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Abstract

Through cultural innovation and changes in habitat and ecology, there
have been a number of major dietary shifts in human evolution, includ-
ing meat eating, cooking, and those associated with plant and animal
domestication. The identification of signatures of adaptations to such
dietary changes in the genome of extant primates (including humans)
may shed light not only on the evolutionary history of our species, but
also on the mechanisms that underlie common metabolic diseases in
modern human populations. In this review, we provide a brief overview
of the major dietary shifts that occurred during hominin evolution, and
we discuss the methods and approaches used to identify signals of nat-
ural selection in patterns of sequence variation. We then review the
results of studies aimed at detecting the genetic loci that played a major
role in dietary adaptations and conclude by outlining the potential of
future studies in this area.
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INTRODUCTION

The evolutionary history of hominins has been
characterized by significant dietary changes,
which include the introduction of meat eating,
cooking, and the changes associated with plant
and animal domestication. Decades of anthro-
pological research have been devoted to eluci-
dating this dietary history, in part because these
shifts were likely associated with major anatom-
ical and cultural changes (e.g., the increase in
relative brain size and the advent of modern
civilization via agriculture). However, this re-
construction is also crucial for understanding
the evolutionary context of our modern diets
and the diseases often associated with them.

In parallel with the historical reconstruc-
tion of hominin diets, molecular evolutionary
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analyses have been used to interrogate the
genome for signals of genetic adaptations to
different dietary regimes. A major advantage of
many evolutionary genetic approaches is that
they do not necessarily require strong assump-
tions about the specific genes and alleles that
were targets of diet-related selective pressures.
For this reason, evolutionary genetic analyses
have the potential not only to inform existing
adaptive hypotheses of hominin dietary history,
but also to help generate new ones.

Here, we bring together these two areas of
inquiry, namely anthropology and evolutionary
genetics, to highlight their recent findings re-
lated to human dietary history and to discuss the
limitations of different approaches. We start by
providing a brief overview of the major dietary
shifts in hominin evolution and discussing the
evolutionary genetics methods and approaches
used to identify signals of natural selection. We
then review the results of genetic studies aimed
at detecting the loci that played a major role in
dietary adaptations and conclude by outlining
the potential of future studies in this area.

DIETARY SHIFTS IN
HOMININ EVOLUTION

To make inferences about ancient diets, an-
thropologists have applied a number of differ-
ent methodologies and approaches to the fossil
and archaeological records (for review, see 158).
For example, the specific shapes of molar cusps
may suggest adaptations to a leaf- or fruit-based
diet, or to amore general one. Microscopic wear
patterns on tooth surfaces reflect the fracture-
resistance properties of the foods eaten in the
weeks before death. Stable isotope ratios (e.g.,
180/1¢Q) from fossil teeth and bone representa
broad signature of foods consumed at the time
when those tissues were formed. The commu-
nity composition of nonhominin fossil remains
at a site may help researchers reconstruct the
paleoenvironments in which our ancestors for-
aged. Here, we provide a summary and a critical
appraisal of the available evidence for the most
important dietary transitions during hominin
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evolution, following an approximately histori-
cal order (Figure 1).

Early Hominins

Due to the limited number of early hominin
fossils (19, 61, 134) and the nearly complete ab-
sence of chimpanzee-lineage fossils (102), it is
difficult to reconstruct the diet of the earliest
hominins. The closest extant evolutionary rel-
atives to humans, i.e., chimpanzees and bono-
bos, have predominantly frugivorous diets (75),
but it is probably an oversimplification to use
them as strict models for our common ances-
tor (130). However, recent descriptions of the
fossil remains of the oldest (~4.4 million years
old) relatively complete hominin fossil discov-
ered to date, Ardipithecus ramidus (168), shed
some more light on ancestral diets.

Classically, it had been thought that the
earliest hominins moved from a forested
habitat to a savanna one (perhaps the openness
and tall grasses of which explain the selective
advantages of bipedality), accompanied by a
shift to the harder and tougher food items more
common in the new environment (25, 145).
However, a careful reconstruction of the en-
vironment of fully bipedal Ardipithecus ramidus
suggests that this hominin lived in a woodland
to patchy forest, not savanna (96, 167, 170).
The ~6-million-years-old environment of
the hominin Orrorin tugenensis was reportedly
similar (119). Therefore, alternate scenarios
for hominin origins and bipedality should
be considered and tested (e.g., see 174). The
stable isotope ratios and dental morphology
and wear of the Ar. ramidus remains were
intermediate between chimpanzees and later
hominins including Homo, suggesting a diet
that was fairly general and mixed (150, 167)
rather than specialized on one food component
such as fruit or tough vegetation.

Subsequent hominins did transition to more
open environments (72, 122) and encoun-
tered more mechanically challenging foods.
The large and thick-enameled teeth of aus-
tralopithecines [~4.1-1.4 million years ago
(Mya)] suggest diets that included hard foods

(e.g., 154). However, there is some disagree-
ment over the specific food items for which such
dental morphology might have been used. Re-
cent biomechanical modeling studies of cran-
iofacial strain suggested that australopithecines
may have used their premolars to open the
strong shells (endocarps) of relatively large
seeds (149). However, other researchers fo-
cus on starch-rich underground storage organs
(USOs), such as bulbs and corms, as a ma-
jor component of australopithecine diets. The
hardnesses of some raw USOs are sufficient
to explain, potentially, the australopithecine
craniodental morphology (37). Consistent with
the idea that USOs were an important food
source, fossils of mole rats—USO specialists—
are found at the same fossil sites with ho-
minins significantly more often than expected
by chance (90). Moreover, the stable isotope
ratio signatures suggest that the co-occurring
mole rat and hominin fossils may have been
consuming similar foods (177).

These two hypotheses (large seeds versus
USOs as major food sources) to explain the aus-
tralopithecine craniodental morphology are not
necessarily incompatible, as it is unlikely that
any hominin species consumed only one type of
food. In fact, some surveys of craniodental mor-
phology suggest significant interindividual di-
etary variability in australopithecines (132, 142)
(but see 159). It is important to consider the
possibility that even relatively rarely consumed
foods may have been critical for survival, when
preferred foods were not available (e.g., season-
ally). The ability to utilize such “fallback food”
sources may have been a strong selective pres-
sure during hominin evolution.

Meat: Scavenging and Hunting

Chimpanzees hunt small primates and nonpri-
mate mammals, but only occasionally, and meat
is a minor component of their diet (120, 147).
In contrast, meat is a critical food resource for
modern human hunter-gatherers, along with
plant foods (17, 36, 101, 136, 146). The earli-
est evidence for meat-eating in hominins dates
to ~2.5 Mya (35). Some of the fossil findings
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are consistent with scavenging activities, but
on the whole, there is still considerable uncer-
tainty about the relative importance and tim-
ing of scavenging versus hunting in hominin
evolution (17, 36, 136, 146). Beyond the high
caloric gains from the consumption of animal
source foods, meat also provides proteins, iron,
zinc, vitamins, and other critical dietary com-
ponents (99). The adoption of large-scale meat-
eating may have necessitated advanced process-
ing techniques, such as cooking (see below),
in part because raw meat is difficult and slow
to chew, thus limiting consumption in large
quantities (173).

Cooking

The oldest incontrovertible evidence for
human-controlled fire dates to 800,000 years
ago (800 kya) in Israel (59). There are other,
less certain, sites dating to as early as ~1.5 Mya
(18, 165). Wrangham and colleagues (175) sug-
gest that cooking food may have been part of
hominin culture as early as ~1.9 Mya, based
on the tooth size reduction observed in Homo
erectus that suggests a shift to the processing
of softer foods. Regardless of when cooking
originated, this technology likely represented
a major dietary shift because it increased the
digestibility of both meat and plant foods (37,
144, 173-175). In fact, without roasting, some
otherwise edible tubers are too tough for hu-
man consumption (37).

We lack direct evidence for fire and cook-
ing as early as Wrangham etal. (175) suggested.
However, if the early date they suggest is cor-
rect, the ensuing dietary shift may have facili-
tated the increase in relative brain size observed
at the same time in hominin evolution. The
brain size increase, coincident with a decrease
in gut size, suggests an improvement in dietary
quality (3, 175). Whether such a diet quality
change was accomplished with the aid of cook-
ing or simply by advancements in stone tool
technology, and whether meat or starch-rich
USOs were the most critical high-energy food
source in this scenario, is the subject of vigor-
ous debates (45, 88, 108, 175 and comments
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therein). This debate may not be resolved soon
because evidence of human-controlled fire and
the sticks presumably used to dig up tubers do
notpreserve well in the archaeological and fossil
records. However, some insights may be gained
from the study of feeding behavior of contem-
porary primates; for examples, chimpanzeesin a
savanna habitat were observed to use sticks and
pieces of bark and tree trunk to harvest USOs
(71); thus, similar behavior for early hominins
is not inconceivable. Whether meat or USOs
were the major dietary components, numerous
toxins are generated as by-products of cooking,
the metabolism of which would have presented
novel challenges to the hominin digestive sys-
tem. For example, acrylamide can be produced
by the Maillard reaction (109, 143), a condens-
ing of amino acids and sugars accelerated by
cooking, the components of which have been
associated with human cancers (24).

Plant and Animal Domestication

The origin and spread of agriculture and an-
imal husbandry over the past ~12,000 years,
with centers of domestication in Asia, Europe,
South America, and Africa, represent the most
recent major shift in human diets. The food
production and storage technologies associated
with this dietary shift led to population densi-
ties that are orders of magnitude greater than
what is possible under hunter-gatherer subsis-
tence economies. However, on the whole, the
spread of agriculture was associated with an as-
tounding relative reduction in the nutritional
intake diversity. For example, 50%-70% of the
calories in the agricultural diet are from starch
alone (32). In addition to a reduction in nutri-
tional diversity, agricultural diets may also have
been associated with a caloric availability that
exceeds growth and energetic requirements, as
observed among the most developed contem-
porary agricultural economies.

What are the possible consequences of the
narrowed focus on domesticated plant and an-
imal products, as well as excess caloric avail-
ability, relative to the likely diets of our human
thrifty genotype” hypothesis

ancestors? Neel’s ¢
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(110) suggests that type 2 diabetes (T2D) may
be one modern consequence of an older history
of natural selection for metabolic efficiency in
the face of limited or unpredictable food avail-
ability in a hunter-gatherer economy.

In the “carnivore connection” hypothesis,
Brand Miller and Colagiuri (28, 107) propose
that under a past meat-rich and carbohydrate-
poor diet, insulin resistance would have been
favored, but that it is now detrimental follow-
ing the shift back to high-carbohydrate diets
associated with agriculture. Based on data from
ethnographic observations of modern hunter-
gatherer societies, Eaton & Konner (41) and
Cordain et al. (33) estimate that ~65% of
the diets of preagricultural paleolithic humans
may still have come from plant food products.
Therefore, although it may be an oversimplifi-
cation to characterize preagricultural hunter-
gatherers as “primarily carnivorous” (107), a
contribution of 35% or higher to the diet from
animal source foods would likely have resulted
in substantially higher levels of protein and
lower levels of dietary carbohydrates compared
to their agricultural descendents (33). There-
fore, it is still possible that the change in meat
content during the transition from hunting-
gathering to agriculture represented a signifi-
cant selective pressure on insulin signaling and
human metabolism, as predicted in the carni-
vore connection framework. Despite the un-
certainties about dietary inferences, it remains
important to consider carefully the context of
ancestral human diets when trying to under-
stand the potential adaptations to and medical
consequences of our current ones.

C)Erratum

APPROACHES FOR DETECTING
SIGNALS OF GENETIC
ADAPTATIONS

A critical appraisal of the evidence for genetic
adaptations to dietary changes requires an un-
derstanding of the basic principles of the evo-
lutionary analyses aimed at detecting signals of
natural selection. In this section, we review the
main models of natural selection, with a particu-
lar focus on those thatare more likely to apply to

adaptations to dietary changes. We also provide
a summary of the most widely used approaches
and statistical tests of selection and conclude
by discussing the statistical issues related to the
interpretation of selection signals.

Models of Natural Selection

Natural selection is the process by which ben-
eficial traits that are heritable increase in fre-
quency over time whereas unfavorable herita-
ble traits become less common. This process
can take place according to a variety of mod-
els, which generate different signatures in pat-
terns of genetic variation. Directional selection
occurs when one of the two alleles at a poly-
morphic site is favored over the other so that
it will rapidly increase in frequency; if selec-
tion is steady for a sufficiently long period of
time, the favored allele will reach fixation. Un-
der balancing selection, two or more alleles are
maintained in the population at a stable equi-
librium frequency for as long as the selective
pressure is present; under a particular model
of balancing selection, heterozygous individuals
have fitness greater than that of both homozy-
gotes, and a new allele is expected to quickly rise
in frequency until it reaches equilibrium. Sev-
eral additional models with spatially and tem-
porally varying selection (54) may be relevant
to adaptations to changes in human diet. Hu-
mans inhabit a vast range of habitats that dif-
fer in terms of nutrients and resources and that
limit the range of possible dietary regimes in
any given location; this implies that selective
pressures related to diet have varied over geo-
graphic space as populations spread to differ-
ent regions of the world and adapted to use the
dietary components available in those environ-
ments. In addition, as discussed in the previous
section, hominin diets have changed dramati-
cally over time, including the recent past (i.e.,
the last 10,000 years), leading to new selective
pressures at different junctures during evolu-
tionary time. The adaptive responses to new
selective pressures may have involved new alle-
les generated by mutation or introduced from
a nearby population or they may have used
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existing alleles that were not advantageous (ei-
ther neutral or slightly deleterious) prior to the
environmental shift. The latter scenario affords
a faster adaptive response and, therefore, may
be common in species, such as humans, that
have undergone dramatic environmental and
dietary changes.

The Signatures of Natural Selection

Most population genetic approaches to detect-
ing advantageous variants rely on the property
of positive natural selection to drive the ben-
eficial allele to high frequency at a rate that is
much faster than that for a neutrally evolving
allele. As shown in Figure 2, if a new advanta-
geous allele is introduced into a population by
the mutation process, it is necessarily associated
with a particular haplotype background. As this
allele is driven quickly to intermediate or high
frequency, only few recombination events will
take place and, as a consequence, the neutral al-
leles that are tightly linked to the selected site
will tend to increase in frequency along with
the advantageous allele. This process generates
a local pattern of extended identical haplotypes
[referred to as extended haplotype homozygos-
ity (EHH)]. This process is often referred to
as a partial or incomplete selective sweep, and
a number of statistical tests have been devel-
oped to detect the resulting pattern (64, 80, 83,
124, 162). If selection is directional and steady
over a long enough period of time, then the
advantageous allele will go to fixation. In this
case, which is referred to as a complete selec-
tive sweep, all variation near the selected site
will also be fixed while new mutations arising
during the sweep will occur at low frequencies.
Therefore, the expected pattern near a fixed
advantageous allele consists of a reduction in
polymorphism levels and a relative abundance
of rare variants in the spectrum of allele fre-
quencies. A skew toward rare variants can be
assessed by means of summary statistics of the
frequency spectrum; the most widely used of
these statistics is Tajima’s D (TD) (152), but
others are also common (43, 49). Conversely,
an excess of intermediate frequency variants,
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as expected under some models of balancing
selection, will generate a positive TD value. A
number of statistical tests have been developed
to capture the impact of positive natural selec-
tion under these models; we refer the readers
to several recent reviews for details (14, 111,
113, 125).

When selection acts on a variant that is ad-
vantageous in only a subset of populations, the
frequency of that variant may differ across pop-
ulations to a greater extent than predicted based
on random drift. Several approaches have been
devised to detect such adaptations to local en-
vironments. Historically, the most widely used
approach is based on the statistic Fgr, and its
modifications (11, 29), which summarizes allele
frequency differences between pairs of popula-
tions or over multiple populations (166). Vari-
ants with unusually large Fgr values are typi-
cally interpreted as being the targets of selective
pressures that are restricted to specific environ-
ments, as might be expected for populations
that specialize on certain dietary components
(92). Another strategy consists of setting up
multiple independent contrasts between closely
related populations that have different diets;
this approach, as applied to the gene coding for
salivary amylase, is exemplified in Figure 34.
By comparing populations that are genetically
similar, there is power to detect small to
moderate differences in allele frequencies due
to the specific selective pressures acting in one
population but not in the other. A recently de-
veloped method puts this approach on a firmer
statistical ground, as it compares allele frequen-
cies between populations classified based on
an environmental variable, e.g., main dietary
component or subsistence, while controlling
for the correlation between human populations
due to population history and for differ-
ences in sample size across populations (31)
(Figure 3B).

Additional information regarding the action
of natural selection on genetic variation may
be extracted by comparing the pattern of
nonsynonymous variants within a coding re-
gion to that of synonymous variants (which are
assumed to be mostly neutral). For example, if
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natural selection drives multiple advantageous
mutations within the same gene to fixation,
this may generate an excess of nonsynonymous
relative to synonymous changes between
species compared to the ratio observed within
species (104). Alternatively, an excess of non-
synonymous relative to synonymous mutations
may be observed in the variation within species
compared to that between species. One possi-
ble interpretation for this pattern is that weak
purifying (rather than positive) selection acts on
nonsynonymous polymorphisms. Under this
scenario, the nonsynonymous variants in excess
are slightly deleterious mutations that are not
immediately eliminated from the population
but are unlikely to become fixed or even reach
intermediate frequencies. Several genome-
wide surveys suggest that this model may apply
to many human genes (22, 23, 63). An alterna-
tive scenario is that positive selection favored
multiple nonsynonymous variants at the same
time in the same population; this may be the
case if the adaptive response to a change in envi-
ronmental pressures involves nonsynonymous
variants that existed prior to the onset of new
selective pressures (see below). Under the first
scenario, nonsynonymous variants are expected
to be rare, while the second scenario may lead
to nonsynonymous variants at intermediate
frequencies. In addition to the comparison
of nonsynonymous and synonymous variants,
this general approach can be applied to other
functional categories of sites, e.g., promoter
versus intron sites (68); however, classifying
noncoding sequences based on their functional
properties is more ambiguous than it is for cod-
ing sequences. As a consequence, the results of
these analyses must be interpreted with caution.

Interpreting the Results of
Genome Scans for Selection Signals

Assessing the statistical significance of the re-
sults of the tests described above is not triv-
ial. This is because current patterns of human
genetic variation result not only from selective
processes, but also from population history, and
disentangling the effects of these processes is

challenging. To circumvent this problem, many
investigators have taken an empirical route that
does not make assumptions about the history of
populations and aims atidentifying the loci with
the most unusual patterns compared to large-
scale datasets of genetic variation. For exam-
ple, genome-wide patterns of variation may be
summarized by means of one or more test statis-
tics, which are used to rank loci in the genome;
those loci falling above an arbitrary cut-off (typ-
ically the top 5%) are identified as unusual and
are often referred to as outliers. Under the as-
sumption that most loci in the human genome
evolve neutrally, these outliers represent candi-
date targets of strong selective pressures. How-
ever, if selection is weak, advantageous alleles
may have patterns of variation that are distinct
but not necessarily extreme relative to genome-
wide patterns. In an attempt to identify loci
with more subtle selection signals, investiga-
tors have compared the strength of the evidence
for adaptations across groups of genes in dif-
ferent biological processes (e.g., genes involved
in metabolic processes versus all other genes);
a significant excess of signals in one group of
genes suggests that the biological process as a
whole was a target of selection, even though
the signals at individual genes may not reach
genome-wide significance (4, 153, 162, 163).
Regardless of the approach used for assess-
ing the statistical significance, the power of neu-
trality tests varies greatly as a function of a num-
ber of factors, among which are the strength
and the timing of selection and whether se-
lection acts on standing variants or new mu-
tations. These differences in power pose a se-
rious challenge for reconstructing the history
of adaptations to dietary components because
human diet has changed significantly at multi-
ple points in time. In general, all methods have
the least power when the onset of selection was
recent, as in the case of the spread of agricul-
ture starting approximately 12,000 years ago;
however, methods based on haplotype structure
(e.g., EHH) or differences in allele frequencies
(e.g., Fsr) may have adequate power if the in-
tensity of selection was sufficiently strong. Be-
cause few weakly to moderately advantageous
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alleles are expected to go to fixation in as little
as 10,000 years, signals of completed selective
sweeps (i.e., reduction in polymorphism levels
and a skew toward rare variants—negative TD)
are unlikely to be powerful enough to detect
the impact of dietary changes associated with
agriculture, but are suitable for studying older
selective pressures such as those that might have
been associated with the introduction of cook-
ing. Although relatively powerful, these tests
yield results that may be difficult to interpret
because controlling for the effect of popula-
tion history remains a challenge. Conversely,
tests based on the comparisons between species,
and especially those that consider the ratio of
nonsynonymous to synonymous mutations in
a lineage-specific framework (105, 176), have
power to detect older selective events, such as
those associated with the transition to savan-
nah environments of early hominins starting
approximately 4 Mya. A further advantage of
these tests is that the effect of population his-
tory on patterns of variation is not a serious
confounder as it is for tests based on compar-
isons at the population level; therefore, assess-
ing the statistical significance of these tests is
more straightforward. However, a major limi-
tation of methods based on the comparison be-
tween nonsynonymous and synonymous vari-
ants is that they are powerful only in the case
of repeated selective events at the same gene;
in other words, if adaptation at a given gene
is given by a single beneficial nonsynonymous
mutation that goes to fixation, a significant ex-
cess of nonsynonymous to synonymous variants
is not expected.

Another important factor in assessing the
evidence for adaptations to dietary changes is
whether selection is likely to have involved
standing rather than new variants. Because
standing variants that become advantageous
under new environmental conditions allow
populations to respond more quickly to the new
selective pressures, this selection model may be
particularly appropriate for understanding how
humans adapted to their ever-changing diets.
Theoretical studies have shown that the pat-
tern of variation expected under this scenario

Luca o Perry o Di Rienzo

may not be distinguishable from that typical of
neutrally evolving regions of the genome, lead-
ing to a marked reduction in power (70, 116,
117, 121). This is because the frequency tra-
jectory of such mutations is characterized by a
longer initial phase, prior to the rapid rise in
frequency, during which mutation and recom-
bination events can generate substantial diver-
sity in the chromosomal background of the mu-
tation. As a result, a partial selective sweep will
rarely generate a pattern of long-range EHH,
and a completed selective sweep is unlikely to
result in a reduction of diversity levels (121). In
contrast, methods based on the differentiation
of allele frequencies should remain powerful as
long as the actual target of selection is included
in the analysis. Likewise, the power of meth-
ods based on the comparison of nonsynony-
mous to synonymous variants does not depend
on whether the selected alleles were standing
variants or new mutations.

BIOLOGICAL PROCESSES
AFFECTED BY DIETARY
CHANGES

Changes in food availability and diet compo-
sition during hominin evolution likely created
strong selective pressures on multiple biological
processes. Identifying the genetic loci that were
targeted by these diet-related selective pres-
sures may provide insights into the evolution-
ary history of our species as well as into the
biological pathways that mediate the effect of
dietary risk factors for common diseases, such
as diabetes, hypertension, and cancer. This ex-
citing prospect has attracted the attention of
many investigators who have used approaches
based on evolutionary principles to learn about
the impact of selection on specific loci. In order
to overcome some of the limitations discussed
above, several evolutionary studies have focused
on genes and variants with known functional
significance; by combining different sources of
evidence (i.e., functional and evolutionary), this
strategy attempts to provide more interpretable
results and to increase the confidence that true
signals of adaptation are detected.
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Below, we focus on studies that fall into one
or more of the following categories: (#) stud-
ies of candidate genes for which strong prior
hypotheses were formulated based on their bi-
ological function; (b) studies of genetic variants
that are strong candidate targets of natural se-
lection based on their effects on relevant phe-
notypes; and (¢) studies reporting robust signals
of selection. In this section, we examine the evi-
dence for genetic adaptations in response to di-
etary changes and the adoptions of dietary spe-
cializations. For each biological process, single
gene studies are discussed first, followed by a
review of the results obtained in genome-wide
scans for selection.

Metabolism

Metabolism is the process of building molec-
ular structures from nutrients and breaking
them down for energy production. Although
many metabolic pathways play an important
role under all dietary regimes, specific path-
ways and reactions may become critical when
populations specialize on particular dietary
components. For this reason, initial efforts
to identify genetic adaptations to dietary
specializations have focused on enzymes that
have a well-characterized and highly specific
functional role in nutrient metabolism. To
date, patterns of genetic variation at the genes
coding for the lactase (LCT) and the amylase
(AMYT) enzymes provide two of the most in-
terpretable examples of genetic adaptations to
dietary specializations in human metabolism.
All nonhuman mammals lose their ability
to digest lactose, i.e., the main carbohydrate
present in milk, rapidly after weaning (21, 89,
133). This is a consequence of decreased lev-
els of the enzyme lactase-phlorizin hydrolase,
which is expressed in the gut. In humans, some
individuals can digest lactose during adult life.
By the early 1970s, it was established that the
lactase persistence (LP) phenotype has a genetic
basis and is inherited as a dominant trait (44,
106, 127). LP is a common phenotype only in
populations with a long history of pastoralism

and milk production (82, 151 and references
therein).

Before any evidence of positive selection at
the lactase locus had been discovered, several
researchers suggested the LCT gene as a target
of selection in European populations due to the
high milk and dairy content in adult diets (7, 76,
103, 138). The first evidence of positive selec-
tion at the LCT gene was based on elevated Fsr
values between European Americans and both
African Americans and East Asians, and on sig-
nificant EHH for the haplotype carrying a LP
variant (13). However, although this variant ex-
plains LP in European populations, it is present
only at low frequencies in African populations
in which the LP phenotype is common. In fact,
a later study identified additional variants that
are associated with LP in African pastoralist
populations (156). Tishkoff et al. (156) pro-
vided strong evidence that at least one of these
African variants experienced recent positive se-
lection, asindicated by a significant EHH score.
More recently, two additional variants in the
regulatory region of the LCT gene were identi-
fied in Middle Eastern populations from Saudi
Arabia (42). In vitro studies showed that these
variants affect LCT gene transcriptional regula-
tion and that they are associated with a strong
signature of natural selection based on EHH
(42). These results altogether indicate that the
LP phenotype is characterized by genetic het-
erogeneity and represents a striking example
of convergent evolution in human populations.
It is to be noted, however, that the LP vari-
ants identified so far do not account for all the
phenotypic variation observed; thus, it is likely
that additional variants will be identified in the
future.

In an attempt to elucidate the history of the
selective pressures acting on the LP phenotype,
different authors have estimated the age of the
most recent common ancestors of each LP mu-
tation. All estimates point to relatively recent
dates: 8000-9000 years ago for the European
mutation, 2700-6000 years ago for the African
mutations, and 4000 years ago for the Middle
Eastern mutations (13, 42, 156, 162). Taken at
face value, these dates are consistent with the
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time frame for animal domestication (5, 50).
However, the true ages of these alleles are likely
to be older (see Open Questions and Future Di-
rections section).

Consistent with the studies cited above, sig-
nals of a recent selective sweep in European
populations have been identified at the LCT lo-
cus in virtually all genome-wide scans for se-
lection performed so far (125, 126, 162, 169);
in most studies, the LCT gene carries one of
the strongest signals in the entire genome, with
haplotype homogeneity extending up to 2 Mb
(Figure 2B). This pattern suggests that the se-
lective pressure associated with adult milk con-
sumption was very strong.

Digestion begins in the mouth. The en-
zyme amylase, expressed in both the saliva and
pancreas, is responsible for starch hydrolysis.
Salivary amylase, after initiating starch diges-
tion in the mouth, can persist in the stomach
and intestine after swallowing, thus augment-
ing the enzymatic activity of pancreatic amy-
lase in the small intestine (48, 91). The sali-
vary amylase gene AMY1 is present in multiple
copies in the human reference genome. The
gene copy number varies greatly across indi-
viduals and across populations (60, 81), and it
is correlated with the amount of protein prod-
uct in saliva (118). Based on the hypothesis that
changes in the amount of starch in the diet ex-
erted a selective pressure on the amount of amy-
lase present in saliva, Perry and coworkers (118)
compared AMY1 copy number between popu-
lations with high- and low-starch diets. Indi-
viduals from populations with starch-rich di-
ets were found to harbor a higher number of
copies of the amylase gene as compared to those
from low-starch populations (Figure 34). As
discussed above, adaptations to a starch-rich
diet may have played important roles during
the migration of early hominins from rainfor-
est and wooded habitats to the savannah, where
carbohydrate-rich food sources such as roots
and tubers probably became an important di-
etary component, thus changing evolutionary
pressures on salivary amylase gene copy num-
ber. However, more recent specializations to
starch-rich diets, as in agricultural populations,
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could also explain the signal of natural selection
at the AMY1 gene locus.

In addition to the LCT and AMY1 genes,
other enzymes may be important in dietary
adaptations. For example, the NAT?2 gene is a
possible target of selective pressures associated
with the agricultural transition (97, 98, 115).
This gene encodes the drug metabolizing en-
zyme N-acetyltransferase 2, which is involved
in activation/deactivation of toxic compounds
that are commonly found in native food or
are generated by cooking or other treatments.
Several nonsynonymous polymorphisms asso-
ciated with altered acetylation activity occur at
low to intermediate frequencies in humans with
a markedly broad geographic distribution. By
comparing populations with different modes of
subsistence, Luca et al. (97) found that the fast
acetylator alleles are significantly more com-
mon in hunter-gatherer populations compared
to pastoralists and agriculturalists. This finding
was interpreted as the result of the reduced di-
etary availability of folates in the transition to
an agricultural diet. Because the slow acetyla-
tor alleles have a broad geographic distribution,
they are likely to predate the differentiation of
human populations and the onset of agriculture;
therefore, the NAT?2 slow acetylator alleles may
represent a case of selection on standing vari-
ation. The NAT?2 gene and drug metabolizing
enzyme genes as a group have not been associ-
ated with strong signals of selection in genome-
wide scans. Given the limited power of detect-
ing selection on standing variation, the lack of
signals in genome-wide studies is not necessar-
ily surprising.

Other genes involved in metabolism have
been shown to carry signals of selection in
genome-wide studies. These studies have used
approaches that differ with regard to the time
period that they interrogate.

Similar to the amylase study, Hancock and
colleagues (65) compared allele frequencies
across populations with different subsistence
and using different main dietary components
while controlling for the correlation between
human populations due to population history.
These authors analyzed a genome-wide dataset
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of approximately 650,000 single nucleotide
polymorphisms (SNPs) in worldwide human
population samples (94) and classified each pop-
ulation depending on whether they used cere-
als, roots and tubers, or fat, meat and milk as
their main dietary component. Significant evi-
dence for adaptations to a diet rich in roots and
tubers (Figure 3B) was observed particularly
in genes involved in starch/sucrose and folate
metabolism. These findings are consistent with
the high carbohydrate and low folate content
of roots and tubers. Roots and tubers remain
an important dietary component in many con-
temporary human populations, including those
living in harsh environments that do not sup-
port other types of crops. Several interesting
individual signals were observed also for other
dietary components. For example, a stop codon
in the pancreatic lipase-related protein 2 gene
(PLRP2) was found to occur at higher frequency
in populations that specialize on cereals. This
gene codes for an enzyme that hydrolyzes galac-
tolipids (6, 137), which are main triglyceride
components in plants. Interestingly, PLRP?2 is
present in the pancreas of nonruminant herbi-
vores and omnivores but is absent in carnivore
or ruminant pancreas (34).

Additional scans for selection based on
genome-scale variation data in human popula-
tions have pointed to other sets of metabolism
genes. Voight et al. (162) identified an enrich-
ment for signals of EHH in genes involved in
metabolism of carbohydrates, lipids, and phos-
phates and in vitamin transport. Similarly, us-
ing information about population differentia-
ton (Fsr), Barreiro et al. (10) found an en-
richment of highly differentiated variants in
genes involved in metabolic pathways, such as
ethanol and intestinal zinc pathways. As for
other genome-wide studies, there is no func-
tional evidence associated with the evolutionary
signals. Future analyses will determine whether
these signals coincide with variants with de-
tectable effects on function and fitness.

These studies as well as the analysis of
Hancock et al. (65) have reasonable power
to detect relatively recent adaptations; there-
fore, it is plausible that most of the signals

identified in these studies coincide with the
transition to agriculture and animal farming. In
contrast, molecular comparisons between hu-
man and chimpanzee interrogate deeper time
periods and have the potential to identify older
selective events, such as those associated with
increased meat consumption or the use of the
plant compounds encountered in savanna en-
vironments. One of the molecular phenotypes
that natural selection may act on is the regula-
tion of gene expression, thus raising the pos-
sibility that variants in promoters and other
regulatory elements (e.g., enhancers) are tar-
gets of selection. Consistent with this predic-
tion, Haygood et al. (68) compared the rates of
nucleotide substitutions in promoters to those
in intronic regions (as proxies for neutrality)
between human and chimpanzee and found
that cis-regulatory regions of genes involved in
metabolism and nutrition evolved ata faster rate
compared to introns. These results are consis-
tent with the repeated fixation of advantageous
promoter alleles some time since the split be-
tween human and chimpanzee.

Blekhman and coworkers (16) performed a
genome-wide between-species comparison of
steady-state mRNA transcript levels to iden-
tify targets of selection. They analyzed expres-
sion profiles in liver, kidney, and heart tissue
samples from human, chimpanzee, and rhesus
macaque to search for candidate genes under
directional selection as those showing signif-
icantly elevated or reduced expression levels
exclusively in the human lineage compared to
the other two primate species. The set of top
candidate genes in this analysis was enriched
for genes involved in carbohydrate metabolism,
lipid metabolism, and calcium signaling. Genes
involved in the metabolism of riboflavin, glyc-
erolipids, and fatty acids were also enriched for
signals of directional selection. Although these
patterns may be attributed to a variety of dietary
changes, they are consistent with the hypothesis
by Finch & Stanford (45) that the ancient shift
to a dietincluding substantial quantities of meat
was probably accompanied by genetic adapta-
tions against the detrimental effects of fats, tox-
ins, and pathogens.
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Derived allele: the
allele that appeared in

the human lineage;

usually inferred as the
allele that is different
from the one present
in an outgroup species

(in most cases
chimpanzee)

Sensory Perception

Feeding is a multisensorial experience; before
being tasted, food is seen, touched, and smelled.
Processing of food in the mouth leads to the
release of additional molecules that stimulate
taste and olfaction, as well as to the produc-
tion of sounds that stimulate audition. The five
senses are developed to different degrees across
species reflecting their feeding habits and needs
as well as to the whole complex of interactions
with the surrounding environment. As a con-
sequence, many studies have sought to under-
stand the evolution of olfaction, vision, and taste
in human and nonhuman primates, with impor-
tantimplications for understanding adaptations
to dietary changes (46, 51-53, 55, 58, 141, 160,
161, 164, 171).

Taste perception occurs when chemical
molecules from food stimulate taste receptor
cells. Humans and most mammals can perceive
and discriminate five different tastes: sweet,
sour, bitter, salty, and umami (8, 87, 95). Per-
ception of these different taste modalities is me-
diated by different receptors. A special focus
of evolutionary analyses has been on the bit-
ter taste because of its role in preventing the
ingestion of poisonous food (39, 56).

Bitter-taste
coupled receptors encoded by the TAS2R gene
family (2, 26, 135). Bitter-taste perception is a
variable trait in humans, and its genetic basis
was first identified in the 1930s by studying
individual responses to phenylthiocarbamide
(PTC) (15). Although PTC is a synthetic com-
pound, the ability to taste it strongly corre-
lates with the ability to taste natural bitter com-
pounds present in food (9, 40, 62, 128).

The first bitter-taste receptor gene to be
identified was TAS2R38 (38, 86). Based on
a resequencing survey of this gene, Wood-
ing et al. (172) identified two major haplo-
types (taster and nontaster) present at interme-

receptors are G protein—

diate frequency in all continents, resulting in
a departure from neutrality in the allele fre-
quency spectrum. In addition, the haplotype
frequencies are remarkably similar across pop-
ulations. The authors concluded that balancing
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selection maintained the two TAS2R38 haplo-
types at similar frequencies in ethnically diverse
populations. They further speculated that the
heterozygote for the taster and nontaster hap-
lotypes has a selective advantage over the two
homozygotes due to the ability to identify a
larger number of toxins; however, no functional
or phenotypic data in support of this hypothe-
sis have yet been provided. Variation in bitter-
taste sensitivity also occurs within chimpanzees.
However, the genetic variant identified in the
chimpanzee ortholog of TAS2R3§ is different
from any of those identified in humans; there-
fore, the nontaster phenotype evolved indepen-
dently in the two species (171).

Evidence for natural selection was reported
also for a different bitter-taste receptor gene:
TAS2RI16. Three nonsynonymous nucleotide
changes were proposed as putative targets of se-
lection because of the high frequency of the de-
rived alleles (i.e., the allele that appeared for the
first time in the human lineage and is different
from the one presentin chimpanzee) (141). The
derived allele at one of these sites, located in the
region implicated in the receptor-ligand inter-
action, confers increased sensitivity for a range
of structurally different glycosides, of which
some have beneficial and others have toxic ef-
tects. The allele age estimate for this polymor-
phism (between 77,700 and 791,000 years ago)
and its worldwide geographic distribution sug-
gest that it originated before the introduction
of agriculture and the migration of modern hu-
mans out of Africa; therefore, the authors spec-
ulated that this mutation conferred increased
protection against cyanogenic toxins in plant
foods in ancestral hunter-gatherer populations
(141).

Other studies aimed more broadly at char-
acterizing the evolutionary trajectory of the en-
tire bitter-taste receptor family (46, 164). These
studies concluded that relaxation of selective
constraints is the main evolutionary mechanism
acting on this gene family in primates and in hu-
man populations. However, in the comparison
of seven primate species (including humans),
Fischer et al. (46) found that the average ra-
tio between the rates of nonsynonymous and
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synonymous substitutions for 25 bitter-taste
receptor genes varies across protein domains.
Specifically, the extracellular domains (possibly
involved in ligand binding) show an excess of
fixed nonsynonymous relative to synonymous
substitutions. Based on this observation, the au-
thors speculated that positive selection drove
different nonsynonymous mutations to fixation
in different species. Caution needs to be taken
in interpreting this result because the excess of
nonsynonymous substitutions is not statistically
significant. Despite this caveat, because non-
synonymous substitutions in the ligand binding
domain may change the ligand specificity of the
receptor, it is possible that the introduction of
new components in the diet exerted a selective
pressure in diversifying the ligand specificity of
bitter-taste receptors.

Olfactory receptor (OR) genes constitute
the largest gene family in mammals (20). In
humans, functional genes and pseudogenes are
interspersed in clusters located on most chro-
mosomes (12, 57, 157). Humans, compared to
other apes, have experienced relaxation of evo-
lutionary constraints on OR genes as suggested
by the larger number of OR pseudogenes ac-
cumulated in the human lineage compared to
other apes (53). However, when the focus is
on patterns of variation in human populations,
some OR genes present evidence of completed
selective sweeps as indicated by a significant
skew toward rare variants and low levels of poly-
morphism (51, 53).

Additional evidence for adaptations in OR
genes was provided by genome-wide scans for
signals of selection based on signals of com-
plete selective sweeps in human populations
(169), on the ratio of nonsynonymous to syn-
onymous substitutions in humans compared to
chimpanzee (27, 112), and on EHH in genes in-
volved in olfaction (162). Because the methods
used in these studies interrogate different time
depths, these findings suggest that OR genes
have undergone multiple adaptive events, pos-
sibly reflecting the numerous dietary shifts that
occurred throughout hominin evolution.

In addition to taste and olfactory receptor
genes, the broader category of genes involved

in chemosensory perception was also reported
to be enriched for signals of selection based on
the EHH approach (162), nonsynonymous to
synonymous substitutions ratio in the compar-
ison between human and chimpanzee species
(27, 111), and population differentiation (Fsr)
(10).

Appetite Control

Appetite includes various aspects of eating pat-
terns such as frequency and size of eating
episodes, choice of high-fat or low-fat foods,
energy content and diversity of foods con-
sumed. The regulation of appetite is a biological
process tightly connected to the environmental
availability of food and to lifestyle. Therefore,
genes involved in appetite control are poten-
tial candidates as targets of selective pressure as
humans faced different dietary challenges.

Feeding behavior is controlled by hor-
monal as well as psychological and neural sig-
nals. Genes encoding hormones responsible
for long-term energy stores and hunger-satiety
hormones have been studied in the context of
understanding the genetic basis of metabolic
diseases such as T2D. As energy deficit is most
likely to compromise survival, it is not surpris-
ing that the strongest signals of selection are
observed in pathways that increase food intake
and decrease energy expenditure when stores
are depleted.

A genome-wide scan for selection signals
showed that there is extended haplotype ho-
mozygosity around the leptin receptor gene
(LEPR) (162). In addition, strong correlations
between allele frequencies and climate variables
were observed for this gene following a pattern
similar to variants in candidate genes for the
metabolic syndrome (66).

One of such genes is TCF7L2, which was
identified as the gene with the strongest signal
in whole-genome association studies for T2D
(1,129, 131, 140, 178). Two SNPs in this gene
also showed evidence of spatially varying selec-
tion. Specifically, the frequency of the derived
allele for the SNP that protects against T2D
is higher in non-African compared to African
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populations and is strongly correlated with cli-
mate variables. The protective allele at this
same SNP also shows a signature of positive
selection based on EHH in Africa, Asia, and
Europe (69). Crude estimates of the age of the
haplotype tagged by the protective allele point
to relatively recent dates (i.e., 11,933, 8401, and
4051 years for the European, East Asian, and
Yoruba populations, respectively), roughly co-
incident with the introduction of agriculture in
each population. Furthermore, a significant as-
sociation was detected in male individuals be-
tween fasting plasma concentrations of the hor-
mones ghrelin and leptin and the number of
copies of the haplotype tagged by the protec-
tive allele. These two hormones are involved
in the short-term neuroendocrine regulation
of appetite and the long-term regulation of fat
storage and energy metabolism. It was hypoth-
esized that the protective allele conferred a se-
lective advantage relative to the dietary shiftand
the change in food availability associated with
the agricultural transition.

Based on the evidence available so far, it is
not possible to determine whether the signals
observed at LEPR and TCF7L2 are the results
of adaptations to cold climate or to changes in
dietand lifestyle. Nonetheless, these genes rep-
resent interesting candidates for how the short-
term neuroendocrine regulation of appetite and
long-term regulation of fat storage and energy
metabolism may have evolved under positive
natural selection during human evolution.

Morphological Development
of the Digestive System

Although morphology of the digestive system is
likely to have adapted to dietary shifts, few un-
ambiguous signals of positive natural selection
have been observed in this category of genes.
Dental enamel thickness is a phenotypic trait
of particular interest, as it may reflect adapta-
tion to variable fracture-resistance properties of
food items (157-159). Enamelin peptides are
thought to be involved in the formation and
elongation of enamel during tooth develop-
ment (78, 79, 100). Mutations in the gene cod-
ing for enamelin (ENAM) have been observed
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in patients with amelogenesis imperfecta, i.e.,
an inherited defect of dental enamel forma-
tion. Moreover, enamel thickness is a poly-
morphic phenotype in human populations, with
African Americans having thicker enamel com-
pared to European Americans (67). The ENAM
gene was identified as a possible target of re-
cent positive selection in humans in genome-
wide scans for selection (73, 84). In a follow-
up study, Kelley & Swanson (85) resequenced
the ENAM gene in 10 human populations and
12 primate species with different diets. Patterns
of genetic variation showed a deficit of diver-
sity levels and a skew toward rare variants in
the non-African population samples consistent
with a complete selective sweep in these popu-
lations. Nine nonsynonymous SNPs were ob-
served; one of these SNPs is a particularly good
candidate as a selection target because the de-
rived allele is nearly fixed in non-Africans, it oc-
curs at a conserved position across mammalian
species, and it results in a change from a po-
lar to a nonpolar residue. Despite these clues,
the phenotypic effect of this nonsynonymous
polymorphism is unknown. Likewise, the possi-
ble selective advantages of lower enamel thick-
ness in non-African populations are unclear. At
the interspecific level, sequence comparisons
of the ENAM gene across primates detected
a significant excess in the rate of nonsynony-
mous relative to synonymous substitutions in
primate lineages that experienced dietary shifts
(i.e., changes between folivorous, frugivorous,
or omnivorous diets) (85).

A fixed frameshift deletion specific to the
human lineage has been identified in the gene
MTYH]16 (148), which encodes the predominant
myosin heavy chain expressed in the masti-
catory muscles of nonhuman primates. This
deletion may have been associated with the
gracilization of the masticatory apparatus in
humans, as observed in the genus Homzo.

OPEN QUESTIONS AND
FUTURE DIRECTIONS

As discussed above, there is now a rich database
of interesting observations that may reflect
adaptations to dietary changes during hominin
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evolution and allow formulating new hypothe-
ses to be tested in follow-up studies. However,
the molecular genetic evidence for these adap-
tations often comes without a full understand-
ing of the functional and phenotypic conse-
quences of the implicated genetic variants or
changes. Other than a few digestive enzymes
(e.g., lactase, amylase), which have very specific
functions, most genes involved in the process-
ing and digestion of food have multiple func-
tions and are expressed in more than one tis-
sue. Therefore, it is often difficult to reject the
possibility that signals of selection result from
adaptations unrelated to diet. Moreover, due to
the complexities of molecular mechanisms in-
volved in the regulation of gene expression, ex-
tensive functional work is required to elucidate
the functional and evolutionary significance of
gene regulatory changes thataffect the digestive
system. Despite these challenges, this work, es-
pecially if based on systems biology approaches,
has great potential to add significantly to our
understanding of hominin dietary evolution.
Another complication in interpreting the re-
sults obtained so far is that dietary changes
usually occurred within the context of broader
transitions in human ecology. As a conse-
quence, changes in diet during hominin evo-
lution may be correlated with other aspects of
the environment that are unrelated to diet, e.g.,
climate, pathogen load, and mode of subsis-
tence. Therefore, it is difficult to dissect the
specific impact of dietary changes as a selec-
tive pressure. For example, lactase-persistence
individuals can take advantage of the nutritional
properties of milk, but milk consumption may
also have been protective against dehydration
and enterobacteric diseases caused by parasites
present in water (30, 77, 139). This advantage
was particularly importantin hot geographic ar-
eas, where lactose-intolerant individuals could
not use milk to compensate for water loss. It
has also been suggested that, in addition to the
nutritional advantage, LP provided an advan-
tage at high latitudes, where reduced sunlight
and therefore low vitamin D are associated with
increased prevalence of rickets and osteomala-
cia. Lactose promotes the absorption of calcium

present in milk, and it has been suggested that
calcium might reduce the breakdown of vita-
min D in the liver, therefore compensating for
the reduced sunlight (47, 155). Climate influ-
enced human lifestyle with consequences not
only on diet, but also on other aspects of hu-
man physiology, such as energy balance. For
example, leptin is involved both in the control
of appetite as well as in energy balance; there-
fore, the signal of selection identified at the
LEPR may be due to selection on either biolog-
ical process or on the interaction between the
two.

An approach often used to connect signals
of selection with specific historical changes in
diet is to estimate the ages of the selected al-
leles. However, most dating methods estimate
the age of the most recent common ancestor
of the haplotypes carrying the allele examined;
such estimates represent only a lower bound
for the true age of the selected allele. More-
over, recent simulation analyses have shown
that these estimators have a substantial bias
downward, thus leading to a significant under-
estimation of both the age of the most recent
common ancestor and an even more severe un-
derestimation of the allele age (J. Kelley and
M. Przeworski, personal communication). Fi-
nally, it should be noted that the allele age is
only loosely related to the onset of the selective
pressure, which is the only relevant informa-
tion for connecting selection signals with spe-
cific dietary changes. Therefore, although re-
constructing the sequence of events associated
with selection signals can potentially provide
crucial insights into the history of genetic adap-
tations to dietary changes, improved methods
for allele dating are necessary to make robust
inferences.

The insights obtained through studies of ge-
netic variation at the population level are fo-
cused on recent time periods because this is
where they have the most power to identify po-
tential signatures of natural selection. Signals
of such recent selective pressures are typically
associated with variants that are still segregat-
ing in modern humans; therefore, further infor-
mation about their role in dietary adaptations
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can be gained through genotype-phenotype
association studies. Importantly, learning about
dietary adaptations in the recent time scale is
also facilitated by the relatively rich archeolog-
ical record from these time periods, which can
provide useful information regarding the be-
havioral ecology and cultures of human popu-
lations over the past 30,000 years.

In contrast, the more remote periods of ho-
minin evolution are less amenable to inferences
aboutadaptive dietary shifts, limited principally
to information that can be gleaned from the fos-
sil record. The molecular genetics analyses that
may ultimately provide the most insight here
might not be of humans. For example, Hoberg
etal. (74) presented an interesting phylogenetic
analysis of Tuenia tapeworms that may inform
our understanding of meat eating in hominin
evolution. Humans are parasitized by three 7ze-
nia tapeworm species: 1. saginata, T. asiatica,
and T solium. Cattle and swine are the inter-
mediate hosts for these tapeworms today; hu-
mans who consume undercooked tissues from
these animals can develop tapeworms. Hoberg
et al. (74) used morphological variables to es-
timate the phylogeny of 35 Tuenia species in-
cluding the three human ones: 7. saginata and
T. asiatica are sister species and most closely re-
lated to a lion (Panthera leo) tapeworm, whereas
T. solium is most closely related to a hyena-
infecting tapeworm, suggesting two indepen-
dent shifts to humans/hominins. Based on
an analysis of mitochondrial DNA sequences,
T. saginata and T. asiatica diverged approxi-
mately 900 kya, long before animal domes-
tication (74). Presumably, hominins acquired

SUMMARY POINTS

the ancestral parasite of these two extant
species when scavenging or hunting interme-
diate mammal hosts, which are also the prey of
lions. Therefore, if accurate, the ~900 kya es-
timate for 7. saginata and T. asiatica divergence
would provide a lower bound estimate for the
beginnings of this behavior and of the concomi-
tant dietary change.

Another potentially fruitful line of investi-
gation centers on the evolutionary ecology of
the human gut microbiome, or the diversity
and densities of bacterial species populating the
human gastrointestinal tract. Signals of adap-
tive evolution may be detected on both sides
of this symbiotic relationship and could pro-
vide insight not only in terms of evolution of
the immune response (123), but also in terms
of the evolution of the digestive system itself
(93), potentially including our ability (and effi-
ciency thereof) to digest food compounds that
have been of particular importance in hominin
evolution.

The continued development and extensions
of these and similar lines of research will
complement insights about hominin dietary
evolution that can be made from the fossil and
archaeological records. The elucidation of the
evolution of human diet and of the history of
genetic adaptations to dietary shifts is still in its
infancy. Ultimately, a coherent reconstruction
of this complex history will require weaving
together evidence from different disciplines
and different approaches. The work so far has
already opened new avenues of investigation
and has formulated interesting hypotheses to
be tested in future studies.

1. Humans inhabit diverse environments and use various subsistence strategies that are

associated with selective pressures on human metabolism and homeostasis.

2. Evolutionary genetic approaches can detect episodes of genetic adaptation under some
scenarios but have limited power in the case of selection acting on standing variants

rather than new advantageous mutations.

3. Genes involved in metabolism carry signatures of selection in single-gene and genome-

wide studies.
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4. Other categories of genes with potential signals of selection are chemosensory perception,

appetite control, and those involved in the development of the digestive system.

5. The molecular genetic evidence for diet-related adaptations in human evolutionary his-

tory is often lacking a full functional validation and is biased toward recent time periods.

FUTURE ISSUES

1.

By gaining further knowledge on past human diets, it is possible to achieve a better
understanding of potential adaptations to and clinical consequences of our current ones.

. New approaches for detecting signals of selection on standing variation are likely to

identify variants that became advantageous during or following dietary shifts.

. The molecular genetic analyses of gut microbial flora and parasites species are promising

alternative approaches to gain insights into the more ancient time periods of hominin
evolution.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We are grateful to G. Alkorta-Aranburu, A. Cunningham, N.J. Dominy, and A. Hancock for
helpful discussions and comments. We acknowledge support from NIH grants DK56670 and
GM79558. F.L. was supported by an AHA Postdoctoral Fellowship (0825792G). G.H.P. was
supported by an NIH postdoctoral fellowship (F32 GM085998).

LITERATURE CITED

1.

2007. Genome-wide association study of 14,000 cases of seven common diseases and 3000 shared controls.
Nature 447:661-78

. Adler E, Hoon MA, Mueller KL, Chandrashekar J, Ryba NJ, Zuker CS. 2000. A novel family of mam-

malian taste receptors. Cel/ 100:693-702

. Aiello LC, Wheeler P. 1995. The expensive-tissue hypothesis: the brain and the digestive system in

human and primate evolution. Curr. Anthropol. 36:199-221

. Akey JM, Zhang G, Zhang K, Jin L, Shriver MD. 2002. Interrogating a high-density SNP map for

signatures of natural selection. Genome Res. 12:1805-14

. Ambrose S. 1998. Chronology of the Later Stone Age and food production in East Africa. 7. Arch. Sci.

25:377-91

. Andersson L, Carriere F, Lowe ME, Nilsson A, Verger R. 1996. Pancreatic lipase-related protein 2 but

not classical pancreatic lipase hydrolyzes galactolipids. Biochim. Biophys. Acta 1302:236-40

. Aoki K. 1986. A stochastic model of gene-culture coevolution suggested by the “culture historical hy-

pothesis” for the evolution of adult lactose absorption in humans. Proc. Natl. Acad. Sci. USA 83:2929-33

. Bachmanov AA, Beauchamp GK. 2007. Taste receptor genes. Annu. Rev. Nutr. 27:389-414
. Barnicot NA, Harris H, Kalmus H. 1951. Taste thresholds of further eighteen compounds and their

correlation with P.T.C thresholds. Ann. Eugen. 16:119-28

www.annualreviews.org o Evolution and Diet

307



Annu. Rev. Nutr. 2010.30:291-314. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

13.

14.
15.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.

31

32.

33.

34.

35.

308 Luca

. Barreiro LB, Laval G, Quach H, Patin E, Quintana-Murci L. 2008. Natural selection has driven popu-

lation differentiation in modern humans. Nat. Genet. 40:340-45

. Beaumont MA, Balding DJ. 2004. Identifying adaptive genetic divergence among populations from

genome scans. Mol. Ecol. 13:969-80

. Ben-Arie N, Lancet D, Taylor C, Khen M, Walker N, et al. 1994. Olfactory receptor gene cluster

on human chromosome 17: possible duplication of an ancestral receptor repertoire. Hum. Mol. Genet.
3:229-35

Bersaglieri T, Sabeti PC, Patterson N, Vanderploeg T, Schaffner SF, et al. 2004. Genetic signatures of
strong recent positive selection at the lactase gene. Am. 7. Hum. Genet. 74:1111-20

Biswas S, Akey JM. 2006. Genomic insights into positive selection. Trends Genet. 22:437-46

Blakeslee AF. 1932. Genetics of sensory thresholds: taste for phenyl thio carbamide. Proc. Natl. Acad. Sci.
USA 18:120-30

. Blekhman R, Oshlack A, Chabot AE, Smyth GK, Gilad Y. 2008. Gene regulation in primates evolves

under tissue-specific selection pressures. PLoS Genet. 4:¢1000271

. Blumenschine RJ, Prassack KA, Kreger CD, Pante MC. 2007. Carnivore tooth-marks, microbial bioero-

sion, and the invalidation of Dominguez-Rodrigo and Barba’s (2006) test of Oldowan hominin scavenging
behavior. 7. Hum. Evol. 53:420-26

Brain CK, Sillent A. 1988. Evidence from the Swartkrans cave for the earliest use of fire. Nature 336:464—
66

Brunet M, Guy F, Pilbeam D, Mackaye HT, Likius A, et al. 2002. A new hominid from the Upper
Miocene of Chad, Central Africa. Nature 418:145-51

Buck L, Axel R. 1991. A novel multigene family may encode odorant receptors: a molecular basis for
odor recognition. Cell 65:175-87

Buller HA, Kothe MJ, Goldman DA, Grubman SA, Sasak WV et al. 1990. Coordinate expression of
lactase-phlorizin hydrolase mRNA and enzyme levels in rat intestine during development. 7. Biol. Chem.
265:6978-83

Bustamante CD, Fledel-Alon A, Williamson S, Nielsen R, Hubisz M T, et al. 2005. Natural selection on
protein-coding genes in the human genome. Nature 437:1153-57

Cargill M, Altshuler D, Ireland J, Sklar P, Ardlie K, et al. 1999. Characterization of single-nucleotide
polymorphisms in coding regions of human genes. Nat. Genet. 22:231-38

Carmody RN, Wrangham RW. 2009. The energetic significance of cooking. 7. Hum. Evol. 57:379-91
Cartmill M. 1993. A View to a Death in the Morning: Hunting and Nature Through History. Cambridge,
MA: Harvard Univ. Press

Chandrashekar J, Mueller KL, Hoon MA, Adler E, Feng L, et al. 2000. T2Rs function as bitter taste
receptors. Ce// 100:703-11

Clark AG, Glanowski S, Nielsen R, Thomas PD, Kejariwal A, etal. 2003. Inferring nonneutral evolution
from human-chimp-mouse orthologous gene trios. Science 302:1960-63

Colagiuri S, Brand Miller J. 2002. The “carnivore connection”—evolutionary aspects of insulin resis-
tance. Eur. 7. Clin. Nutr. 56(Suppl. 1):S30-35

Consortium Intl. HapMap. 2005. A haplotype map of the human genome. Nature 437:1299-320

Cook G. 1978. Did persistence of intestinal lactase into adult life originate in the Arabian peninsula?
Man 13:418-27

Coop G, Witonsky D, Di Rienzo A, Pritchard JK. 2010. Using environmental correlations to identify
loci underlying local adaptation. Genetics. In press

Copeland L, Blazek J, Salman H, Chiming Tang M. 2009. Form and functionality of starch. Food
Hydrocolloids 23:1527-34

Cordain L, Miller JB, Eaton SB, Mann N, Holt SH, Speth JD. 2000. Plant-animal subsistence ratios and
macronutrient energy estimations in worldwide hunter-gatherer diets. Amz. 7. Clin. Nutr. 71:682-92
De Caro J, Eydoux C, Cherif S, Lebrun R, Gargouri Y, et al. 2008. Occurrence of pancreatic lipase-
related protein-2 in various species and its relationship with herbivore diet. Comp. Biochem. Physiol. B
Biochem. Mol. Biol. 150:1-9

de Heinzelin J, Clark JD, White T, Hart W, Renne P, et al. 1999. Environment and behavior of 2.5-
million-year-old Bouri hominids. Science 284:625-29

e Perry o Di Rienzo



Annu. Rev. Nutr. 2010.30:291-314. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.
50.
51.
52.
53.

54.
55.

56.
57.

58.

59.

60.

61.
62.

63.

64.

Dominguez-Rodrigo M, Barba R. 2006. New estimates of tooth mark and percussion mark frequencies
at the FLK Zinj site: the carnivore-hominid-carnivore hypothesis falsified. 7. Hum. Evol. 50:170-94
Dominy NJ, Vogel ER, Yeakel JD, Constantino P, Lucas PW. 2008. Mechanical properties of plant
underground storage organs and implications for dietary models of early hominins. Evol. Biol. 35:159-75
Drayna D, Coon H, Kim UK, Elsner T, Cromer K, et al. 2003. Genetic analysis of a complex trait in the
Utah Genetic Reference Project: a major locus for PTC taste ability on chromosome 7q and a secondary
locus on chromosome 16p. Hum. Genet. 112:567-72

Drewnowski A, Gomez-Carneros C. 2000. Bitter taste, phytonutrients, and the consumer: a review. Az.
7. Clin. Nutr. 72:1424-35

Drewnowski A, Rock CL. 1995. The influence of genetic taste markers on food acceptance. Am. 7. Clin.
Nutr. 62:506-11

Eaton SB, Konner M. 1985. Paleolithic nutrition. A consideration of its nature and current implications.
N. Engl. 7. Med. 312:283-89

Enattah NS, Jensen TG, Nielsen M, Lewinski R, Kuokkanen M, et al. 2008. Independent introduction
of two lactase-persistence alleles into human populations reflects different history of adaptation to milk
culture. Am. J. Hum. Genet. 82:57-72

Fay JC, Wu CI. 2000. Hitchhiking under positive Darwinian selection. Genetics 155:1405-13

Ferguson A, Maxwell JD. 1967. Genetic etiology of lactose intolerance. Lancet 2:188-90

Finch CE, Stanford CB. 2004. Meat-adaptive genes and the evolution of slower aging in humans. Q.
Rev. Biol. 79:3-50

Fischer A, Gilad Y, Man O, Paabo S. 2005. Evolution of bitter taste receptors in humans and apes. Mol.
Biol. Evol. 22:432-36

Flatz G, Rotthauwe HW. 1973. Lactose nutrition and natural selection. Lancet 2:76-77

Fried M, Abramson S, Meyer JH. 1987. Passage of salivary amylase through the stomach in humans.
Dig. Dis. Sei. 32:1097-103

Fu YX, Li WH. 1993. Statistical tests of neutrality of mutations. Genetics 133:693-709
Gifford-Gonzalez D. 2005. African Archeology. London: Blackwell Sci.

Gilad Y, Bustamante CD, Lancet D, Paabo S. 2003. Natural selection on the olfactory receptor gene
family in humans and chimpanzees. Am. . Hum. Genet. 73:489-501

Gilad Y, Lancet D. 2003. Population differences in the human functional olfactory repertoire. Mol. Biol.
Evol. 20:307-14

Gilad Y, Man O, Paabo S, Lancet D. 2003. Human specific loss of olfactory receptor genes. Proc. Natl.
Acad. Sci. USA 100:3324-27

Gillespie JH. 1991. The Causes of Molecular Evolution. New York: Oxford Univ. Press

Gimelbrant AA, Skaletsky H, Chess A. 2004. Selective pressures on the olfactory receptor repertoire
since the human-chimpanzee divergence. Proc. Natl. Acad. Sci. USA 101:9019-22

Glendinning JI. 1994. Is the bitter rejection response always adaptive? Physiol. Behav. 56:1217-27
Glusman G, Yanai I, Rubin I, Lancet D. 2001. The complete human olfactory subgenome. Genomze Res.
11:685-702

Go 'Y, Niimura Y. 2008. Similar numbers but different repertoires of olfactory receptor genes in humans
and chimpanzees. Mol. Biol. Evol. 25:1897-907

Goren-Inbar N, Alperson N, Kislev ME, Simchoni O, Melamed Y, et al. 2004. Evidence of hominin
control of fire at Gesher Benot Ya’aqov, Israel. Science 304:725-27

Groot PC, Bleeker MJ, Pronk JC, Arwert F, Mager WH, etal. 1989. The human alpha-amylase multigene
family consists of haplotypes with variable numbers of genes. Genomics 5:29-42

Haile-Selassie Y. 2001. Late Miocene hominids from the Middle Awash, Ethiopia. Nature 412:178-81
Hall MJ, Bartoshuk LM, Cain WS, Stevens JC. 1975. PTC taste blindness and the taste of caffeine.
Nature 253:442-43

Halushka MK, Fan JB, Bentley K, Hsie L, Shen N, et al. 1999. Patterns of single-nucleotide polymor-
phisms in candidate genes for blood-pressure homeostasis. Nat. Genet. 22:239-47

Hanchard NA, Rockett KA, Spencer C, Coop G, Pinder M, et al. 2006. Screening for recently selected
alleles by analysis of human haplotype similarity. Am. 7. Hum. Genet. 78:153-59

www.annualreviews.org o Evolution and Diet

309



Annu. Rev. Nutr. 2010.30:291-314. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

310 Luca

Hancock AM, Witonsky DB, Ehler E, Alkorta-Aranburu G, Beall C, et al. 2010. Human adaptations to
diet, subsistence, and ecoregion are due to subtle shifts in allele frequency. Proc. Natl. Acad. Sci. In press
Hancock AM, Witonsky DB, Gordon AS, Eshel G, Pritchard JK, et al. 2008. Adaptations to climate in
candidate genes for common metabolic disorders. PLoS Genetics 4:¢32

Harris EF, Hicks JD, Barcroft BD. 2001. Tissue contributions to sex and race: differences in tooth crown
size of deciduous molars. Am. . Phys. Anthropol. 115:223-37

Haygood R, Fedrigo O, Hanson B, Yokoyama KD, Wray GA. 2007. Promoter regions of many neural-
and nutrition-related genes have experienced positive selection during human evolution. Nat. Genet.
39:1140-44

Helgason A, Palsson S, Thorleifsson G, Grant SF, Emilsson V, et al. 2007. Refining the impact of
TCF7L2 gene variants on type 2 diabetes and adaptive evolution. Nat. Genet. 39:218-25

Hermisson ], Pennings PS. 2005. Soft sweeps: molecular population genetics of adaptation from standing
genetic variation. Genetics 169:2335-52

Hernandez-Aguilar RA, Moore J, Pickering TR. 2007. Savanna chimpanzees use tools to harvest the
underground storage organs of plants. Proc. Natl. Acad. Sci. USA 104:19210-13

Hernandez Fernandez M, Vrba ES. 2006. Plio-Pleistocene climatic change in the Turkana Basin (East
Africa): evidence from large mammal faunas. 7. Hum. Evol. 50:595-626

Hinds DA, Stuve LL, Nilsen GB, Halperin E, Eskin E, et al. 2005. Whole-genome patterns of common
DNA variation in three human populations. Science 307:1072-79

Hoberg EP, Alkire NL, de Queiroz A, Jones A. 2001. Out of Africa: origins of the Taenia tapeworms in
humans. Proc. Biol. Sci. 268:781-87

Hohmann G, Robbins M, Boesch C. 2006. Feeding Ecology in Apes and Other Primates. London: Cambridge
Univ. Press

Holden C, Mace R. 1997. Phylogenetic analysis of the evolution of lactose digestion in adults. Huz. Biol.
69:605-28

Hollox E. SDM. 2002. The Genetic Basis of Common Diseases. London: Oxford Univ. Press

Hu CC, Hart TC, Dupont BR, Chen J]J, Sun X, et al. 2000. Cloning human enamelin cDNA, chromo-
somal localization, and analysis of expression during tooth development. 7. Dent. Res. 79:912-19

Hu JC, Yamakoshi Y, Yamakoshi F, Krebsbach PH, Simmer JP. 2005. Proteomics and genetics of dental
enamel. Cells Tissues Organs 181:219-31

Hudson RR, Bailey K, Skarecky D, Kwiatowski J, Ayala FJ. 1994. Evidence for positive selection in the
superoxide dismutase (Sod) region of Drosophila melanogaster. Genetics 136:1329-40

Tafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, et al. 2004. Detection of large-scale
variation in the human genome. Naz. Genet. 36:949-51

Ingram CJ, Mulcare CA, Itan Y, Thomas MG, Swallow DM. 2009. Lactose digestion and the evolutionary
genetics of lactase persistence. Hum. Genet. 124:579-91

Innan H, Zhang K, Marjoram P, Tavare S, Rosenberg NA. 2005. Statistical tests of the coalescent model
based on the haplotype frequency distribution and the number of segregating sites. Genetics 169:1763-77
Kelley JL, Madeoy J, Calhoun JC, Swanson W, Akey JM. 2006. Genomic signatures of positive selection
in humans and the limits of outlier approaches. Genome Res. 16:980-89

Kelley JL, Swanson WJ. 2008. Dietary change and adaptive evolution of enamelin in humans and among
primates. Genetics 178:1595-603

Kim UK, Jorgenson E, Coon H, Leppert M, Risch N, Drayna D. 2003. Positional cloning of the human
quantitative trait locus underlying taste sensitivity to phenylthiocarbamide. Science 299:1221-25
Kinnamon SC, Cummings TA. 1992. Chemosensory transduction mechanisms in taste. Annu. Rev.
Physiol. 54:715-31

Klein RG. 2000. Archeology and the evolution of human behavior. Evol. Anthropol. 9:17-36

Lacey SW, Naim HY, Magness RR, Gething MJ, Sambrook JF. 1994. Expression of lactase-phlorizin
hydrolase in sheep is regulated at the RNA level. Biochem. . 302(Pt. 3):929-35

Laden G, Wrangham R. 2005. The rise of the hominids as an adaptive shift in fallback foods: plant
underground storage organs (USOs) and australopith origins. 7. Hum. Evol. 49:482-98

Lebenthal E. 1987. Role of salivary amylase in gastric and intestinal digestion of starch. Dig. Dis. Sci.
32:1155-57

e Perry o Di Rienzo



Annu. Rev. Nutr. 2010.30:291-314. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

92.

93.

94.

95.
96.

97.

98.

99.
100.

101.
102.
103.
104.

105.
106.

107.

108.

109.

110.

111.
112.

113.

114.
115.

116.

117.

118.

119.

120.

Lewontin RC, Krakauer J. 1973. Distribution of gene frequency as a test of the theory of the selective
neutrality of polymorphisms. Genetics 74:175-95

Ley RE, Peterson DA, Gordon JI. 2006. Ecological and evolutionary forces shaping microbial diversity
in the human intestine. Ce// 124:837-48

Li JZ, Absher DM, Tang H, Southwick AM, Casto AM, et al. 2008. Worldwide human relationships
inferred from genome-wide patterns of variation. Science 319:1100—4

Lindemann B. 1996. Chemoreception: tasting the sweet and the bitter. Curr. Biol. 6:1234-37

Louchart A, Wesselman H, Blumenschine RJ, Hlusko L], Njau JK, et al. 2009. Taphonomic, avian, and
small-vertebrate indicators of Ardipithecus ramidus habitat. Science 326:66e1-4

Luca F, Bubba G, Basile M, Brdicka R, Michalodimitrakis E, et al. 2008. Multiple advantageous amino
acid variants in the NAT?2 gene in human populations. PLoS One 3:¢3136

Magalon H, Patin E, Austerlitz F, Hegay T, Aldashev A, et al. 2008. Population genetic diversity of the
NAT?2 gene supports a role of acetylation in human adaptation to farming in Central Asia. Eur. 7. Hum.
Genet. 16:243-51

Mann N. 2000. Dietary lean red meat and human evolution. Eur. 7. Nutr. 39:71-79

Mardh CK, Backman B, Holmgren G, Hu JC, Simmer JP, Forsman-Semb K. 2002. A nonsense mutation
in the enamelin gene causes local hypoplastic autosomal dominantamelogenesis imperfecta (ATH2). Hum.
Mol. Genet. 11:1069-74

Marlowe FW. 2006. Hunter-gatherers and human evolution. Evol. Anthropol. 14:54-67

McBrearty S, Jablonski NG. 2005. First fossil chimpanzee. Nature 437:105-8

McCracken RD. 1971. Lactase deficiency—example of dietary evolution. Curr. Anthropol. 12:479
McDonald JH, Kreitman M. 1991. Adaptive protein evolution at the Adh locus in Drosophila. Nature
351:652-54

Messier W, Stewart CB. 1997. Episodic adaptive evolution of primate lysozymes. Nature 385:151-54
Metneki J, Czeizel A, Flatz SD, Flatz G. 1984. A study of lactose absorption capacity in twins. Hum.
Genet. 67:296-300

Miller JC, Colagiuri S. 1994. The carnivore connection: dietary carbohydrate in the evolution of
NIDDM. Diabetologia 37:1280-86

Milton K. 2003. The critical role played by animal source foods in human (Homo) evolution. 7. Nutr.
133:3886-92S

Mottram DS, Wedzicha BL, Dodson AT. 2002. Acrylamide is formed in the Maillard reaction. Nazure
419:448-49

Neel JV. 1962. Diabetes mellitus: a “thrifty” genotype rendered detrimental by “progress”? Amz. 7. Hum.
Genet. 14:353-62

Nielsen R. 2005. Molecular signatures of natural selection. Annu. Rev. Genet. 39:197-218

Nielsen R, Bustamante C, Clark AG, Glanowski S, Sackton TB, etal. 2005. A scan for positively selected
genes in the genomes of humans and chimpanzees. PLoS Biol. 3:¢170

Nielsen R, Hellmann I, Hubisz M, Bustamante C, Clark AG. 2007. Recent and ongoing selection in the
human genome. Nat. Rev. Genet. 8:857-68

Novembre J, Pritchard JK, Coop G. 2007. Adaptive drool in the gene pool. Nat. Genet. 39:1188-90
Patin E, Barreiro LB, Sabet PC, Austerlitz F, Luca F, et al. 2006. Deciphering the ancient and complex
evolutionary history of human arylamine N-acetyltransferase genes. Am. 7. Hum. Genet. 78:423-36
Pennings PS, Hermisson J. 2006. Soft sweeps II—molecular population genetics of adaptation from
recurrent mutation or migration. Mol. Biol. Evol. 23:1076-84

Pennings PS, Hermisson J. 2006. Soft sweeps III: the signature of positive selection from recurrent
mutation. PLoS Genet. 2:¢186

Perry GH, Dominy NJ, Claw KG, Lee AS, Fiegler H, et al. 2007. Diet and the evolution of human
amylase gene copy number variation. Nat. Genet. 39:1256-60

Pickford M, Senut B. 2001. The geological and faunal context of Late Miocene hominid remains from
Lukeino, Kenya. C. R. Acad. Sci. Paris 332:145-52

Pruetz JD, Bertolani P. 2007. Savanna chimpanzees, Pan troglodytes verus, hunt with tools. Curr. Biol.
17:412-17

www.annualreviews.org o Evolution and Diet



Annu. Rev. Nutr. 2010.30:291-314. Downloaded from www.annualreviews.org
by Central College on 01/04/12. For personal use only

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.
147.

Przeworski M, Coop G, Wall JD. 2005. The signature of positive selection on standing genetic variation.
Evol. Int. 7. Org. Evol. 59:2312-23

Reed KE. 1997. Early hominid evolution and ecological change through the African Plio-Pleistocene.
7. Hum. Evol. 32:289-322

Round JL, Mazmanian SK. 2009. The gut microbiota shapes intestinal immune responses during health
and disease. Nat. Rev. Immunol. 9:313-23

Sabeti PC, Reich DE, Higgins JM, Levine HZ, Richter DJ, etal. 2002. Detecting recent positive selection
in the human genome from haplotype structure. Nature 419:832-37

Sabeti PC, Schaftner SF, Fry B, Lohmueller J, Varilly P, et al. 2006. Positive natural selection in the
human lineage. Science 312:1614-20

Sabed PC, Varilly P, Fry B, Lohmueller J, Hostetter E, et al. 2007. Genome-wide detection and char-
acterization of positive selection in human populations. Nature 449:913-18

SahiT. 1974. The inheritance of selective adult-type lactose malabsorption. Scand. J. Gastroenterol. Suppl.
30:1-73

Salmon TN, Blakeslee AF. 1935. Genetics of sensory thresholds: variations within single individuals in
taste sensitivity for PT'C. Proc. Natl. Acad. Sci. USA 21:78-83

Saxena R, Voight BF, Lyssenko V, Burtt NP, de Bakker PI, etal. 2007. Genome-wide association analysis
identifies loci for type 2 diabetes and triglyceride levels. Science 316:1331-36

Sayers K, Lovejoy CO. 2008. The chimpanzee has no clothes: a critical examination of Pan troglodytes in
models of human evolution. Curr. Anthropol. 49:87-114

Scott L], Mohlke KL, Bonnycastle LL, Willer CJ, Li Y, et al. 2007. A genome-wide association study
of type 2 diabetes in Finns detects multiple susceptibility variants. Science 316:1341-45

Scott RS, Ungar PS, Bergstrom T'S, Brown CA, Grine FE, etal. 2005. Dental microwear texture analysis
shows within-species diet variability in fossil hominins. Nasure 436:693-95

Sebastio G, Villa M, Sartorio R, Guzzetta V, Poggi V, etal. 1989. Control of lactase in human adult-type
hypolactasia and in weaning rabbits and rats. Am. 7. Hum. Genet. 45:489-97

Senut B, Pickford M, Gommery D, Mein P, Cheboi K, Coppens Y. 2001. First hominid from the Miocene
(Lukeino Formation, Kenya). C. R. Acad. Sci. Paris 332:137-44

Shi P, Zhang J, Yang H, Zhang YP. 2003. Adaptive diversification of bitter taste receptor genes in
mammalian evolution. Mol. Biol. Evol. 20:805-14

Shipman P. 1986. Scavenging or hunting in early hominids: theoretical framework and tests. Am. An-
thropol. 88:27-43

Sias B, Ferrato F, Grandval P, Lafont D, Boullanger P, et al. 2004. Human pancreatic lipase-related
protein 2 is a galactolipase. Biochemistry 43:10138-48

Simoons FJ. 1970. Primary adult lactose intolerance and the milking habit: a problem in biologic and
cultural interrelations. II. A culture historical hypothesis. Am. 7. Dig. Dis. 15:695-710

Simoons FJ. 1978. The geographic hypothesis and lactose malabsorption. A weighing of the evidence.
Am. §. Dig. Dis. 23:963-80

Sladek R, Rocheleau G, Rung J, Dina C, Shen L, et al. 2007. A genome-wide association study identifies
novel risk loci for type 2 diabetes. Nature 445:881-85

Soranzo N, Bufe B, Sabeti PC, Wilson JF, Weale ME, et al. 2005. Positive selection on a high-sensitivity
allele of the human bitter-taste receptor TAS2R16. Curr. Biol. 15:1257-65

Sponheimer M, Passey BH, de Ruiter DJ, Guatelli-Steinberg D, Cerling TE, Lee-Thorp JA. 2006.
Isotopic evidence for dietary variability in the early hominin Paranthropus robustus. Science 314:980-82
Stadler RH, Blank I, Varga N, Robert F, Hau J, et al. 2002. Acrylamide from Maillard reaction products.
Nature 419:449-50

Stahl AB. 1984. Hominid dietary selection before fire. Curr. Anthropol. 25:151-68

Stanford CB. 1999. The Hunting Apes: Meat Eating and the Origins of Human Bebavior. Princeton, NJ:
Princeton Univ. Press

Stanford CB, Bunn HT, eds. 2001. Meat-Eating and Human Evolution. London: Oxford Univ. Press
Stanford CB, Wallis ], Matama H, Goodall J. 1994. Patterns of predation by chimpanzees on red colobus
monkeys in Gombe National Park, 1982-1991. Am. J. Phys. Anthropol. 94:213-28

Luca o Perry o Di Rienzo



Annu. Rev. Nutr. 2010.30:291-314. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

148.

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Stedman HH, Kozyak BW, Nelson A, Thesier DM, Su LT, etal. 2004. Myosin gene mutation correlates
with anatomical changes in the human lineage. Nature 428:415-18

Strait DS, Weber GW, Neubauer S, Chalk J, Richmond BG, et al. 2009. The feeding biomechanics and
dietary ecology of Australopithecus africanus. Proc. Natl. Acad. Sci. USA 106:2124-29

Suwa G, Asfaw B, Kono RT, Kubo D, Lovejoy CO, White TD. 2009. The Ardipithecus ramidus skull
and its implications for hominid origins. Science 326:68e1-7

Swallow DM. 2003. Genetics of lactase persistence and lactose intolerance. Annu. Rev. Genet. 37:197-219
Tajima F. 1989. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism.
Genetics 123:585-95

Tang K, Thornton KR, Stoneking M. 2007. A new approach for using genome scans to detect recent
positive selection in the human genome. PLoS Biol. 5:e171

Teaford MF, Ungar PS. 2000. Diet and the evolution of the earliest human ancestors. Proc. Natl. Acad.
Sci. USA 97:13506-11

Thacher TD, Fischer PR, Pettifor JM, Lawson JO, Isichei CO, et al. 1999. A comparison of calcium,
vitamin D, or both for nutritional rickets in Nigerian children. N. Engl. 7. Med. 341:563-68

Tishkoff SA, Reed FA, Ranciaro A, Voight BF, Babbitt CC, etal. 2007. Convergent adaptation of human
lactase persistence in Africa and Europe. Nat. Genet. 39:31-40

Trask BJ, Massa H, Brand-Arpon V, Chan K, Friedman C, et al. 1998. Large multi-chromosomal
duplications encompass many members of the olfactory receptor gene family in the human genome.
Hum. Mol. Genet. 7:2007-20

Ungar PS, Grine FE, Teaford MF. 2006. Diet in early Homzo: a review of the evidence and a new model
of adaptive versatility. Annu. Rev. Anthropol. 35:209-28

Van Der Merwe NJ, Masao FT, Bamford MK. 2008. Isotopic evidence for contrasting diets of early
hominins Hozmo habilus and Australopithecus boisei of Tanzania. S. Afr. 7. Sci. 104:153-55

Verrelli BC, Lewis CM Jr, Stone AC, Perry GH. 2008. Different selective pressures shape the molecular
evolution of color vision in chimpanzee and human populations. Mol. Biol. Evol. 25:2735-43

Verrelli BC, Tishkoff SA. 2004. Signatures of selection and gene conversion associated with human color
vision variation. Amz. 7. Hum. Genet. 75:363-75

Voight BF, Kudaravalli S, Wen X, Pritchard JK. 2006. A map of recent positive selection in the human
genome. PLoS Biol. 4:¢72

Wang ET, Kodama G, Baldi P, Moyzis RK. 2006. Global landscape of recent inferred Darwinian
selection for Homo sapiens. Proc. Natl. Acad. Sci. USA 103:135-40

Wang X, Thomas SD, Zhang J. 2004. Relaxation of selective constraint and loss of function in the
evolution of human bitter taste receptor genes. Hum. Mol. Genet. 13:2671-78

Weiner S, Xu Q, Goldberg P, Liu J, Bar-Yosef O. 1998. Evidence for the use of fire at Zhoukoudian,
China. Science 281:251-53

Weir BS. 1996. Genetic Data Analysis 1I: Methods for Discrete Population Genetic Data. Sunderland, MA:
Sinauer Assoc.

White TD, Ambrose SH, Suwa G, Su DF, DeGusta D, et al. 2009. Macrovertebrate paleontology and
the Pliocene habitat of Ardipithecus ramidus. Science 326:87-93

White TD, Asfaw B, Beyene Y, Haile-Selassie Y, Lovejoy CO, et al. 2009. Ardipithecus ramidus and the
paleobiology of early hominids. Science 326:75-86

Williamson SH, Hubisz MJ, Clark AG, Payseur BA, Bustamante CD, Nielsen R. 2007. Localizing recent
adaptive evolution in the human genome. PLoS Genet. 3:¢90

WoldeGabriel G, Ambrose SH, Barboni D, Bonnefille R, Bremond L, et al. 2009. The geological,
isotopic, botanical, invertebrate, and lower vertebrate surroundings of Ardipithecus ramidus. Science
326:65¢1-5

Wooding S, Bufe B, Grassi C, Howard M'T, Stone AC, etal. 2006. Independent evolution of bitter-taste
sensitivity in humans and chimpanzees. Nature 440:930-34

Wooding S, Kim UK, Bamshad MJ, Larsen ], Jorde LB, Drayna D. 2004. Natural selection and molecular
evolution in PTC, a bitter-taste receptor gene. Am. J. Hum. Genet. 74:637-46

Wrangham R, Conklin-Brittain N. 2003. “Cooking as a biological trait.” Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 136:35-46

www.annualreviews.org o Evolution and Diet

313



Annu. Rev. Nutr. 2010.30:291-314. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

314

174.
175.

176.

177.

178.

Wrangham RW. 2009. Catching Fire: How Cooking Made Us Human. New York: Basic Books
Wrangham RW, Jones JH, Laden G, Pilbeam D, Conklin-Brittain N. 1999. The raw and the stolen—
cooking and the ecology of human origins. Curr. Anthropol. 40:567-94

Yang Z. 1998. Likelihood ratio tests for detecting positive selection and application to primate lysozyme
evolution. Mol. Biol. Evol. 15:568-73

Yeakel D, Bennett NC, Koch PL, Dominy NJ. 2007. The isotopic ecology of African mole rats informs
hypotheses on the evolution of human diet. Proc. Biol. Sci. 274:1723-30

Zeggini E, Weedon MN, Lindgren CM, Frayling TM, Elliott KS, et al. 2007. Replication of genome-
wide association signals in UK samples reveals risk loci for type 2 diabetes. Science 316:1336-41

Luca o Perry o Di Rienzo



chimpanzee/ bonobo

ineage human lineage

Agrlculture,
animal domestication

- strong evidence
- suggestive evidence/
inference

“*+«..Orrorin

Sahelanthropus

Million years ago
(o)} w £ w N - o

Figure 1

Timeline of the main dietary shifts during hominin evolution. Approximate dates of existence for human-
and chimpanzee/bonobo-lineage genera are depicted in gray boxes. Timing of some of the important dietary
transitions in hominin evolution is highlighted in orange and blue boxes to indicate whether these transitions
are supported strongly or suggestively, respectively.
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The impact of selective sweeps on patterns of neutral variation tightly linked to an advantageous mutation. (4) Neutral mutations and
advantageous mutations are shown as blue circles and red circles, respectively. Gray bars indicate the results of recombination events
involving a chromosome not carrying the advantageous mutation. (B) Extended haplotype homozygosity around the European lactase
persistence (LP) mutation (at the center of the display) (162). The ancestral and derived states of the LP variant are represented by the
blue and red vertical lines, respectively. The distance (in Mb) spanned by the haplotypes is displayed at the top of the graph. A
continuous block of the same color represents a haplotype that is shared among many chromosomes.
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Figure 3

Multiple contrasts between closely related populations that differ in their diet composition. (4) The distribution of salivary amylase
copy number in the seven population samples analyzed by Perry et al. (118). The bar chart represents the average copy number for each
sample (error bars represent two standard errors) (114). From Reference 114. (B) Normalized allele frequency plotted against
population for the variants that showed the strongest correlation with the main dietary component roots and tubers in the study by
Hancock et al. (65). Vertical lines separate populations into seven major geographical regions (from left to right: sub-Saharan Africa,
Europe, Middle East, West Asia, East Asia, Oceania, and the Americas). Red denotes populations that specialize on roots and tubers,
and all other populations are colored blue. Horizontal lines are drawn through the mean for the set of populations in a given region that
are part of the category of interest; gray shading denotes the central 50% interval. Within the same geographic region, populations
whose main dietary components are roots and tubers are characterized by a shift in the mean allele frequency compared to populations
with different main dietary components.
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