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Abstract

Nervous systems allow animals to acutely respond and behaviorally adapt
to changes and recurring patterns in their environment at multiple
timescales—from milliseconds to years. Behavior is further shaped at in-
tergenerational timescales by genetic variation, drift, and selection. This
sophistication and flexibility of behavior makes it challenging to measure
behavior consistently in individual subjects and to compare it across indi-
viduals. In spite of these challenges, careful behavioral observations in na-
ture and controlled measurements in the laboratory, combined with modern
technologies and powerful genetic approaches, have led to important discov-
eries about the way genetic variation shapes behavior. A critical mass of genes
whose variation is known to modulate behavior in nature is finally accumu-
lating, allowing us to recognize emerging patterns. In this review, we first
discuss genetic mapping approaches useful for studying behavior. We then
survey how variation acts at different levels—in environmental sensation, in
internal neuronal circuits, and outside the nervous system altogether—and
then discuss the sources and types of molecular variation linked to behavior
and the mechanisms that shape such variation. We end by discussing remain-
ing questions in the field.
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Forward genetics
screen: the artificial
introduction of
mutations throughout
the genome to identify
the mutations and
genes that affect a trait
of interest

Reverse genetics:

an approach to analyze
the function of a
specific gene by
altering its coding
sequence or expression

Heritability: the
fraction of phenotypic
variance in a trait
within a population
that is attributable to
genetic variation
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1. INTRODUCTION

Animal behavior is characterized by its complexity. It is generated by the integration of sensory
cues with internal states to direct motor output via precise signaling in sophisticated neuronal
circuits. These circuits are remarkably malleable and are constantly remodeled developmentally
and by experience and learning, allowing animals to adapt to both recurring patterns and changes
in their environment. Behavior is further influenced by innate variation in neuronal anatomy and
function. Thus, behaviors are plastic within individuals throughout their lives as well as variable
among individuals.

Behavior can be difficult to measure, particularly in natural settings, where the conditions ani-
mals experience over their lifetimes are difficult to control. Even under controlled laboratory en-
vironments, behavior is notoriously susceptible to subtle environmental perturbations (29). These
challenges make it difficult to measure the environmental and genetic variables that influence be-
havior. Therefore, our knowledge of the genetic underpinnings of behavior lags behind what we
currently know about morphology, physiology, and disease risk. However, technological and sta-
tistical methods for studying genetic contributions to behavior are advancing quickly, unlocking
new opportunities. Though much is still unknown, patterns in the field have begun to emerge. We
have reached an opportune moment to study these patterns and make inferences about the larger
processes that govern the evolution of behavior.

This review surveys examples of natural genetic variants that modulate behavior within and
among populations of a species and that contribute to differences in behavior among species. We
focus on three common targets of genetic influences on behavior: sensation of environmental
cues, higher-order processing in the central nervous system, and interactions with environmental
molecules outside of the nervous system. We then discuss the molecular types of variants observed
and how these variants arise and are maintained in populations. We conclude with a summary of
emerging patterns in the field and outstanding questions.

2. MEASURING THE GENETIC BASIS OF BEHAVIOR
IN NATURAL POPULATIONS

Analyses of the physiological roles of genes on behavior started with the pioneering forward ge-
netics screens of Seymour Benzer in Drosophila melanogaster in the 1970s. More recently, power-
ful reverse genetics tools have been applied to laboratory animals—mainly nematodes, flies, and
mice—to study specific genes. However, these forward and reverse genetics approaches reveal little
about the genetic bases of behavioral variation in nature. For example, the Mouse Genome Infor-
matics database contains more than 10,000 examples of artificial mutations that affect behavior in
laboratory mice (17). If these mutations were to arise spontaneously in nature, many would be too
detrimental for survival and thus quickly removed from populations. Therefore, these mutations
likely do not represent the types of variation that occur and segregate in nature.

What is clear, however, is that variation in most natural behaviors has a substantial genetic
component. A sweeping meta-analysis of 17,804 traits from 2,748 twin study publications showed
that the heritability of behavioral traits in humans is comparable to that of nonbehavioral traits
(117). Most human behavioral traits studied are 30-60% heritable, though this estimate may be
skewed by ascertainment and publication biases; for example, geneticists may choose to measure
the heritability of traits they think are likely to have a genetic component. In nonhuman animals,
heritability is also similar among behavioral, life history, and morphological traits (135), although
these estimates may suffer from similar biases.

Pinpointing the specific genes and variants that contribute to trait heritability is a central
goal of behavioral genetics. Different approaches have been classically used to parse this genetic
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Table 1 Methods for identifying genetic loci linked to behavior

Scale of Mapping Sample size
Method comparison resolution required Advantages Disadvantages
GWAS Within High (to scale of | Large Can study in Has biases from
populations LD) nature population
stratification, cannot
capture associations
with rare variants, also
measures indirect
effects
QTL mapping Within Low or moderate | Moderate Can use controlled | Potentially overestimates
pedigrees, (depending on laboratory effect sizes, can generate
between the number of conditions; false negatives from
populations or recombination family structure closely linked variants
sister species events) avoids with opposite effects,
stratification captures only effects of
variants present in
founders of cross
Population Between High (to scale of | Small Can study in Is agnostic to phenotypic
differentiation populations or LD) nature, provides traits
scan closely related evidence of
species selection
Comparative Within and Transcript level Small Offers temporal Is agnostic to genetic
gene between and variation; many
expression populations or tissue-specific correlated genes will
species insights into not contribute directly
cellular function to behavior

Abbreviations: GWAS, genome-wide association study; LD, linkage disequilibrium; QTL, quantitative trait locus.

component of behavior into contributory variants and the genes they affect. In recent years, quan-
titative genetics research has encouragingly shifted from candidate gene studies to analyses of
variants throughout the whole genome. Unbiased approaches such as genome-wide association
studies (GWASs), quantification of population differentiation, and quantitative trait locus (QTL)
mapping are powerful methods for discovering genetic loci associated with variation in behavior
(Table 1).

2.1. Genome-Wide Association Studies

GWASs test for association between a trait (such as a specific behavior) and genetic variants that
are common in populations (frequency > ~5%). However, most common variants have exceed-
ingly small effects, so large samples—on the order of tens to hundreds of thousands of subjects—
are usually necessary to gain sufficient power (70, 121). In recent years, public consortia and private
companies have compiled genetic samples and phenotypic information from more than 4 million
individuals (e.g., 5, 20, 108). This data accessibility has enabled the analysis of dozens of human
behavioral traits, and in the past 10 years, more than 700 publications have reported the results
of GWASs for specific human behaviors (18). These publications demonstrate that nearly all be-
haviors are highly polygenic: An individual behavior within a population is influenced by many
genetic loci, each of mostly small effect.

GWASs are not designed to detect associations with rare variants, yet nearly all human genetic
variants are rare: More than 90% of variants segregating in human populations have minor allele
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study: a test of the
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variants in one or a few
predefined genes and a
trait
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Fgr: a statistical
measure of the
difference in genetic
variance within versus
between populations
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frequencies below 1% (83). Because rare variants tend to have larger effects than common variants
(53, 93), they may be important contributors to the behaviors of specific individuals or families
where these variants segregate. The extent of the contribution of rare variants to the heritability
of behavior within populations is still an open question.

Genetic associations in traditional GWAS designs measure not only direct genetic effects of
variants on people in the study but also the indirect contributions of these variants through their
effects on relatives with whom the subjects interact (78, 157). For example, variants may affect
the behavior of subjects indirectly by modulating parental behaviors. Future studies that jointly
analyze the genotypes of test subjects and their parents will help to alleviate these problems and
provide better estimates of direct and indirect genetic effects—both of which are necessary for
a comprehensive understanding of behavioral variation (156). GWASs are also subject to false-
positive associations resulting from population stratification and assortative mating, which are
difficult to fully control for using statistical methods (156). For example, studies of the use of
chopsticks in a city would likely capture genetic variants common in Asians even if none of these
variants directly affect chopstick use (82).

2.2. Population Differentiation

Populations often differ in their behavior, yet it is very difficult to estimate the contribution of ge-
netic differences to such behavioral variation. People with mixed ancestry from these populations
can be used to find associations between local genomic ancestry and behavior in an approach called
admixture mapping. Because genomic segments from different populations are present in admixed
individuals, the argument is that this curtails problems of environmental and genetic interaction
confounders that occur when estimating the effect of genes in two separate populations. However,
ancestry proportions in admixed individuals have been found to correlate with socioeconomic sta-
tus (21), which can result from familial and cultural contingencies as well as discrimination and
can severely confound genetic analyses. The proportion of ancestry can also be correlated with
many other environmental variables, such as diet, religion, and education, further confounding
behavioral inferences from genetics.

Another powerful population-genetics approach to study differences among populations in-
volves scanning the genomes of two or more populations that differ in a behavior of interest. Re-
gions that are particularly differentiated between populations (i.e., outliers in Fgr-based statistics)
may contain variants that explain trait variation. For example, a genome-wide Fgr scan between
two populations of warblers identified a candidate gene contributing to the choice in winter mi-
gration to either Central or South America (143). Because populations often differ in more than
one trait, differentiated regions may affect not the behavior of interest but rather a correlated trait.
Nevertheless, these Fsp-based methods can be useful in identifying candidate genomic regions for
local adaptation that can be further studied using other approaches.

2.3. Quantitative Trait Locus Mapping

An alternative method to probe the genetic basis of behavioral variation is QTL mapping. The
goal of QTL mapping is to identify loci that cosegregate with a trait in families or in experimental
crosses. The family structure of these mapping populations generally avoids issues with popula-
tion stratification. Laboratory crosses allow for careful behavioral measurements while affording
control of environmental conditions and biological variables such as age. However, QTL map-
ping crosses usually originate from small numbers of founding animals, limiting the number of
haplotypes that can be analyzed and failing to fully capture natural allele frequency distributions.
Moreover, because many experimental crosses comprise only a few generations where meiotic
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recombination can take place, mapping resolution is usually low. Advanced intercross schemes
greatly improve mapping resolution (124), and QTLs can also be fine-mapped using follow-up
targeted crosses. Multiple genes and specific genetic variants affecting behavior have been found
using QTL mapping and follow-up fine-mapping, particularly in Cuenorbabditis elegans and
Drosophila melanogaster (9, 36, 102). Even when QTL mapping does not lead to the identification
of causative variants, important inferences can be made about the genetic architecture of behavior,
including estimation of pleiotropy and sex-specific effects as well as quantification of effect sizes
(7,42, 149).

2.4. Comparative Gene Expression

Unbiased whole-transcriptome analysis technologies, such as RNA sequencing (RNA-seq), al-
low for correlating gene expression with variation in a behavior within populations or between
populations or species. While this is a common approach, it is not always a successful method
for identifying causal genes. For instance, comparing expression in relevant tissues between two
species with different innate behaviors can identify thousands of differentially expressed genes.
Thus, complementary methods such as QTL mapping or experimental manipulations are usually
required to narrow down the list of correlated genes to the most likely candidates (e.g., 7). For
example, an Aedes aegypti mosquito olfactory receptor (OR) was first identified through RNA-seq
comparisons between mosquitoes attracted to humans and those attracted to other animals; the
expression of this gene was then found to correlate with behavior in a cross between these two
types of mosquitos (101).

RNA-seq can be a powerful method in carefully designed comparisons of specific organs or
tissues, brain regions, or cell types. For example, RNA-seq was used to identify the molecular
bases of the evolution of infrared sensors in snakes and vampire bats. TRPA1 channels of
pit vipers and some species of boas and pythons harbor mutations that make them very heat
sensitive (46). Moreover, these channels are expressed at much higher levels in the trigeminal
ganglia—which innervate the heat-sensitive pit—than in the dorsal root ganglia, which transmit
other somatosensory information (46). TRPA1 is not upregulated in the trigeminal ganglia in
snakes without infrared-detecting pits (46). Vampire bats have evolved high trigeminal ganglion
expression of an isoform of the heat-sensing TRPV1 that is particularly heat sensitive. This high
TRPV1 isoform expression was also identified by measuring alternative splicing using RNA-seq
in vampire bats and fruit bats (45).

2.5. Artificial Selection on Behavior

The methods described above are typically applied to study behavioral variation within or among
natural populations. Behavioral differences can also be exaggerated through artificial selection
over many generations to create strains with extreme behavior. The genetic differences among
selected lines can then be probed by genome-wide Fsr scans, through QTL mapping, or by com-
paring gene expression in relevant tissues or brain areas. Molecular signatures of selection can also
be searched for within a selected line. These types of artificial selection studies have pointed to
genetic regions and specific genes implicated in aggression in various species, including flies (35),
rats (1, 55), and foxes (79).

3. IDENTIFYING GENES THAT MODULATE BEHAVIOR

There are no genes that specify behavior (122); rather, genetic variation modulates biochemical
and cellular pathways and shapes neuronal circuits that ultimately give rise to behavior. Genetic
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variation can therefore affect behavior by acting at different levels: by altering sensory perception
(Section 3.1), by modulating higher-order circuits of the central nervous system (Section 3.2), or
by affecting metabolic processes outside of the nervous system (Section 3.3).

As more genetic variants are identified, important evolutionary questions can begin to be an-
swered. For example, are particular classes of genes or biological processes more often implicated
in behavioral variation and evolution? And how often does independent evolution of similar be-
haviors converge on the same molecular pathways? Though we still know very little about the
genetic mechanisms underlying most behaviors, the case studies highlighted in the following sec-
tions provide some of the first clues to the answers.

3.1. Genetic Variation in Sensory Systems Alters Behavioral Responses
to External Cues

Before environmental information is processed by the nervous system, signals must be detected by
sensory receptors that are often housed in specialized sensory organs. Genetic variation that alters
sensory detection—for example, by affecting the function of these receptors—can cause a direct
behavioral shift by disrupting signal input. Alternatively, variation downstream from receptors can
affect how a stimulus is processed after it is detected.

Mutations in sensory receptors are characteristic of behavioral shifts in natural populations.
Cockroaches taste sugar using hair-like sensory structures protruding from their mouthparts that
house neurons expressing taste receptors. Most cockroaches, like other insects, are attracted to
sugars, including glucose; however, several populations of cockroaches have recently evolved glu-
cose aversion. Glucose is a component of many commercial cockroach baits designed to poison
the animals; therefore, behavioral attraction to glucose has negative fitness consequences in pop-
ulations of cockroaches under this selection regime. The taste neurons that sense sugars—and
mediate attraction—in wild cockroaches have become less sensitive to glucose in cockroaches
from populations that avoid glucose, while the neurons that detect bitter compounds—and me-
diate aversion—have become more sensitive to glucose (145). Thus, mutations affecting sensory
neurons have changed the valence of glucose from attractive to aversive.

In humans, food and drink preference is modulated by smell. Some people are genetically
predisposed to detecting the taste of cilantro as unpleasantly soapy, which affects diet choice and
cilantro preference. A GWAS identified a genetic region significantly associated with this soapy-
taste detection contained within a cluster of OR genes on chromosome 11. One such OR, OR6A2,
has a high binding specificity for several aldehydes that give cilantro its characteristic odor (39).

Variation in food preference among species can arise from species-specific adaptations in sen-
sory receptors. Most birds, including chickens, turkeys, and finches, have lost the ability to sense
sugars, as they lack the sweet taste receptor gene TASIR2 (4). Hummingbirds, however, are spe-
cialists that feed exclusively on nectar and have regained sugar sensation by repurposing the umami
receptor (a dimer encoded by the genes TAS1RI and TASIR3). Mutations in these genes trans-
form the receptor from one that detects savory amino acids into one that detects sugars, thereby
permitting the characteristic specialization of nectar-feeding behavior in these birds (4).

Some animals communicate using chemicals called pheromones when they signal within
species and kairomones when they signal between species. In moths and other insects, fe-
males produce and secrete sex pheromones that attract males. Female Asian corn borer moths
(Ostrinia furnacalis) produce the sex pheromones (E)-12- and (Z)-12-tetradecenyl acetate, whereas
female European corn borer moths (Ostrinia nubilalis) produce slightly different isomers, (E)-
11- and (Z)-11-tetradecenyl acetate (65). O. furnacalis and O. nubilalis males are attracted to the
distinct pheromone blend from conspecific females due to a nonsynonymous mutation in the
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O. furnacalis pheromone receptor gene Or3 that reduces O. furnacalis male response to the O. nu-
bilalis pheromone 14-fold (85). Therefore, genetic variation affecting pheromone receptors can
mediate interspecies specificity in mate attraction.

Genetic variation modulating chemical communication also affects behavioral interactions be-
tween distantly related species. Some species of nematodes commensally infest live insects; the
insects provide the nematode with dispersal opportunities, a food source, and, after the insect
dies, a substrate for the nematode to continue its life cycle (75). Some natural populations of the
nematode Pristionchus pacificus associate with the oriental scarab beetle (Anomala orientalis) (54).
These beetles produce the chemical (E)-11-tetradecenyl acetate, and certain strains of P, pacificus
nematodes are highly attracted to this kairomone (58). Differences in (E)-11-tetradecenyl acetate
attraction among P. pacificus strains map to variation not in a sensory receptor but rather in the
protein kinase EGL-4 (58), a component of the cGMP signaling pathway that regulates olfaction
in C. elegans (87).

In C. elegans, pheromones that accumulate in high local population densities bind to the
pheromone receptors SRG-36 and SRG-37 to stimulate progression into an alternative diapause-
like state called dauer (103). Under high-density selection regimes in the laboratory, two
C. elegans strains have independently acquired resistance to dauer progression from nearly iden-
tical deletions affecting both srg-36 and srg-37 (103). While no wild strain has been identified
that harbors deletions affecting both genes, 18% of wild C. elegans strains from around the globe
harbor a putative loss-of-function deletion within srg-37 that is identical by descent (86). Interest-
ingly, there is enrichment of this allele in C. elegans populations that have colonized a rotting fruit
niche (which provides bacteria that worms eat), suggesting that there may be particularly strong
selection against dauer formation in worms exploiting resources that support reproductive growth
(86).

Loss of sensitivity to environmental molecules may therefore be adaptive in certain habitats
and can underlie the evolution of behavior. In highveld mole rats, multiple genetic changes affect
both the protein sequence of the TRPA1 channel and the expression of a second channel protein,
NALCN, in sensory neurons. These mutations confer insensitivity to the painful substance allyl
isothiocyanate, a defensive compound produced by some insects and plants, and thus shapes mole
rat behavior by permitting both feeding on pungent food sources and coexistence with aggressive
stinging ants (38).

Decision-making must integrate both environmental signals and internal states such as hunger;
therefore, sensation of internal cues can be as important as that of external cues. In C. elegans,
the decision to abandon an area with food is modulated by noncoding variation affecting the
G protein—coupled catecholamine receptor gene tyru-3. The receptor encoded by this gene is
expressed in sensory neurons yet binds internal biogenic amines (tyramine), suggesting that the
gene modulates responses to the environment by integrating internal information (9).

3.2. Genetic Variation Alters Behavior by Modulating Central
Nervous System Circuitry

Behavior can also be modulated by variation affecting higher-order nervous system processing
rather than sensory perception. Pioneering work on the genetic modulation of social behavior
implicated variation in neuropeptide receptors in the brain, but more recent examples show that
variation in other classes of neuronal molecules is also important for generating the diversity of
social behavior observed both within and between species.

The G protein—coupled receptors of the neuropeptides arginine vasopressin (AVP) and oxy-
tocin (OT) are classic examples of genes underlying natural variation in mating systems among
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Cis-regulatory
variation: genetic
variation that alters the
expression of a
physically linked gene

Introgression:

the transfer of genetic
material from one
population or species
to another by a
hybridization event
and subsequent
backcrossing
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species of voles (160). Molecular approaches comparing the monogamous prairie vole (Microtus
ochrogaster) and the promiscuous montane vole (Microtus montanus) implicated species-specific dis-
tribution patterns of AVP and OT receptors in the brain in many behavioral aspects of monogamy,
including pair bonding, paternal care, and mate guarding (64). Interestingly, QTL mapping in a
different rodent clade—comparing the monogamous oldfield mouse (Peromzyscus polionotus) and
the promiscuous prairie deer mouse (Peromzyscus maniculatus)—also implicated the AVP system in
variation in parental care (7). However, in Peromyscus mice, cis-regulatory variation affecting the
expression of the AVP ligand in the hypothalamus, rather than the AVP receptor, is linked to the
elaborate nest building characteristic of monogamous parents.

Insects also have diverse social structures; for example, some populations of the sweat bee La-
sioglossum albipes produce solitary nests, whereas others are eusocial. A GWAS approach linked
noncoding variation in syntaxin la (syxla), a protein that mediates synaptic vesicle release, to in-
traspecific variation in eusociality. A single intronic polymorphism of syx1z altered its expression
in in vitro assays, consistent with in vivo expression differences between social and solitary bees
(77).

C. elegans nematodes also vary in their social behaviors. For example, they differ in their propen-
sity to aggregate with each other, a behavior that is influenced by pheromonal communication as
well as by environmental variables such as food availability and oxygen levels (48, 57, 98). Differ-
ences in this behavior were initially found to be strongly affected by a single amino-acid difference
in the receptor npr-1, a gene homologous to the mammalian neuropeptide-Y receptor (32). A later
study, based on analyses of more than 200 wild C. elegans strains, strongly suggested that this mu-
tation arose during the domestication of C. elegans in the laboratory (102). Further quantitative
genetics approaches implicated naturally occurring polymorphisms affecting the expression of
EXP-1, a receptor for the neurotransmitter GABA, in the propensity of C. elegans to aggregate
with each other (8).

As described in Section 3.1, females of some species attract conspecific males by emitting sex
pheromones; however, changes in the valence of sex pheromones—whether they are perceived as
attractive or aversive—can arise from genetic differences affecting central neural circuitry rather
than peripheral sensory perception. Two species of Drosophila, D. melanogaster and D. simulans,
are closely related yet are largely reproductively isolated due to differences in pheromone sig-
naling between the species. D. melanogaster females, but not D. simulans temales, produce the sex
pheromone 7,11-heptacosadiene, which is highly attractive to D. melanogaster males but aversive to
D. simulans males (129). Interestingly, sensory neurons respond similarly to 7,11-heptacosadiene
in D. melanogaster and D. simulans, but differences in how the signal is propagated in downstream
circuits in the fly brain explain this variation in behavioral response (129).

D. melanogaster and D. simulans diverge not only in their pheromone signaling but also in the
male courtship songs that attract conspecific females. Differences in aspects of the courtship song
between laboratory strains of these species mapped to a retroelement insertion into the intron of
the slowpoke (slo) gene, which encodes a calcium-activated potassium channel expressed throughout
the central nervous system (36). The existence or prevalence of this mutation in natural popula-
tions is unknown.

Differences in social and mating behaviors may involve the coordination of many genetic vari-
ants that are selected upon through subtle changes in allele frequencies at many loci simultane-
ously (known as polygenic selection). For example, male cichlid fishes of Lake Malawi build bowers
that attract females: Certain species dig pit bowers, whereas others build castles. Genetic variants
across each of the 22 linkage groups in 20 diverse species of pit diggers and castle builders have
elevated Fsr values, suggesting that the divergence in genetic architecture between the species
is highly complex yet consistent across species, perhaps due to introgression (155). F; hybrids
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between a pit-digging species and a castle-building species display both bower-building behaviors
sequentially: During the pit-digging epoch, a suite of alleles inherited from the pit-digging parent
become upregulated in the F; brain, while during the castle-building epoch, alleles inherited from
the castle-building parent become upregulated. The temporal specificity of this allele-specific ex-
pression indicates that modular synchronization of transcriptomic responses can underlie the dis-
play of highly complex behaviors (155).

3.3. Variation in Genes Outside the Nervous System Affects Behavior

Variation affecting genes that function outside of the nervous system can also modulate behav-
ior (Figure 1). For example, variation in metabolism can affect what and how much an animal
chooses to eat or drink. Among mammals, variation in the copy number of the gene for amylase,
a digestive enzyme that breaks down starch, correlates with starch preference. The more copies
of the amylase gene a species has, the more starch it tends to eat as part of its diet. It is unclear,

C Salivary glands

AMY
b Thyroid
PDE10A
d Blood and bone marrow
EPAST, EGLN1
1
4 \\
a Liver

ADH1B, ALDH2,
CYP1A2, CYP2A6
€ Small intestine
LCT

Figure 1

Non-neuronal genes that affect the behavior of humans and other vertebrates. () Polymorphisms in ADHIB
and ALDH? affect the rate at which alcohol is metabolized in the liver, affecting alcohol dependence (23, 96);
noncoding single-nucleotide polymorphisms (SNPs) near the caffeine-metabolizing-enzyme gene CYP1A42
are associated with increased coffee drinking and caffeine consumption (28); and coding SNPs in the
nicotine-metabolizing-enzyme gene CYP2A46 are associated with cigarette-smoking behavior (140).

(b) Polymorphisms in the PDEI0A gene of Bajau people cause increased spleen size, likely by modulating
hormones released by the thyroid, thereby allowing specialized diving behaviors (63). (c) Copy number
variation of the AMY gene, whose product metabolizes starch, is correlated with the amount of starch
mammals eat (99, 116). (d) Variants affecting EPASI and EGLNI permit high-altitude adaptation and
perhaps habitat preference in humans, Peromyscus mice, ducks, and other vertebrates (e.g., 13, 47, 128, 154).
(¢) Noncoding variants cause lactase persistence by prolonging expression of the LCT gene in the small
intestine into adulthood (11).
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Selective sweep:

a phenomenon in
which the frequency of
an allele in a
population increases
rapidly due to strong
positive selection

EVOLUTION SHAPES BEHAVIOR, BUT BEHAVIOR ALSO SHAPES EVOLUTION

Behavior is modulated by genetic variation, but behavior itself also shapes evolutionary processes. Behavior can pro-
mote selection via behavioral drive (100) by exposing individuals to new environments and new selective pressures,
thereby accelerating evolution. For example, behavioral flexibility allows individuals to shift their preferences in
habitat or food choice, which may influence the evolution of other morphological, metabolic, or behavioral traits
that facilitate adaptation to these environments.

Behavioral flexibility also allows individuals to shield themselves from environmental variation, thus reducing
selective pressure via behavioral inertia, also known as the Bogert effect (16). Rather than adapting to a changing
environment, for example, individuals can search for and move to microhabitats with more preferable conditions,
thereby shielding themselves from directional selection. For example, behavioral inertia reduces selection on sala-
manders because they move between microhabitats to regulate temperature and moisture levels (40). Behavioral
drive and inertia may also work simultaneously, as in the case of a tropical lizard in which a microhabitat shift
to boulders has driven skull and limb evolution (behavioral drive) while enabling thermoregulation that releases
selection pressure against colder environments (behavioral inertia) (105).

however, whether species-specific preference for starch drove the evolution of amylase copy num-

ber variation or whether copy number variation preceded starch preference (116) (see the sidebar
titled Evolution Shapes Behavior, but Behavior Also Shapes Evolution). In humans, individual dif-

ferences in salivary amylase level and copy number affect the perception of texture and perhaps

even flavor and likely affect starchy food preference (34, 99).

A similar example in humans is the repeated evolution of the ability to digest lactose into adult-

hood, which affects how much dairy people eat. Most mammals cannot easily digest lactose after

weaning; however, variants in and around the lactase gene drive its continued expression in the
small intestine into adulthood, facilitating lactose digestion (137). This phenotype arose indepen-
dently in different pastoral human populations that came to rely on dairy as an important source
of nutrition. The haplotype containing variants that contribute to lactose tolerance is identical
by descent in Europeans and Indians (43) but different in Africans (142). Both lactose-tolerance

haplotypes have experienced a selective sweep over the past 7,000 years (142).

The amount of alcohol and coffee that people drink is strongly modulated by genetic variation.
Alcohol is broken down into acetaldehyde and from there into acetic acid by the liver enzymes
alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH), respectively. Variants in
paralogs of each enzyme, specifically ADH1B and ALDH2, are associated with alcohol consump-

tion and are the common genetic variants with the strongest known effects on human behavior
(96). Because people with low-activity ADH1B alleles accumulate toxic acetaldehyde more slowly
than people with high-activity alleles, they are less prone to the acetaldehyde symptoms char-
acteristic of alcohol excess, including nausea and headache, and have a threefold-higher risk of

developing alcoholism (12). Low-activity ALDH?2 variants, which lead to an accumulation of ac-

in the metabolism of caffeine (27).

etaldehyde, have an even stronger effect on alcohol consumption and dependence. These variants
are common only in some East Asian populations, whereas ADH1B variants are also common in
Europeans and Africans (147). Similarly, coffee drinking is shaped by variation in genes involved

More than 1 billion people worldwide smoke cigarettes, and this behavior is largely mediated
by dependence on nicotine, a highly addictive component of tobacco. Variation in the cytochrome

P450 2A6 (CYP2AO) liver enzyme, which is essential for nicotine metabolism, is associated with
the number of cigarettes smoked per day (92). People who carry versions of CYP2A6 with reduced
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activity (and therefore slower metabolism of nicotine) smoke fewer cigarettes per day and usually
find it easier to quit smoking (120). However, variation in genes expressed in the central ner-
vous system also modulates smoking: Nearly all nicotinic acetylcholine receptor (nAChR) genes
expressed in the brain exhibit variation associated with smoking behaviors (10, 92).

Adaptation to extreme environments can also arise from selection on variation affecting genes
outside of the nervous system. Different human populations, including Tibetans and Andeans,
have independently colonized extremely high-altitude environments and are genetically adapted
to low-oxygen (hypoxic) conditions. High-altitude-adapted Tibetans carry a variant of EPASI,
which encodes a transcription factor regulating the production of hemoglobin and the develop-
ment of new blood vessels, that helps them use oxygen more efficiently at high altitudes (154).
Both Tibetans and Andeans have signatures of positive selection on the EGLNI gene, whose
product interacts with EPAS1 (13). Ducks adapted to high altitudes also carry variants of EPAS1
and EGLNI at higher frequencies than lowland ducks (47), and Peromyscus mice harbor molecular
signatures of selection at Epasl (128), suggesting that high-altitude habitat choice may converge
on similar genetic mechanisms in distant species. Mutations in the C. elegans homolog of EGLNI,
egl-9, strongly affect preference for high or low oxygen (aerotaxis) (22), suggesting that variation in
hypoxia-related genes could also affect vertebrate preference for different oxygen concentrations.

The choice of plants that herbivores eat is influenced by attraction, preference, and resistance
to plant defensive compounds. Cardiac glycoside compounds produced by the milkweed plant are
toxic for many herbivorous species. However, parallel evolution of cardiac glycoside resistance has
permitted feeding on milkweed across many orders of insects (165). For example, the monarch
butterfly (Danaus plexippus) feeds on milkweed in its larval stage and sequesters the toxic chemical
to deter predators as a butterfly. Cardiac glycoside resistance in many species is conferred by
three mutations that alter three amino acids in the protein pump Nat,K*-ATPase, the molecular
target of cardiac glycoside. Two studies have recently used phylogenetic comparative approaches
and genetic engineering to prove that the order in which these three mutations evolved matters
(69, 138), highlighting how genetic interactions (epistasis) can constrain the paths through which
behaviors evolve.

Two Drosophila species have independently evolved specialization to the toxic noni fruit
Morinda citrifolia: a population of D. yakuba from the island of Mayotte and the noni special-
ist D. sechellin from the nearby Seychelles archipelago (95, 153). Variation in genomic regions
linked to noni fruit adaptation overlaps more often than expected by chance between the Mayotte
and Seychelles noni specialists, suggesting a parallel molecular basis to this specialization (153).
Mayotte D. yakuba showed strong signatures of selection in several detoxification genes compared
with mainland D. yakuba generalists, including a major toxin tolerance locus previously identi-
fied in D. sechellin (153). Species-specific attraction to noni fruit in D. sechellia is influenced not
only by detoxification genes but also by variants affecting olfactory receptor tuning to noni fruit
volatile chemicals (118, 119). Transgenic experiments demonstrate that OR22a, which mediates
long-range attraction to these volatiles, contains three naturally occurring amino-acid substitu-
tions that each increase sensitivity to noni volatiles (3).

Social behavior is modulated by visual, auditory, mechanical, and chemical signaling between
partners. Genetic variation that alters social signals can therefore strongly affect the behavior of
animals receiving the signal. Divergence in female sex pheromone synthesis can acutely alter male
attraction and promote divergence of male preference over longer timescales. In the European
corn borer moth, two populations have begun to diverge in their pheromone signaling, leading
to reproductive isolation. Female moths from the E population produce a blend of pheromone
containing 98% (E)-11-tetradecenyl acetate and 2% (Z)-11-tetradecenyl acetate, whereas the Z
population produces 3% (E)-11-tetradecenyl acetate and 97% (Z)-11-tetradecenyl acetate (84).
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This divergence is caused by multiple nonsynonymous substitutions in a single fatty-acyl reductase
gene involved in the synthesis of precursors to (E)-11- and (Z)-11-tetradecenyl acetate (84).

In nature, most C. elegans individuals are hermaphrodites with the ability to self-fertilize, while
males occur at a frequency of less than 1%. An Australian strain of C. elegans exhibits male—male
mating behavior caused by a natural loss-of-function mutation in a single gene (plep-1) expressed
in the excretory pore; males homozygous for the plep-1 mutation attract copulations from other
males (112). This result shows that even behaviors that appear complex can sometimes arise from
mutations in single genes.

3.4. Synthesis: Lessons from Genetic Mapping of Behavioral Diversity

In the introduction to this section, we posed two major questions: What types of genes and biolog-
ical processes does variation most often impact, and do similar behaviors evolve through similar
or distinct molecular mechanisms? We do not yet have enough information to fully answer these
questions, but we can identify two major patterns. First, genetic variants affecting sensory recep-
tors are very common. Additionally, genetic variation affecting the expression or protein sequence
of other classes of genes in the brain, such as neuropeptide and neurotransmitter receptors, also
characterizes behavioral divergence. In most cases, however, the specific mechanisms underlying
these genetic effects are not well understood, even if a general biological pathway can be im-
plicated in the behavior. Second, despite an expectation that parallel evolution of behavior—the
independent evolution of a behavior based on changes in the same genes or pathways—might be
rare due to the complexity of the genetic and neuronal bases of behavior, there are many examples
of parallelism both within and among species. For example, the same hypoxia-inducible factor
pathway is involved in adaptation to high altitude in humans, deer mice, and ducks, and variation
in the vasopressin system affects monogamous behaviors in both voles and deer mice. Additionally,
the courtship song of Hawaiian crickets has evolved in three independent pairs of species through
changes at overlapping QTLs, suggesting parallel evolution (14).

Importantly, demonstrating that particular genetic variants influence behavior through their
effects on specific genes (quantitative trait genes) is very challenging. The gold standard is the
reciprocal hemizygosity test (and related tests) (6, 134), which is rarely performed outside the
powerful genetic model organisms Drosophila and C. elegans. Thus, many studies implicate genes
based on protein-coding changes, allele-specific expression differences, proximity to mapped vari-
ants, and experimental manipulations. Each of these approaches has limitations, but together they
can provide more convincing evidence for the effects of particular genes on behavior.

4. THE SOURCE AND MAINTENANCE OF GENETIC VARIATION
CONTRIBUTING TO BEHAVIORAL DIVERSITY

Genetic variation ranges from that affecting single nucleotides, to additions or deletions of thou-
sands to millions of bases, to large-scale chromosomal rearrangements. Each type of variant can
affect the regulation of genes or alter protein sequence. Furthermore, they can have long-term
evolutionary consequences due to the acquisition of novel function or linkage of genetic variants
across generations from suppression of recombination. In this section, we outline the types of
genetic variation found to affect behavior and consider how they appear and are maintained in
populations.

4.1. Types of Molecular Variation That Modulate Behavior

Mutations affecting a small genetic region, such as single-nucleotide polymorphisms (SNPs)
and short insertions or deletions (indels), are a major source of variation that can affect protein
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sequence or gene regulation. Other, larger-scale mutations, such as supergenes and gene expan-
sions, are also prominent contributors to behavioral evolution.

4.1.1. Regulatory versus coding mutations. Mutations can alter the temporal and spatial
regulation of gene expression or modify protein-coding sequences themselves. Both types of
molecular changes have been shown to contribute to behavioral diversity. Protein-sequence
changes may be particularly important in the evolution of sensory receptor tuning to various
environmental cues. For example, coding variation in taste receptors permits hummingbird
attraction to sugar (4), while sweet taste receptor genes in many carnivorous mammals have
been pseudogenized (67, 90) (Figure 2). However, protein-coding changes in genes that are
widely expressed in the central nervous system can detrimentally disrupt essential networks,
while regulatory variants alter gene expression more modularly (144). Therefore, regulatory
mutations rather than coding mutations are likely the primary type of variants affecting genes
that are broadly expressed in the brain or are essential for neural development (144). For example,
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Figure 2

Molecular evolution of vertebrate taste receptor genes. In most vertebrates, the proteins TASIR1 and TASIR3 dimerize to form the
umami taste receptor, while TASIR2 and TAS1R3 dimerize to form the sweet taste receptor. Type II taste receptors (TAS2Rs)
primarily detect bitter taste. Genetic variation across the animal kingdom has altered the protein structure and function of these genes,
causing loss of function (pseudogenization or other coding changes) or gain of novel functionality, which alters taste perception.

(a,¢) Independent pseudogenization of the T4S1R1 and TASIR?2 genes caused loss of umami and sweet taste perception, respectively, in
many taxa (41, 60, 67, 89, 90, 130, 162-164). (b) Pseudogenization of the T4S1R3 receptor conferred loss of both umami and sweet taste
perception in penguins, sea lions, and vampire bats (4, 67, 162, 163), while coding mutations in 74SIR3 in hummingbirds transformed
the TASIR1/TASIR3 heterodimer from detecting umami to detecting sweet tastes. (4) Pseudogenization of TAS2R receptors in
dolphins, penguins, and toothed whales caused loss of bitterness perception (41, 67, 162). Lemur-specific amino-acid substitutions in
TAS2R16 changed the receptor response to arbutin from agonism to inverse agonism, thereby reducing sensitivity to salicin bitterness.
However, ring-tailed lemurs regained the ability to recognize arbutin as a TAS2R16 agonist via coding mutations affecting the

TAS2R16 sequence (66). Independent mutations to T4S2R38 eliminate sensitivity to the bitter compound phenylthiocarbamide in some
chimpanzees and humans (151).
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Table 2 Supergenes that affect animal behavior

Haplotype Nonbehavioral
Animal Locus length Behaviors affected traits affected References
White-throated ZAL2 98 Mb Parental care, singing, Plumage color 139, 141
sparrow (Zonotrichia mate preference,
albicollis) aggression, courtship
Ruff (Philomachus Faeder/Satellite 4.5 Mb Mating strategy, Plumage color, body | 80, 81
pugnax) territoriality size
Fire ant (Solenopsis SB/Sk 13 Mb Tolerance of multiple Body size, queen 72,148
invicta) queens, aggression fecundity
House mouse (Mus t haplotype 40 Mb Dispersal, migration Spermatogenesis 97,126,131
musculus) manipulation
(meiotic drive)
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regulatory variation affecting sk, a gene expressed ubiquitously in the fly brain, contributes to the
evolution of the Drosophila courtship song (36).

4.1.2. Supergenes. Variation affecting behavior tends to be spread across the genome, where
chromosomal segregation and recombination unlink variants that have beneficial effects on traits.
Genomic rearrangements that prevent recombination ensure that a block of the genome is in-
herited together and can therefore spread in a population. These supergenes can accumulate
further genes and variants. Supergenes have strong effects on multiple behaviors across species
(Table 2). In fire ants, a 13-Mb supergene contributes to variation in social organization (148).
Contained within each of the two nonrecombining supergene alleles, social B (sB) and social
b (sb), are specific variants of the gene Gp-9, which encodes an odorant-binding protein that
dictates whether colonies will accept multiple queens (125). The supergene alleles also confer
a difference in colony-level aggression (125). Honeybees from highland and lowland popula-
tions in East Africa have rampant gene flow between them, with the exception of two haplo-
type blocks on two chromosomes that result from inversions (146). Many genes within these
supergene-like haplotypes influence honeybee behavior that may be adaptive in these divergent
environments; for example, one haplotype contains nearly all of the octopamine receptor genes
in the honeybee genome, and these genes play essential roles in learning and foraging behavior
(146).

Variation in mating behavior in the ruff, a wading bird, is also caused by linked variation within
a4.5-Mb inversion. The ruff has three male morphs (independents, faeders, and satellites) that dif-
fer in behavior, color, and size, representing three lekking strategies during which males aggregate
and compete for access to females. Independents have retained the ancestral genotype (no inver-
sion), while the faeder allele arose from an initial inversion and the satellite allele likely originated
from an unlikely recombination event between faeder and independent alleles (81). Another avian
species, the white-throated sparrow, contains a chromosomal rearrangement at the ZAL2 locus.
Genetic variants within the Z4L2 inversion (ZAL2™) increase the expression of estrogen receptor
a (ESRI) in specific brain regions, which causes heightened aggression (104). Sparrows contain-
ing the ZAL2™ allele also have alternate territorial song, nestling-provisioning, and mate-guarding
behaviors compared with sparrows that do not contain the inversion (59, 166).

4.1.3. Gene expansions. While behavioral diversity due to supergenes acts within species,
a major source of evolutionary divergence among species is large-scale gene expansion. Gene
duplication can relax selective constraint on one of the copies and allow the gain of novel
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functionality (neofunctionalization) from new mutations in paralogs. Across species, large ex-
pansions or contractions of gene repertoires can shape species-specific behavior. There are
many well-documented expansions of sensory gene repertoires, suggesting that sensory gene
evolution has been a steadfast process powering behavioral evolution. Sensory gene radiation
across mammals has occurred to the greatest extent in olfactory and vomeronasal receptors (110,
158). Because of combinatorial olfactory perception for most odorants—a regime under which
individual receptors participate in the detection of specific odors but are neither necessary nor
sufficient—olfactory genes may be particularly mutable across deep evolutionary timescales and
can be prime sources of genetic variation affecting behavior.

Hundreds of gains and losses of OR genes have occurred across different lineages of reptiles
and mammals (110). For example, primates have fewer than 400 functional OR genes, while dogs
and rodents have two and three times as many OR genes, respectively. Variation in the number
of functional OR genes among different lineages appears to be driven by ecological adaptation.
In birds and reptiles, for example, patterns of OR expansion correlate with the ecological re-
quirements of the lineage. In diverse bird species, specific OR family expansions coincide with
aquatic adaptations (water birds), vocal learning, and land specialization (73). The expansion of
ORS5, ORS, and ORY occurred in both predatory birds and alligators, suggesting an adaptive role
for those genes in carnivory (73). Surprisingly, large expansions of these genes are actually linked
to herbivory in mammals (62). Though neutral evolutionary processes likely contribute somewhat
to the rapid duplication and pseudogenization of ORs (109), it has been shown that ORs in great
apes are under selective constraints (44). Furthermore, the correlation between OR evolution and
ecological requirements suggests that at least some families of OR genes are likely under positive
selection in diverse animal taxa and that neofunctionalization of ORs may play an important role
in behavioral adaptation.

Aquatic mammals, such as whales, are characterized by a reduction in ORs relative to their
land ancestors, concordant with the evolution of other sensory modalities, such as echolocation
(76, 109). Similarly, a reduction of functional OR genes in primates may be related to their ac-
quisition of three-dimensional color vision (trichromacy) due to adaptive variation in pigments
(called opsins) that allow vision in vertebrates (71). In primates, color vision likely has important
consequences for behaviors such as foraging, mate choice, predator avoidance, and navigation (71).
The most light-sensitive type of opsin—responsible for vision in dimly lit conditions—is the rod
opsin gene rhodopsin (RHI), and most vertebrate taxa possess just a single RHI gene. However,
three deep-sea teleost lineages have independently gained additional copies of RH1 (91, 107), sug-
gesting that these expansions have permitted these lineages to live in the deep sea. The deep-sea
silver spinyfin in particular has expanded its RH1 repertoire to 38 rod opsins, the largest num-
ber known in any vertebrate (107). Protein regeneration and simulation have shown that these
spinyfin RH1s are tuned to a wide range of light wavelengths that encompass the biolumines-
cence spectrum of the deep sea, suggesting this expansion may allow spinyfins to better perceive
bioluminescent signals important for adaptation.

Vomeronasal receptors that bind pheromones are also among the fastest-evolving genes in
mammals and have gone through huge expansions in some species of rodents and loss of all func-
tional genes in catarrhine primates and dogs (159, 161). Mice have not only more than 1,000 ORs
but also more than 350 vomeronasal receptors (V1Rs and V2Rs) that allow specialized olfaction
of pheromones essential for regulating social behaviors such as mating, parenting, and aggression
(74, 152). The Lake Victoria cichlid fish Haplochromis chilotes also has an expanded repertoire of
vomeronasal type II receptor-like genes (O/fC genes), which has been suggested to contribute to
its extraordinary feeding behavior diversification by allowing for the detection of a wide range of
amino acids (111).

www.annualreviews.org « How Natural Genetic Variation Shapes Bebavior

451



452

4.2. Sources of Variation Contributing to Behavior

Genetic variation fundamentally arises through mutation and spreads within and between popu-
lations through migration and mating. New mutations, standing genetic variation, and gene flow
between populations and species are important sources of variation that contribute to behavioral
evolution.

4.2.1. New mutations. The ultimate source of genetic variation is new mutations. While most
mutations are deleterious and disappear quickly, some are maintained in the population at low
frequencies. A third, rare outcome is the selective sweep, whereby a beneficial mutation spreads
rapidly due to positive selection. A classic example of a selective sweep of a behavior-modulating
variant is the spread of lactase persistence alleles in Europeans (Section 3.3). These alleles were
not detected in ancient DNA samples from early Neolithic Europeans, suggesting that they arose
recently (19). In horses, a mutation in the gene DMRT3, encoding a transcription factor that
affects the differentiation of spinal cord interneurons, likely arose within the last 10,000 years
(133). While most horses with the ancestral DMRT?3 allele have a limited locomotive repertoire
(walk, trot, or gallop), horses containing this recent variant of DMRT3 exhibit unusual gaited
locomotive patterns (2). This variant was artificially selected for by humans, presumably based on
its interesting effect on horse locomotion, producing tens of gaited horse breeds that exist today.

4.2.2. Standing genetic variation. Selection can alter the allele frequencies of either new mu-
tations or preexisting genetic variation in the population. Standing genetic variants may persist at
low frequencies in the population in the absence of selection and then segregate at intermediate
frequencies in response to soft sweeps, genetic drift, or balancing selection. Due to cryptic genetic
variation, variants that confer small or no phenotypic effects in particular environments can allow
for behavioral adaptation when environments change (115).

Selection on standing genetic variation underlies variation in schooling behavior between ma-
rine and freshwater stickleback fishes. Sticklebacks from marine populations overwhelmingly carry
the ancestral allele of the gene Eda, but the alternate allele persists in the population at low
frequencies and has repeatedly become fixed in many independent populations that have colo-
nized freshwater habitats (24). Marine and freshwater sticklebacks differ in various aspects of their
schooling behavior, including the angles of their bodies during schooling. Differences in this body
position map to variation at the Eda locus (52), and follow-up transgenic experiments confirmed
the functional effect of Eda expression on schooling behavior variation (51).

It has been argued that soft sweeps on standing genetic variation are more common in human
adaptation (including behavioral adaptation) than hard sweeps following new beneficial muta-
tions (127). For example, the PDE10A allele that increases spleen size and helps breath-holding
diving in the Bajau is present in 37% of Bajau people but less than 7% of people in closely related
populations (63). In humans, genes involved in central nervous system development appear to be
particularly enriched for adaptation from standing genetic variation (127).

4.2.3. Gene flow and adaptive introgression. Hybridization with other populations or other
species can also introduce genetic variation that affects behavior. Neanderthals and Denisovans
colonized Europe and Asia hundreds of thousands of years before modern humans left Africa (56).
When modern humans expanded out of Africa, they mixed with Neanderthals and Denisovans,
and gene flow from those archaic humans provided modern humans with genetic variants that
facilitated their adaptation to their new environments. For example, the EPASI gene in Tibetans,
which now permits high-altitude living (Section 3.3), was introgressed from Denisovans (61).
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Present-day Europeans also bear genomic signatures of gene flow with Neanderthals, and
introgressed Neanderthal DNA affects many behavioral traits, including sleeping patterns, mood,
and smoking (31).

4.3. Maintenance of Behavioral Variation Within Species

Evolutionary processes, including stabilizing selection and purifying selection, tend to reduce ge-
netic variation in populations over time. Alternatively, balancing selection and selfish genetic ele-
ments are two mechanisms by which genetic variation can be maintained within populations and
species.

4.3.1. Balancing selection. Local adaptation of populations to different environments can give
rise to multiple behavioral strategies that are maintained in the species as a whole by balancing
selection (88). Because behavior is particularly adaptable to local environments (Section 5.1), bal-
ancing selection may affect behavior more than it affects other traits. Indeed, genome-wide scans
in Drosophila have identified an enrichment of neuronal genes under balancing selection, includ-
ing genes involved in sensory perception, olfactory behavior, aggression, circadian behaviors, and
neurodevelopment (25, 30).

Variation affecting the brain expression pattern of the neuropeptide vasopressin receptor gene
Avprla modulates social and mating behaviors in different species of voles (Section 3.2). Moreover,
multiple alleles of the Avprla gene are actively maintained within populations of the prairie vole
(Microtus ochrogaster) by balancing selection (113). While male prairie voles are socially monog-
amous, they are not sexually exclusive: Extrapair copulations are common, though the degree of
sexual infidelity varies among individuals (114). Innate variation in this behavior likely reflects
a fitness trade-off between paternity gained from mating with multiple partners and paternity
lost from poor mate guarding. Alleles within and near the Avprla gene affect its expression in
the retrosplenial cortex (a brain region), and this variation in expression influences the degree of
male sexual fidelity (113). Therefore, multiple Avprla alleles that cause specific levels of neural
expression drive population-level variation in mating behavior. Allele frequencies of SNPs af-
fecting Auprla expression were highly skewed toward an excess of intermediate frequencies, sug-
gesting that these variants are actively maintained in the population through balancing selection
(113).

Similarly, the length of microsatellites in regulatory regions of Avprla and the oxytocin recep-
tor (Oxtr) in the bank vole (Myodes glareolus) influences the expression of these genes in the brain,
leading to intraspecific differences in social behavior (94). Polymorphisms in the length of the
Avprla microsatellite are maintained through balancing selection, as the fitness of each genotype
depends on both population density and sex (94).

Balancing selection is also characteristic of several genes that modulate foraging behavior in
C. elegans. In these animals, the G protein—coupled receptor SRX-43 detects pheromones that
signal population density and subsequently suppresses foraging behavior (49); however, some in-
dividuals possess genetic variants that lower the sensitivity of SRX-43, and these worms tend to
continue foraging even at high population densities. Polymorphisms affecting SRX-43 sensitivity
therefore give rise to two foraging strategies that have different fitness effects in different environ-
ments, suggesting that they are maintained by balancing selection. Worms with high sensitivity
to pheromones that bind SRX-43 have a competitive advantage over worms with low sensitivity
in food-limited environments, but this advantage disappears in environments with patchy food,
where the exploratory low-sensitivity worms are better able to find food patches and thus outper-
form high-sensitivity worms (49, 50).
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4.3.2. Selfish genetic elements. Selfish genetic elements exploit a range of molecular tactics
to bias their own transmission, including segregation distortion, transposition, and male steril-
ity. Interestingly, selfish genes and chromosomes can also ensure their transmission by altering
behavior.

The selfish motivation of sex chromosomes can favor the evolution of behaviors that promote
their own transmission. In some animal taxa, including Lepidoptera, birds, and some fish and
reptiles, a ZW chromosome system determines the sex of offspring. In this system, the W chro-
mosome is inherited only by females, as females carry one copy of the Z chromosome and one
copy of the W chromosome, while males carry two copies of the Z chromosome. Recent theo-
retical models suggest that the selfish evolutionary interest of the W chromosome can drive the
evolution of female mating preferences for harmful male traits, such as sexually selected ornamen-
tal handicaps and even male parental care (106), therefore reducing the fitness of male offspring
while comparatively increasing that of female offspring and improving selfish transmission of W
chromosomes to females.

Behavior can evolve as a strategy to resolve intragenomic conflict. Some natural populations of
the wild house mouse (Mus musculus domesticus) carry a selfish genetic element called the ¢ haplo-
type. This 40-Mb haplotype, which is linked by inversions, induces the death of non- sperm, thus
promoting its inheritance to future generations (97, 131). However, the ¢ haplotype is homozy-
gous lethal (37), so its fitness declines as its frequency increases in the population and it cannot
sweep to fixation. Male ¢ heterozygotes are also poor sperm competitors (136); therefore, the
t haplotype is most fit in smaller populations, where multiple copulation by females (polyandry)
is more limited. Theory and modeling suggest that the # haplotype should be selected to increase
migration propensity away from natal populations and thus increase its chance of transmission
in smaller satellite populations where ¢ frequency is low (126). Measurements in the field have
shown that the emigration propensity of ¢ carriers is indeed higher than it is in mice that do not
carry the ¢ haplotype (126), suggesting that either the 7 haplotype itself contains elements that
promote emigration or the rest of the genome has evolved a behavioral resolution to genetic
conflict.

5. CONCLUSIONS
5.1. The Evolvability of Behavior

Is behavior more evolutionarily labile than other traits? Phylogenetic patterns across species in-
deed suggest that behavior may be particularly evolvable (15). For example, in primates, the phylo-
genetic signal—the conservation of a trait among lineages across evolutionary time—is typically
lower for behavioral traits such as diet choice, sociability, and foraging patterns than for mor-
phological and life-history traits (68). A phylogeny of Polyrbachis ants contains many evolutionary
transitions of highly intricate social nest-weaving behavior (123), suggesting that even complex
behaviors can readily evolve in different species.

Sensory receptors are encoded by some of the most evolutionarily labile genes in the animal
kingdom (Sections 3.1 and 4.1.3), perhaps allowing for rapid evolution of signal perception while
bypassing potential negative pleiotropy of genetic change to higher-order circuits. The types of
natural genetic variation that affect behavior are nonetheless incredibly diverse: An individual be-
havior may be modulated by many types of genes either inside or outside of the nervous system
(Section 3). However, certain systems may be more adaptable than others, promoting evolution-
ary parallelism (Section 3.4). Population-level mechanisms that maintain genetic diversity can
provide the variation necessary for rapid evolution. In particular, balancing selection likely plays
an essential role in maintaining behavioral variation by preserving multiple alleles in a species
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(Section 4.3.1). Furthermore, standing and cryptic genetic diversity provides an adaptive substrate
for selection when environmental pressures change (Section 4.2.2).

5.2. Emerging Patterns and Outstanding Questions

There is an extraordinary diversity of behavior across the animal kingdom, and we still have much
to learn about the genetic contributions to such diversity. However, a few general patterns are
beginning to emerge. In general, many genes and many genetic variants contribute to specific
behaviors, and these variants can affect gene regulation or protein sequence. Tentatively, protein-
coding changes appear to be enriched in genes that interact with environmental molecules to
modulate behavior, such as those encoding sensory receptors and enzymes. Furthermore, there
are many examples of genetic variation affecting sensory systems, but it is not yet clear whether
this represents a primary source of adaptation or is merely a system where genetic effects can be
more easily detected or dissected.

An important remaining question is to what extent the genetic architecture of behavior differs
from those of nonbehavioral traits. Unlike other quantitative traits, such as metabolite concentra-
tions or gene-expression levels, behavioral traits are not discrete molecules that can be measured,
but are rather more arbitrary constructs whose magnitude and scale depend on how they are de-
fined and measured. Thus, it is difficult to quantitatively compare the number and effect size of
loci associated with behavior with those of other traits. Qualitatively, however, the genetic archi-
tecture of behavior appears to be similar to those of other traits: Multiple loci of small effects
usually contribute to variation in behavior within species and among closely related species.

On the other hand, emerging evidence suggests that balancing selection is a particularly im-
portant evolutionary force shaping the function of the brain and behavioral patterns compared
with other traits (25, 30). In addition, certain molecular events, such as large-scale changes in
particular classes of genes and the contribution of supergenes, appear to be particularly promi-
nent in behavioral evolution. How these forces and molecular mechanisms constrain or facilitate
behavioral evolution remains an open question.

5.3. The Future of Behavioral Genetics

Whereas genetic mapping approaches have yielded many loci linked to behavioral traits, a pressing
issue in behavioral genetics is how to identify the genes affected by the variants linked to behav-
ioral variation. A common approach is to assume that the gene closest to the peak of linkage or
association is the causative (quantitative trait) gene. Benchmarking using well-curated molecular
traits indicates that 70% of causative genes are closest to peaks of association in GWASs (132),
but this proximity might be lower for behavioral traits because neuronal genes tend to have highly
elaborate regulatory mechanisms (33, 150). Thus, other lines of evidence are necessary to impli-
cate specific genes in trait variation. The gold standard is the reciprocal hemizygosity test (134),
but this test is difficult to perform in animals that lack powerful genetic tools.

With the increasing number of behavioral GWASs in humans and the development of poly-
genic scores to predict traits, some might be tempted to use such scores to study the genetic
bases of behavioral differences among populations. However, because of gene—gene and gene-
environment/culture interactions, population stratification, and lack of knowledge about causal
variants (in most cases we know only of associated haplotypes in specific populations), translating
polygenic scores estimated in one population to another is highly problematic (26).

Convincing cases of genetic contributions to differences in behavior between human popula-
tions have identified peaks of genetic differentiation (e.g., 63, 154). These studies also find evidence
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that variation in the trait within a population is associated with polymorphisms within these peaks
of genetic differentiation that fall near genes implicating specific biological functions (63). These
three pillars—loci strongly differentiated among populations of interest, association of loci with
behavior within populations, and functional evidence supporting links between variants or genes
and behavior—are good guideposts for future population-genetics-based studies in humans and
other species.

Our knowledge of behavioral variation has been historically limited to select groups (i.e., to
laboratory model species or, in human genetics, to European populations). However, novel and
low-cost technologies now allow geneticists to study essentially any species, which can help to
answer questions about preferred targets of behavioral diversity (parallelism) and to discover new
genes that affect behavior. New methods for gene editing in nonmodel organisms may also advance
our understanding of the biological mechanisms underlying variation in behavior. Expanding ge-
netic analyses of behavior to other human populations will have substantial impacts on psychiatric
genetics and on public health throughout the world.
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