestion) in Europeans, GBA (a gene associated gly-
cogen-storage disorder) in East Asians, NKX2-2 (a gene as-
sociated with carbohydrate metabolism and blood sugar
regulation) in Europeans, and CYP genes (involving in de-
toxification of foreign compounds) in Asians and Europeans
(52).

Population differentiation and environmental correla-
tion. The global environmental disparity creates an adaptive
landscape of drastic heterogeneity. The presence or absence
of certain environmental factors confers selective pressure
only in some populations but not others. Besides dichoto-
mous environmental factors, continuous ones with geo-
graphical clines confer a gradient of selective strength,
leading to gradual adaptive frequency changes. Further-
more, similar selective pressure in different populations, ei-
ther geographically distant or close, might result in parallel
adaptive frequency shifts. These spatial patterns of variation
as a result of adaptation to varying environmental variables
can be detected by population differentiation or environ-
mental correlation methods. Population differentiation
measures the difference of allele frequency between popula-
tions. Large population differentiation usually indicates the
presence of natural selection and local adaptation. Wright’s
fixation index and its derivatives have been used for this pur-
pose (54,55). ADHIB in alcohol metabolism (56), HFE in
iron metabolism (57), LCT in lactose digestion (58), among
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many other metabolic genes, have variations with an unusu-
ally high level of population differentiation.

A direct correlation between allele frequency and envi-
ronmental variables is also a signature of adaptation to var-
ious degrees of selective pressure. This method is called
environmental correlation. One advantage of this method
is that it is applied with the knowledge of selective pressure,
whereas all other approaches described above only examine
the sequence information. Another advantage is that it is
powerful even for subtle allele frequency shifts, making it
especially useful for selection on standing variations or poly-
genic adaptation model. One confounding factor in envi-
ronmental correlation is population structure, because
geographically close populations tend to share similar fre-
quency whereas those of distant populations are different.
Although there are parallel allele frequency shifts in distant
populations due to similar selective pressure, these changes
might not be apparent unless the regional averages are con-
trolled for (37,59). A Bayesian linear model was recently de-
veloped to assess the evidence of allele frequency and
environmental variable correlation while controlling for
the covariance of allele frequencies between populations as
a result of population structure (60). Two genome-wide se-
lection scans with this new method utilized 61 global popu-
lations and assessed the correlations between ~ 650,000
SNPs and 20 environmental factors. They discovered strong
signals of adaptation to polar eco-region, foraging subsis-
tence, diets rich in roots and tubers, and several climate fac-
tors (e.g. temperature, precipitation, and solar radiation)
(61,62). Genes involved in metabolism were especially found
to play an important role in adaptation to these environ-
mental factors (61,62). For instance, pathways of starch
and sucrose metabolism, and folate biosynthesis are en-
riched with strong signals of adaptation to a diet rich in
roots and tubers, which are poor dietary sources for folic
acids (61). Intriguingly, genes underlying complex diseases,
including common metabolic disorders (e.g. type 2 diabetes,
obesity, hypertension, and dyslipidemia), show a significant
overlap with these adaptive signals (61-63).

Applications of these statistical methods in candidate
gene investigations and/or genome-wide selection scans
have revealed a large number of genes, functional groups,
and pathways under selection during human evolution.
Well-studied cases of adaptation to food or diet-related
practices, which are discussed in detail hereafter, include
regulatory variants of the lactase gene adaptive to milk con-
sumption, copy number variation of amylase gene adaptive
to starchy food, enhanced ADHIB activity that prevents al-
cohol overconsumption, increased sensitivity of bitter taste
receptor gene TAS2R16 to avoid ingestion of plant toxins,
etc. Beside individual genes, certain pathways or functional
groups are also enriched with genes or polymorphisms un-
der selection. Genome-wide scans for recent selection signa-
tures found that selective signals are enriched in starch/
sucrose metabolism and folate biosynthesis pathway (61),
carbohydrate, steroid, phosphate metabolism and vitamin/
cofactor transport (52), protein and DNA metabolism

(51), etc. Ancient selection signatures were found to be en-
riched in the promoter regions of nutrition-related genes
(41), nucleic acid metabolism (64), amino acid metabolism
(40), etc. It is advisable to bear in mind that different ap-
proaches of selection detection utilize different types of
data, exploit different aspects of selection signatures, and
detect selective events at varying levels and timescale.
Between-species comparisons (dN/dS test, MK test, HKA
test) examine selective events older than 1 mya at the early
stage of human evolution, whereas population genomics
analyses (haplotype-based tests, frequency spectrum-based
tests, population differentiation, and environmental correla-
tion) will detect more recent adaptation events, usually more
recent than 10 kya (4,8,9).

To illustrate the action of natural selection and ap-
proaches to identify its signatures, we will discuss several
well-studied cases of adaptation of metabolism and percep-
tion to dietary components and/or diet-related practices. We
need to point out that our discussion here is intended to be
representative but surely not exhaustive and we apologize
for missing some interesting studies in this area.

Specific examples for diet-related adaptation
LP. Lactase, an enzyme expressed in intestine, is required for
the digestion of lactose in milk. Most mammals, including
humans, lose the ability to digest lactose after weaning due
to reduced lactase expression. The persistence of the ability
to digest milk lactose into adulthood is called LP, which has a
genetic basis and is inherited as a dominant trait. The prev-
alence of LP is high among northern Europeans (>90% in
Swedes and Danes), decreases across southern Europe and
the Middle East (~50% in Spanish, French, and pastoralist
Arab populations), and is low in the African and Asian ag-
riculturalists (~5-20% in West African and ~ 1% in Chi-
nese). Notably, LP is also prevalent in African pastoralist
groups, like the Tutsi (~90%) and Fulani (~50%) (44). In-
terestingly, LP has a different genetic basis in these popula-
tions. Two SNPs, C/T-13910 and G/A-22018 (rs4988235 and
rs182549) identified in the cis-regulatory elements of the
gene encoding lactase (LCT), are highly associated with LP
in European populations and C/T-13910 is proposed to be
the causal regulatory site (65). However, the SNP C/T-
13910 is present only with low frequency in a few West Af-
rican pastoralist populations and absent in others. Recent
studies in Eastern African populations identified 3 new
SNPs to be significantly associated with LP and enhance
transcription of the LCT in vitro (44). A more recent study
in Middle Easterners also revealed a population-specific
haplotype responsible for LP (66). Evolutionary analyses
(population divergence, long-range haplotype, etc.) detected
significant selection signatures on these functional variants
and age estimates of mutations (~8000-9000 y ago in Eu-
ropeans, ~2700-6800 y ago in East Africans, ~4000 y
ago in Saudi Arabians) are consistent with the timeframe
of animal domestication in each region, indicating conver-
gent adaptations in different regions to similar selective
pressures of milk consumption (44,58,66).
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Starch digestion. The gene AMY], encoding salivary amy-
lase for starch digestion, shows extensive variations in
copy number among individuals and between human pop-
ulations. The copy number of the gene is positively corre-
lated with its protein expression. Populations consuming
high-starch diets, such as agricultural populations of Euro-
pean Americans, Japanese, and Hadza hunter-gatherers,
have a higher copy number of AMY1 than low-starch pop-
ulations, like hunter-gatherers in the rainforests and near
the Arctic Circle. Comparative analyses with other primates
suggest that the additional copy of AMY1 was gained in the
human lineage. The low amount of nucleotide divergence
among different gene copies might be a result of recent or-
igin that fell within the timeframe of modern human origins
(~200,000 y ago). Taken together, the copy number varia-
tions of AMYI among different populations are suggested
to be a result of regional adaptation to diets with varying
starch contents (45).

Alcohol metabolism. Ethanol is oxidized to acetaldehyde by
the enzyme alcohol dehydrogenase (ADH), and acetalde-
hyde is subsequently oxidized to acetic acid by aldehyde de-
hydrogenase (ALDH). The metabolism of ethanol varies
widely among individuals due to genetic variations in these
2 genes. One of the best-studied polymorphisms influencing
ethanol metabolism is ADHIB Arg47His (rs1229984). The
derived allele ADH1B*47His changes the pKa of alcohol de-
hydrogenase from 8.5 to 10.0, leading to a 40- to 100-fold
increase in K, and V.5, respectively, of alcohol metabolism
(67). The global distribution of ADHI1B*47His reveals that
this allele reaches high frequencies only in western and east-
ern Asia but is nearly absent in other regions (68). Popula-
tion differentiation tests and long-range haplotype tests both
provide evidence of positive selection in East Asian popula-
tions (56,67,69). Interestingly, molecular dating suggests
that the emergence of this allele (7000~ 10,000 y ago) coin-
cides with the origin of rice domestication in East Asia and
that there is a strong correlation between ADH1B*47His fre-
quency and the age of rice domestication (67). Thus, it was
proposed that the rise of ADHIB*47His frequency was
an adaptation to rice domestication and the subsequent
production and consumption of fermented food and/or
beverages. ADHIB*47His enables the rapid accumulation
of acetaldehyde after alcohol consumption. Acetaldehyde is
toxic and can cause a flushing reaction, which is proposed
to be protective from alcohol overconsumption (67). Con-
sistently, ADH1B*47His has long been shown to be protec-
tive against alcoholism (70,71).

Perception and bitter taste. Our perceptions of food,
including vision, olfaction, and taste shape our dietary pref-
erence and influence our health. Humans overall have re-
markably reduced sensory capabilities compared with
other mammals. In accordance with the phenotypic reduc-
tion, genes related with olfaction, taste pheromone, and
hearing have experienced relaxation of selective constraint
and loss of function during human evolution (72-76).
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However, in contrast to this general trend, some perception-
related genes are still targets of natural selection. The long-
wavelength opsin responsible for red color vision was suggested
to be under positive selection during human evolution (77).
The gain of full trichromatic color vision was proposed to con-
tribute to the deterioration of genes related to olfaction and
pheromone, because the reliance on visual signals to com-
municate social and reproductive status might reduce the
importance of chemical signals (73,78). Moreover, bitter-
taste receptor gene TAS2R38 has signatures of balancing se-
lection (79), whereas TAS2R16 is suggested to be target of
positive selection (80).

Taste is of specific interest, because it is the major deter-
minant of food selection. Our perception of bitter taste is
mediated by a highly variable family of seven-transmem-
brane G protein-coupled receptor genes (TAS2Rs), which
experienced family expansion by tandem gene duplication
during mammalian evolution (81,82). There are 38 puta-
tively functional TAS2R genes and 5 pseudogenes with dis-
rupted open reading frames, organized in 3 clusters and
located in chromosomes 5, 7, and 12 (83). Population and
comparative genetic analyses of 25 TAS2R genes among hu-
mans and other primates suggest that this group of genes
has undergone relaxation of selective constraints and been
in the process of loss of function through pseudogenization
(75,84). Evidence supporting relaxed selective constraints
can be drawn from equal evolutionary rates of nonsynony-
mous to synonymous polymorphisms within the human
species, equal rates of nonsynonymous to synonymous sub-
stitutions between humans and other mammals, and the
presence of nonsense mutation at medium frequency and
pseudogenes (75,84). It was suggested that the dietary shift
at the early stage of human evolution with increased intake
of animal-based food reduced the ingestion of plant toxins
and the controlled use of fire helped detoxify poisonous
compounds, so the importance of bitter-tasting was reduced
and related genes were free to deteriorate (75).

In spite of the general trend of relaxed selection, one bit-
ter taste receptor gene, TAS2R16, shows signatures of adap-
tation. TAS2R16 has an excess of high frequency-derived
alleles as measured by Fay and Wu’s (80) H statistics in
worldwide populations. The derived allele at one of its non-
synonymous mutations, K172N (rs846664), has been shown
to increase sensitivity to toxic [B-glucopyranosides, which
are ubiquitous in nature and synthesized by over 2500 plants
and insects as a mean of protection against predators.
Molecular dating revealed that this allele arose 78,700—
791,000 y ago in the Middle Pleistocene and before the
expansion of early humans out of Africa. Thus, it was sug-
gested that K172N drove the positive selection of TAS2R16
at the early stage of human evolution, because it protected
its carriers from consuming cyanogenic plant toxins (80).
Another bitter taste receptor gene known to be under se-
lection is TAS2R38, which is responsible for the classic
phenotype of phenylthiocarbamide tasting. TAS2R38 has
2 dominating intermediate-frequency haplotypes corre-
sponding to PTC-taster and -nontaster phenotypes. These
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2 haplotypes have similar frequencies in African, European,
and Asian populations and have little population differenti-
ation (low Wright’s fixation index) among them, indicating
a similar evolutionary history. SFS-based tests (Tajima’s D,
Fu and Li’s D and F) revealed an excess of intermediate-
frequency variants, suggesting a role of balancing selection.
However, the selective pressures are yet to be found (79,85).

Insight into nutritional practices from
evolutionary research

Evolutionary analyses of genetic adaptations to food and
dietary-related behaviors not only contribute to our knowl-
edge of human evolution but also increase our understand-
ing of the genetic bases of complex traits or diseases and thus
facilitate clinical and nutritional practices. Many genetic loci
adaptive to specific food sources or dietary practices are also
involved in pathological processes. For instance, the ances-
tral allele of K172N in TAS2RI16 contributes to a higher
risk of alcohol dependence because of its decreased sensitiv-
ity to bitter-taste stimuli, including alcoholic beverages
(86,87). Similarly, the nontaster genotype of TAS2R38 re-
duces bitter sensitivity and correlates with higher alcohol
consumption (87,88). Furthermore, the understanding of
the human nature of bitterness avoidance as an adaptive
mechanism in the evolutionary past emphasizes the impor-
tance of comprehensive examination of food properties and
rational dietary choice, because not all bitter substances are
poisonous and harmful. For instance, plant-derived phyto-
nutrients (phenols, flavonoids, isoflavones, terpenes, gluco-
sinolates, etc.) are usually bitter and aversive to consumers,
but they have chemoprotective effects against cancer and
cardiovascular diseases. The bitter taste has been a barrier
for the consumption of phytonutrients and renders them re-
moved from products in food industry. The conflicting de-
mands of taste and health call for innovative solutions to
incorporate bitter but beneficial components into our diet
(89).

More generally, evolutionary research provides an evolu-
tionary perspective of complex diseases and nutritional
practices. The thrifty gene hypothesis is one of the leading
evolutionary theories explaining the explosion of metabolic
syndromes, including type 2 diabetes and obesity, in modern
society. This hypothesis proposed the existence of thrifty
genes that promote more efficient food utilization, fat depo-
sition, and rapid weight gain during times of food abun-
dance and confer to their carriers a higher chance of
survival during times of famine. These genes were adaptive
to the ancient hunter-gatherer lifestyle with frequent cycles
of feast and famine but are maladaptive in modern society
with its excess of energy availability, which can result in
the prevalence of metabolic disorders (20). Another similar
theory, the carnivore connection hypothesis, proposes that
insulin resistance was probably advantageous to accommo-
date low glucose intake during the early human evolution
when the Ice Ages dominated and restricted the ancient hu-
man diet to be low in carbohydrate and high in protein.
However, the carbohydrate-rich diet after the advent of

agriculture and the more recent high glycemic index diet af-
ter the Industrial Revolution rendered insulin resistance del-
eterious, contributing to the prevalence of diabetes (21,22).
In contrast to the dramatic societal, cultural, and dietary
transformations during the past 10,000 y, our genome re-
mains almost the same as that of our Paleolithic ancestors.
Whereas our genome was shaped by millions of years of se-
lection to be adaptive to the dietary pattern in the Paleolithic
era, it is maladaptive to our modern dietary habits. This
maladaption of the genome to modern diet may be the un-
derlying evolutionary cause of “civilization diseases.” Based
on this theory, a dietary regimen called the Paleolithic diet
has been proposed to shift our diet to resemble that of our
Paleolithic ancestors to meet the limitation of our genome
and to prevent us from complex diseases (90,91). Although
these theories about complex diseases and nutritional prac-
tices are still controversial (92), they provide valuable evolu-
tionary perspectives and guidance for further investigations.

Future directions

The hunt for diet-adaptive genes is still at an early age.
The rapid advance in sequencing technologies and the
plummet of sequencing cost will stimulate an explosion of
genomic information in the foreseeable future. Genome se-
quences from indigenous groups will be especially valuable
in this endeavor because of their genetic homogeneity and
characteristic dietary patterns. For instance, some indigenous
populations, such as the Inuit and the Maasai, traditionally
consuming an animal-based diet, will be great subjects for
studying adaptation to a high-fat/low-carbohydrate diet.
The increase of genomic sequences, coupled with an accumu-
lation of dietary and phenotypic information, will provide an
unprecedented opportunity to detect even small frequency
shifts in response to environmental factors, including dietary
components (59). The increase of population genomics data
in nonhuman primates will also facilitate the elucidation of
adaptation events at the early stage of human evolution. An-
other field of specific interest is the study of human gut mi-
crobiome. Investigation into the symbiotic relationship
between gut microbiome and the human host will not only
shed light on human dietary history but also uncover their co-
adaptations to the human diet (93,94).

Research of human evolutionary adaptations to dietary
changes has tremendous implications for human health, es-
pecially during the era of personal genomics. Incorporating
this type of knowledge with genome-wide association study
and functional investigations will provide a comprehensive
understanding of the evolutionary and molecular causes of
complex metabolic diseases. Individualized nutritional prac-
tices will be subsequently made possible to tailor optimal
strategies for health management by taking into account
personal genomic information.
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APPENDIX

Vocabulary

Linkage disequilibrium (LD): The nonrandom association
of alleles at different loci. It can arise from various reasons,
including mutation, population admixture, and natural se-
lection. A common scenario is that when a new mutation
arises on a specific chromosome, it is in LD with alleles of
nearby variable sites, which form a haplotype. Recombina-
tion is the main process that reduces LD.

Genetic drift: The fluctuations of allele frequency in a pop-
ulation because of random sampling during reproduction.

Single nucleotide polymorphism (SNP): Genetic varia-
tion at a single nucleotide. For example, a locus with 2 pos-
sible bases, A and G, is considered as a SNP. A SNP can have
more than 2 possible bases. Originally, it was required that
all alleles should have a frequency of >1% to be counted
as a SNP, but now SNPs have been generally used for all sin-
gle nucleotide variation regardless of frequency.

Allele: An allele is an alternative version of a gene, locus,
or SNP.

Haplotype: The combination of alleles at different loci
over a contiguous chromosome stretch. These alleles are
transmitted together to the next generation.

Fixation: The process by which the frequency of a muta-
tion reaches 100% in the population.

Selective sweep: A process during which an adaptive allele
rapidly increases in frequency due to selection. This term
may refer to hard sweep, partial sweep, and soft sweep, de-
pending on the context. In contrast to selective sweep, which
emphasizes large frequency shift, another mode of adapta-
tion is subtle frequency change.

Polygenic adaptation: For complex traits controlled by
multiple genes of small effect, subtle frequency shifts in
many alleles in different genes will be sufficient to produce
an optimum phenotype. The alleles involve in polygenic ad-
aptation could be standing variants or new mutations.

Hard sweep: This is the classical model of selection in
which a mutation is beneficial upon its birth and rapidly in-
creases to high frequency or fixation over such a limited time
that its linkage disequilibrium with nearby neutral sites has
not been eroded by mutation and recombination and thus
leave specific signatures (long haplotype homozygosity,
skewed site frequency spectrum (SFS), reduced variation
level, etc.) along the genomic region. It includes complete
sweep and partial sweep depending on whether it has
reached fixation.

Complete sweep: A selective sweep model in which a mu-
tation is beneficial upon its birth and rapidly increases in fre-
quency to fixation.

Partial sweep: A selective sweep model in which a muta-
tion is beneficial upon its birth and rapidly increases in fre-
quency but does not yet reach fixation.

Soft sweep: This term is used in contrast to hard sweep,
which acts on a single mutation that is advantageous upon
its birth. Contrarily, soft sweep acts on standing variations
or multiple mutations at a locus. A standing variant refers
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to a variant that existed as a neutral allele until an environ-
mental shift suddenly rendered it beneficial and was by then
driven to increase in frequency.

Hitchhiking: In the process of hard sweep, neutral alleles
increase in frequency because of their linkage to the selected
alleles.

SES: The distribution of allele frequencies for variable
sites in a studied region.
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