Plasticity

The ability of nervous systems
to change molecularly,
physiologically or anatomically
based on experience.

Evolvability

The ability of organisms to
respond to selective pressures
with adaptive genetic changes.
By analogy, a gene’s
propensity to acquire adaptive
mutations under selective
pressures. Among other
properties, evolvability is
affected by the mutation rate,
directed mutation, the degree
of pleiotropy and epistasis and
system robustness.
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Genetic contributions to
behavioural diversity at the
gene—environment interface

Andres Bendesky and Cornelia I. Bargmann

Abstract | Recent work on behavioural variation within and between species has furthered
our understanding of the genetic architecture of behavioural traits, the identities of
relevant genes and the ways in which genetic variants affect neuronal circuits to modify

behaviour. Here we review our understanding of the genetics of natural behavioural
variation in non-human animals and highlight the implications of these findings for human
genetics. We suggest that gene—environment interactions are central to natural genetic
variation in behaviour and that genes affecting neuromodulatory pathways and sensory
processing are preferred sites of naturally occurring mutations.

“All animals are equal but some animals are more
equal than others.” George Orwell

The word ‘behaviour’ refers to all observable actions
of animals, including humans, ranging from simple
reflex actions to complex behavioural sequences or pat-
terns (BOX 1). A single behaviour represents a combined
response to external stimuli and internal motivational
states, as interpreted by the brain and modified by prior
experience. Genetic systems that underlie sensory pro-
cessing, emotion and motivation, neuronal development
and plasticity are all essential for generating behaviours;
these genetic programs vary between and within species,
giving rise to behavioural diversity.

Many single-gene mutations that affect animal
behaviours have been identified through classical genetic
screens and knockout mutants, and single-gene muta-
tions can affect human behaviours as well. A notable
example of the universality and specificity of single
behavioural genes is provided by the period gene and
other genes that regulate circadian behaviours; these
were first identified through induced mutations in
Drosophila melanogaster' and were then found to be
mutated in humans with advanced sleep phase syn-
drome (ASPS), a rare single-gene circadian disorder?”’.
Other rare human mutations of large effect can give rise
to specific syndromes, such as overeating and obesity
(caused by mutations affecting the leptin receptor)* and
narcolepsy with cataplexy (caused by mutations in hypo-
cretin)®. In agreement with the idea that behavioural
genes can have conserved functions in animals and

humans, these genes were originally identified through
mutations in mice and dogs®®. Despite these striking
examples, however, most common genetic variation in
human and animal behaviour cannot be explained by
known single-gene mutations.

In this Review, we present a current understanding of
common genetic variation that gives rise to behavioural
diversity. We describe conceptual insights and molecu-
lar discoveries from studies of genetic variation within
species and between closely related species. Recent tech-
nological advances that are driven by genome sequenc-
ing allow the identification of genetic markers in any
species, including humans; these methods, coupled with
high-throughput genotyping, are facilitating advances in
genetic mapping of behavioural traits. We first describe
the evidence for a complex genetic architecture for most
behavioural traits and then describe representative stud-
ies that move from a behaviour to specific molecules.
Gene-environment interactions are an essential theme
of behavioural genetics, and we use specific examples
to show how the gene-environment interface illumi-
nates the nature of behavioural variation. The next step
for the field is understanding how the brain translates
genetic changes into behaviour, and initial examples
have taken steps in this direction. Finally, we argue that
certain gene classes, including sensory genes and genes
that affect neuromodulatory systems, are dispropor-
tionately associated with variation in behaviour because
of their evolvability. We discuss these ideas in the context of
balancing selection that shapes and maintains behavioural
variation in nature.
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Balancing selection
Selection that maintains trait
variation. Two alleles can be
balanced if a heterozygote is
more successful than either
homozygote, if each of the
two alleles is better-adapted
to one of two alternative
environments or if each allele
promotes a different, but
equally successful, survival
strategy in the same
environment.

Ethological approach

The study of animal behaviours
motivated by their observation
in nature.

Genetic architecture

The number, frequency, effect
size, dominance relationship
and interactions of genetic
variants that affect a trait in
populations of a species.

Linkage-based mapping

A genetic mapping technique
that uses pedigree information
and genetic markers to link a
trait to a genomic location.

QTL mapping

QTL mapping of progeny
from an intercross measures
the correlation between trait
values and DNA markers
across the genome and
infers the number of loci
that affect the trait, their
location and the contribution
of each locus to the total
trait variance.

Genetic association

A population-based mapping
technique that measures the
correlation between a DNA
polymorphism and a trait.

Recombinant inbred lines
(RILs). Strains that are derived
from crosses between two or
more parental strains, followed
by recombination of
chromosomes and inbreeding
to homozygosity. Typically, RILs
are carefully genotyped at
many loci. A panel of RILs can
be a stable resource for QTL
mapping.

Box 1| The nature of behaviour and challenges in the study of behaviour

Feeding behaviour Eating

Defensive behaviour Escape
Habitat selection
Reproductive behaviour Mating

Other social interaction Aggregation

are crucial to the genetic analysis of behaviour.

behavioural assays that are both specific and sensitive.

A complex genetic basis for behavioural traits
A genetic contribution to behavioural variation has long
been recognized both in animals and in humans. The
strongest evidence for genetic effects on human behav-
iour comes from twin and adoption studies that demon-
strate correlations between genetic relatedness and the
risk for psychiatric disorders (BOX 2). To move from this
general insight to a molecular basis of behavioural trait
variation, one must first define the genetic architecture
of a trait and then map the genes. For most laboratory
organisms, linkage-based mapping techniques, such as
QTL mapping, are used. In outbred populations, such
as humans and wild animals, there is also the option of
using genetic association approaches, provided that many
individuals and genetic markers can be examined (for
example, genome-wide association studies (GWASs)).
In general, behavioural mapping methods are similar to
those used for non-behavioural traits, but special care
must be taken to minimize measurement noise (BOX 1).

QTL mapping of behaviours. QTL analysis between
inbred strains (FIC. 1) has been used to map trait dif-
ferences in: learning, fear, anxiety, circadian rhythm,
responses to addictive drugs and activity levels in mice;
fear, anxiety and responses to addictive drugs in rats; and

Simple component

Chemotaxis or thermotaxis

Complex pattern or sequence
Food selection and preference
Behavioural suppression, hiding
Nest building, exploration
Courtship song or dance

Territorial defence, migration

Behaviours can be divided into different categories based on their complexity or their purpose. A classical ethological
approach might classify behaviours based on whether they are related to food acquisition, predator avoidance, habitat
selection, reproduction or other social interactions (see the table for examples of each class). A neurobiological
approach might classify behaviours based on the extent to which they are learned or based on the anatomical brain
systems involved; this analysis would be orthogonal to the ethological one.

A typical behaviour involves a set of connected actions that take place over a period of time. One example would be
the immediate withdrawal of a paw from a hot surface, a rapid retreat from the area and licking of the paw, followed by
long-term avoidance of the area. A sequence of behavioural actions is rarely as stereotyped as suggested by this
example, however, and even simple animals show a range of actions and sequences during a behaviour such as escape,
mating or grooming. To capture this variability, over the past decade, the analysis of animal behaviour has become
more sophisticated with the increasing use of high-throughput automated systems for behavioural monitoring
combined with statistical analysis of behavioural events!!®*'8, These tools are particularly useful for genetic analysis,
for which quantitative data must be gathered for many individuals. Careful and accurate behavioural measurements

The special challenge in understanding behaviour is that external and internal variables affecting behaviour change over
time, and a common response is only expected when all variables are held constant. As a result, gene-environment
interactions are prominent features of behavioural variation. Variation is a property of many biological systems, but an
animal’s morphology is much more stable over time than its behaviour. Variation is essential to behaviour, not peripheral.

Although behavioural variation is conceptually interesting, it generates challenges both intellectually and
technically. Natural behavioural variation exists on a continuum, and genetic variants change the probability of certain
behaviours in a quantitative way, not a qualitative way. To complicate the issue, behavioural measurements can
substantially differ between laboratories, even when care is taken to standardize every aspect of an experiment'*°.
Even within a laboratory, anxiety measurements in mice are strongly influenced by the person handling the animals'?°.
Moreover, even when all variables are held constant, a behavioural response is often probabilistic (which might have a
selective advantage) rather than deterministic'?'. With these factors in mind, it is clear why it is an art to develop

olfactory behaviour, mating behaviour and locomotor
reactivity in D. melanogaster °'2. The advantage of QTL
mapping using defined crosses is that a sufficiently large
collection of F2 generation animals or recombinant inbred
lines (RILs) allows each locus to be tested rigorously and
can detect genetic interactions (epistasis). The disadvan-
tage is that discovery is limited to those alleles that vary
between the two starting strains.

A modified QTL approach that is directed at captur-
ing broader population variation starts from a pool of
parental strains, not just two strains. In D. melanogaster,
a collection of wild flies from the Raleigh Farmers’
Market, North Carolina, United States, has been used
to generate 192 inbred lines representing broader
genetic variations from wild populations (see the
Drosophila Genetic Reference Panel website). In mice,
a Collaborative Cross has been structured to capture
variation from eight different mouse strains in a pool
of recombinant inbred lines'®. In all QTL crosses, estab-
lishing stable inbred strains that can be genotyped once
and then tested for many phenotypic traits provides an
immense increase in experimental power; such carefully
constructed strains exist for Caenorhabditis elegans',
D. melanogaster (see the Drosophila Genetic Reference
Panel website) and mice®.
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Box 2 | The genetics of human psychiatric disease: observations and mysteries

The relatives of psychiatric patients have an elevated risk of similar disorders, and the
degree of risk correlates with the degree of genetic relatedness. The monozygotic
twin of a schizophrenic patient has about a 50% risk of schizophrenia'??, which
represents an enormous increase over the population risk of ~1%; however, the fact
that the risk in monozygotic twins is less than 100% demonstrates the existence of
non-genetic components. By the same formulation, an affected monozygotic twin
with a disorder predicts a ~60% risk for autism'?32* and a ~40% risk for bipolar
disease!*'?" anxiety disorders'?® or depression'?**3°,

A puzzling aspect of these studies appears when the risk to first-degree relatives is
examined (dizygotic twins, other siblings, parents and children of affected individuals).
For anxiety and depression, the risk to these individuals is about half that of the
monozygotic twin'?#12130 This relationship matches theories of additive variation, in
which multiple alleles act independently of one another to influence risk. In autism,
schizophrenia and bipolar disorder, however, the risk to first-degree relatives is much

lower than half that of the monozygotic twin

1222121 For these disorders, the genetic risk

may reflect new mutations and combinations of risk alleles with nonlinear interactions.
In addition, dizygotic twins have a higher risk than other first-degree relatives, an
observation that might reflect prenatal environment or other developmental risk
factors. Genome-wide association studies indicate that common genetic variants
contribute to the risk of schizophrenia and bipolar disorder but that such variants are
less important than they are in other complex non-psychiatric diseases'**-*** (but also
see REF. 135 for an alternative viewpoint).

An unknown but growing fraction of schizophrenia and autism cases is associated
with de novo mutations or rare transmitted mutations, often copy number variants
(CNVs), which can cause a large increase in risk!**%2. Each identified high-risk variant
is present in at most 1% of patients, indicating that one disease can result from
hundreds of different genetic causes. In other words, autism may not be a single,
relatively common disorder; it may represent 100 rare disorders. Adding to this
complexity, several SNPs and a rare single-gene risk factor (disrupted in schizophrenia 1
(DISC1)) increase risk for both schizophrenia and bipolar disorder, suggesting that
shared genetic factors influence multiple disorders!?132143:144 These results suggest
that genetic causality and heterogeneity will challenge the existing classification
categories for psychiatric disorders.

Emotionality

A set of fear- and
anxiety-related behaviours,
such as avoidance of exposed
areas and inhibition of
movement after foot shock.

Introgression strains
Strains into which defined
DNA segments have been
introduced from a different
strain background through
backcrossing. The introduced
segments can be full
chromosomes, as

in chromosome substitution
strains (CSSs) or smaller
chromosomal intervals,

as in congenics.

QTL approaches in rodents and flies unambiguously
show that the genetic architecture of behavioural traits is
complex. For example, a mouse QTL analysis of a single
pair of inbred strains led to the identification of at least
16 distinct emotionality loci'®. Moreover, a different set
of QTLs was found for the same emotionality behaviour
in different strains of mice'. Similar results from studies
of locomotor activity and aggression in D. melanogaster
support a similarly complex architecture'>'*. Importantly,
QTLs do not contribute equally to a phenotype. An anal-
ysis of over 200 behavioural QTLs affecting 20 different
traits in mice and rats demonstrated that the effect size of
QTLs is exponentially distributed: ~10% of the QTLs had
large individual effects accounting for 10-20% of trait
variance and a large number of loci contributed increas-
ingly smaller effects'®'®. The traits characterized in this
analysis included motor activity, learning, emotionality
traits and drug-related behaviours.

Linkage studies with introgression strains show large
effects on behaviours. An approach that is complemen-
tary to QTL analysis is analysing introgression strains
(FIC. 1; BOX 3). This approach is particularly powerful
when the whole genome is covered in a panel of chro-
mosome substitution strains (CSSs) or congenic strains;
such panels have been developed in C. elegans'”',
D. melanogaster", rats® and mice* .
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CSSs and congenic strains have been used to charact-
erize fear and anxiety-related traits in mice and, in
agreement with QTL crosses, they indicate that mul-
tiple loci contribute to these behavioural traits**?.
However, individual chromosomes can have large
effects, sometimes accounting for half of the trait dif-
ference between the two parental strains® — a greater
effect than is inferred for any single QTL in classical
QTL mapping. Even more remarkably, many chromo-
somes from a single strain can have large effects, such
that in combination they ‘account’ for more than 100%
of the difference between the two starting strains®. The
larger apparent effect of single chromosomes in a CSS is
partly due to the statistical structure of the experiment.
A QTL cross with multiple segregating loci is used to
explain the segregating variance in a trait, which must
add up to 100%. By contrast, studies of CSSs describe
the effect of a genetic region on the mean trait value and
more closely match the intuitive concept of effect size.
In addition, QTL analysis detects the average effect of
a variant across many different genetic backgrounds,
including those in which epistatic interactions obscure
the effects of the QTL, whereas chromosome substitu-
tion interrogates the variant in a single background.
Many genetic effects are background-dependent; for
example, the viability of certain gene knockouts in
mice and yeast varies by strain®”*. Epistatic interac-
tions among behavioural QTLs are well-recognized and
have been detected in courtship, foraging, locomotion,
learning and aggressive behaviours in insects'>*-*!, in
exploratory behaviour in nematodes™ and in fear and
anxiety traits in mice®.

Lessons for human behaviour. Based on animal studies,
we expect any individual human behavioural trait to
be affected by many different genetic variants. Across
the entire population, individual variants are likely to
have small to moderate effect sizes. However, the intro-
gression strain results imply that in any single genetic
background, a particular genetic variant may have a
large effect that is lost when averaging over entire popu-
lations, because epistasis can decrease the impact of a
variant in some individuals. At a practical level, this
conclusion suggests that studies combining family-
based designs with GWAS or sequencing approaches will
help in finding causative genetic variants®*. GWASs can
detect many variants but, like QTL studies, the effect size
of the variants will be diluted by genetic heterogeneity in
the population. Human families are not as inbred as CSS
strains, but their genetic backgrounds are considerably
less heterogeneous than those of whole populations.

From behaviour to genes

Hundreds of QTLs that affect animal behaviour have
been detected in genetic crosses, but the specific genes
and gene variants that correspond to the QTL are just
beginning to emerge from focused mapping approaches
(described in BOX 3 and FIG. 2). The reduced cost of
genome sequencing and the existence of well-character-
ized mapping strains are tools that should enable gene
identification of many QTLs. The number of QTLs that
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Figure 1| Strategies for linkage-based mapping. The parental strains, called Hi and Lo in this example, can be
wild-type strains that differ in the trait of interest (part a, top left) or strains that were selectively bred to differ in the
trait, starting from a heterogeneous population (part a, top right). Three pairs of chromosomes (numbered 1-3) from
the hypothetical Hi and Lo diploid individuals are shown in orange and blue, respectively. In this example, there are
two additive QTLs, one of large effect on chromosome 1, with a dominant Lo allele, and another of small effect on
chromosome 3, with a recessive Lo allele. Characterizing recombinant inbred lines (RILs) or the F2 generation (first and
second rows, respectively, part b) identifies both QTLs (indicated by asterisks in all rows in part c). F2 gives information
about the dominance of the QTLs, but RILs provide better resolution. Mapping with a backcross (BC1; third row, part b)
can only identify QTLs that are recessive in the parental strain used for the backcross — Hi in this example. Only three
strains for the RIL, F2 and BC1 are shown, but usually dozens to hundreds are used. Chromosome substitution strains
(CSSs; fourth row, part b) identify both QTLs but give no indication of their location within the chromosome or their
dominance. Arrows with circles indicate repeated crosses of the same type. lod, logarithm of the odds ratio.

have been definitely assigned to specific genes remains
low, but encouraging initial results suggest that behav-
ioural genes that have been identified through unbiased
approaches can have conserved functions, leading to
new insights into behaviour. Some illustrative examples
are described below.

The first mapped behavioural gene, foraging, is con-
served across species. D. melanogaster larvae fall into two
groups based on their foraging strategy: rovers (which
make up ~70% of the population) and sitters. Rovers
travel greater distances in the presence of food, disperse
more readily between food patches and pupate farther
from the food supply than sitters do***. D. melanogaster
larval foraging was the first naturally varying behaviour
to be mapped to a specific gene of major effect, foraging
(for)***¥, which encodes the conserved cGMP-regulated
protein kinase G (PKG). Rovers have more for mRNA
in their brain than sitters and higher PKG activity?,
suggesting that the rover allele is a high-activity allele.
Among the targets of PKG regulation are ion channels
that regulate neuronal excitability*.

The discovery of for in flies led to the realization that
PKG is a prominent regulator of invertebrate behaviour.

For example, young adult honeybees engage in nurs-
ing activities in the hive, and older honeybees become
foragers that leave the hive to retrieve food. Transcript
levels and activity of the bee for orthologue are higher in
foragers than in nurses, and stimulation of PKG activ-
ity with cGMP analogues can induce premature forag-
ing behaviours in young bees®. These results suggest
that developmental regulation of PKG in an individual
honeybee modifies its behaviour. Another insect spe-
cies in which different behavioural forms vary in PKG
activity is the red harvester ant, in which the for ortho-
logue is expressed at lower levels in foragers than in
nest workers (the opposite pattern from honeybees)*.
The influence of PKG on behavioural variation extends
to a nematode worm, Pristionchus pacificus, which is
attracted to insect hosts by their pheromones. Natural
variation in P, pacificus responses to insect pheromones
maps to egg laying defective 4 (egl-4), a homologue of the
for gene*’. These results show that PKG is a hotspot for
different kinds of variation: genetic variation in PKG
distinguishes different flies and nematodes, and stage-
or caste-specific PKG modulation affects behaviour
in individual honeybees and ants. Evidence for other
behavioural ‘hotspot’ genes is addressed below.
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Box 3 | Functional validation of quantitative trait genes and nucleotides

From QTLs to genes
The strategy for moving from a QTL to a gene depends on the organism and
on the complexity of the trait. One strategy is introgression, in which
progressively smaller regions spanning a QTL are crossed into a recipient
genetic background until a single gene or variant can be defined (gene a in
the example, shown with a dominant Lo allele; gene b is included for
reference). Panels Aa and Ab show small genomic regions from the Lo
background strain (blue) introgressed into the Hi background strain (orange)
in genome-tagged strains (GTS1-4, panel Aa) and backcross (BC1-4) lines
(panel Ab). A second strategy is linkage disequilibrium mapping of QTLs in
outbred populations (OB1-4), which relies upon co-segregation of a QTL with
a DNA marker through many recombination events over many generations
(panel Ac). The plot in panel Ac shows gene a falling above a probability
threshold for being associated with a trait. Linkage disequilibrium mapping
is also the basis of genome-wide association studies (GWASs) in humans.
An alternative to fine mapping is searching for mutations in candidate
genes. Many candidate behavioural genes that appeared to be promising
in initial studies have failed to be replicated, however, and the consensus in
the field is that unbiased approaches are necessary. A discovery-based
approach for finding promising genes is genome-wide analysis of gene
expression patterns, which can be combined with linkage approaches and
mutation identification (FIG. 2).

From genes to quantitative trait nucleotides

The ultimate goal of mapping is the identification of the quantitative trait
nucleotide (QTN) that affects the trait, which can be coding changes that
affect a protein or proximal or distant non-coding changes that regulate
gene expression. Specific genetic tests can define the relevance of QTNs
and the affected quantitative trait gene (QTG; gene a in this example,
which has a dominant Lo allele).

A Strategies for fine mapping a QTL

a Genome-tagged strains
(near-isogenic lines or congenics)

b Introgression mapping

Quantitative complementation. The quantitative complementation test,
first described in Drosophila melanogaster'* (explained in detail in
REF. 146), measures the extent to which null mutations complement the
QTL allele with reduced activity (usually the recessive QTL allele). Strains
that carry deletions or null mutations in genes within the QTL are crossed
to both parental strains used for QTL mapping. An interaction between
the QTL and the null mutation suggests that differential activity of the
tested gene gives rise to behavioural variation. A null mutant can fail to
complement because it is allelic to the QTG or because a mutation in
another gene interacts with the QTG. To minimize the effect of
multigenic interactions, advanced quantitative complementation is
performed between strains with near-identical genetic backgrounds**3%88
(panel Ba): for example, by introgressing both the QTL and the null
mutation into one parental strain.

Gain- and loss-of-function tests. Gain-of-function transgenes are usually
introduced into the strain that carries the recessive allele of the QTL, as
the recessive allele typically has reduced activity compared to the
dominant QTL*’ (panel Bb). Transgenes can be made with DNA from both
parental strains®°1%; the expectation is that DNA from the strain with
the dominant QTL will be more potent at affecting the behaviour than
DNA from the recessive strain. If DNA from both strains rescues equally,
the QTG may have been cloned, but the QTN may not be present in the
tested transgene. Loss-of-function experiments in the dominant strain
should provide the reciprocal answer to gain-of-function transgenes in
the recessive strain (panel Bc). For example, RNAi of QTGs should usually
transform the behaviour of the dominant strain in the direction of the
recessive strain®z.

c Linkage disequilibrium mapping
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Quantitative
complementation test

A variant of the classical
genetic complementation test
that measures the interaction
between genetic mutations and
two naturally occurring alleles
to determine whether the
natural alleles are allelic to

the mutants.

a Behaviourally distinct lines

Wild-type strains Selected strains

Hi

Trait value
Trait value

Lo

Lo Hi Generations

!
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Figure 2 | Differential gene expression analysis to
identify genetic pathways mediating variation in
behaviour. Transcript abundance can be compared
between two strains that either differ naturally in a
behaviour of interest (a, left panel) or that are selected to
differ at a trait (a, right panel). The role of genes that vary
in expression between strains (b) can be further explored
by testing mutants in those genes for altered behaviour (c).
In this example, although genes a, b, c and d were
expressed at higher levels in the Lo strain (b), only a null
mutation of d affected the behaviour of the Lo strain (c).
The technique can be applied to behaviourally selected
strains alone or in combination with QTL analysis. This
technique identifies genes with a biological role in
behaviour, but does not identify QTLs per se. The genes
that are differentially expressed in microarrays may be
functional QTLs, or they may be indirect targets of the
underlying genetic processes; linkage or identification of
a mutation would be necessary to show that natural
variation segregates at these loci. This strategy has been
used to define molecular signatures and candidate genes
associated with geotaxis, locomotion and aggression
behaviours in Drosophila melanogaster®4-149,

Mouse emotionality is affected by G protein modulation.
Of the 450 behavioural QTLs that have been detected
in mice (see the Mouse Genome Informatics website),
the first to be compellingly mapped to a specific gene
was regulator of G protein signalling 2 (Rgs2), which
emerged from the studies of emotionality described
above®. Fine mapping of the complex emotionality
trait led to the fragmentation of one strong QTL into
three neighbouring QTLs within the original region,
a phenomenon that is commonly observed in quan-
titative genetics'>*>**~*. Genetic proof that Rgs2 was a
relevant locus for emotionality came from quantitative
complementation tests* (BOX 3).

A knockout mutation of Rgs2 shows high anxiety,
supporting the idea that this gene regulates emotional-
ity*2. Rgs2 and other RGS proteins shorten the duration
of G-protein-coupled receptor (GPCR) signalling by
stimulating GTP hydrolysis to inactivate heterotrimeric
G proteins”. The effect of the Rgs2 knockout on anxiety-
related behaviours suggests that Rgs2 limits signalling of
GPCR pathways that produce anxiety. The nature
of the relevant GPCR might be understood by study-
ing other phenotypes of Rgs2 knockouts, which include
hypertension with evidence of increased sympathetic
function and disruption of angiotensin and vasopressin
GPCR signalling***. Both blood pressure and anxiety
are strongly stress-responsive, suggesting that a common
system regulated by Rgs2 could limit stress responses in
the brain and in peripheral tissues.

Emotionality in mice is a trait with similarities to
human emotional traits, such as anxiety, neuroticism or
emotional stability. This suggests that further analysis
of the mouse trait could shed light on related human
traits®>*!. In support of this idea, the brain regions
involved in mouse emotionality include the amygdala,
which is implicated in human fear-related behaviours®*.

Animal models of human disorders: modelling endo-
phenotypes. A number of animal behavioural genetic
studies attempt to model features of human psychiat-
ric disorders called endophenotypes, which are simpler
markers correlated with the disorder™*. For example, pre-
pulse inhibition — the suppression of an acoustic startle
response by a prior stimulus — is a behaviour that is
often diminished in schizophrenic patients®, and it can
be studied in animals to model aspects of schizophre-
nia®*. A QTL cross between two mouse strains identi-
fied six QTLs that affect prepulse inhibition, as well as a
number of loci that are associated with auditory sensi-
tivity and other general behavioural traits”. One of the
prepulse inhibition QTLs is linked to fatty acid binding
protein 7 (Fabp?7), and a Fabp7 mouse knockout reca-
pitulates the behavioural effect of the QTL. Although
more needs to be done to strengthen the connection, the
Fabp7-targeted mouse has reduced neurogenesis in
the hippocampus, a developmental defect that is poten-
tially consistent with neurodevelopmental defects of
schizophrenic patients.

Endophenotypes are also used as animal models
of drug addiction and related behaviours. In humans,
acute tolerance to the intoxicating effects of alcohol
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Figure 3 | Olfactory receptor gene evolution in primates. Changes in the olfactory receptor gene repertoire in five
primate species, based on cross-genomic comparisons. The common ancestor of primates had at least 551 olfactory
receptor genes (left). Many olfactory receptor genes have been lost along the five branches to modern primates (numbers
of gene losses are shown on each branch). On the right, the number of functional olfactory receptor genes in modern
primate species is shown. Humans have lost 212 of the original 551 olfactory receptor genes (white bars), retained 339
olfactory receptor genes (dark blue bars) and gained 57 olfactory receptor genes through gene duplication and
divergence (light blue bars), giving a current total of 396 genes. The rate of change in human olfactory receptor genes is
similar to the rate in other primate lineages. This figure is modified, with permission, from REF 150 © (2010) Oxford Univ. Press.

partly predicts alcohol addiction, and this endopheno-
type of addiction is easily modelled in animals. Many
QTLs for alcohol tolerance, dependence and withdrawal
have been mapped in rodents, including one tolerance
QTL in rats that is tentatively assigned to the neuro-
peptide Y gene®® and a withdrawal QTL in mice that
probably corresponds to the multiple PDZ (MPDZ)
gene®. Behavioural endophenotypes have the advantage
of being traits that are easy to score. One limitation of
endophenotypes is that they can be as genetically com-
plex as a disease but are only partly correlated with the
disease state.

Genes and the environment

Many behaviours are triggered by sensory cues, and most
are regulated by environmental context. The dichotomy
between genetic regulation (nature) and environmental
regulation (nurture) of behaviour is false: many genes
that affect behaviour do so by affecting an animal’s
detection of, response to or interaction with environ-
mental cues. Examples of each category appear below.

Sensory genes and the environment: variation in chemo-
receptor genes. Animals interact with the environment
through different sensory modalities, and modifica-
tions of these systems appear to be a site of frequent
behavioural adaptations.

Receptors for smell and taste belong to large gene
families and represent the fastest-evolving neuronal
genes in animal genomes, including the human genome
(FIC. 3). Modification of smell and taste receptors can
lead to rapid changes in behaviour, as can be illustrated
by studies of the laboratory adaptation of the nematode
C. elegans. High-density growth of C. elegans in the
laboratory resulted in the deletion of two pheromone
receptor genes that regulate development based on
population density®. Both pheromone receptor genes
were deleted independently in two strains grown at a
high density in different locations. Moreover, a simi-
lar pheromone receptor gene was deleted following
high-density growth of a different nematode species,
Caenorhabditis briggsae®. Thus, a shift in the environ-
ment (in this case, an artificial shift in density) can cause
a repeatable change in the repertoire of chemoreceptor
genes. Another C. elegans chemosensory gene, globin 5
(glb-5), has mutated in association with growth in a
high-oxygen laboratory environment®'. Reduced glb-5
activity in the laboratory strain decreases the animal’s
sensitivity to oxygen®*? and affects other oxygen-
regulated behaviours, such as their tendency to aggregate
with other animals®.

Changes in human chemoreceptor genes are also
associated with specific sensory changes. Human
polymorphism at a taste receptor (TAS2R) leads to
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differences in perception of the bitter substance phe-
nylthiocarbamide®, and polymorphism at the olfac-
tory receptor OR7D4 leads to differences in perception
of androstenone odours®. These variations in sensory
perception alter the ingestion of bitter food® and modify
physiological responses to odorants in human sweat,
respectively®S.

Because there are so many chemoreceptor genes,
each tuned to different chemicals, genetic changes to
these molecules provide a simple path for modifying
specific behaviours without deleterious effects. Variation
in chemoreceptor genes between species that occupy dif-
ferent environmental niches carries this principle to the
next evolutionary level. Substantial shifts in the olfactory
and gustatory receptor repertoire are observed in special-
ist Drosophila sechellia fruit flies that feed exclusively on
the Morinda citrifolia fruit”, and a sweet taste receptor
gene has been lost in carnivorous cats®.

Sensory genes and the environment: variation in other
sensory systems. Visual systems also show evidence of
rapid adaptation within and between animal species.
Changes in the sequence and number of visual opsin
genes, which encode cone photoreceptor proteins, have
occurred repeatedly in vertebrate evolution®. Humans
and old world monkeys have a recent opsin gene dupli-
cation that allows red-green colour discrimination
(reviewed in REF. 70). New world monkeys lack this
duplication but show evidence of intraspecies varia-
tion in colour discrimination: two alleles of a long-to-
middle (L-M) wavelength-sensitive opsin gene on the
X chromosome are maintained by balancing selection,
and females that are heterozygous at this locus are able
to discriminate more colours than hemizygous males or
homozygous females”.

Atahigher level, sensory systems can rapidly remodel
the design or number of sensory organs to change behav-
iour. For example, the tetra fish Astyanax mexicanus
exists in two forms, one sighted and surface-dwelling, the
other blind and cave-dwelling. The loss of sight in cave-
dwelling populations has been accompanied by expanded
cell numbers in the mechanosensory organs of the lateral
line, an adaptation that increases sensitivity to vibrations
from food falling on the water surface”. In humans, genes
that are required in the auditory system show signatures
of positive selection, and it has been speculated that these
changes are related to a sophisticated human ability: the
use of language”. The observation that sensory percep-
tion genes are among the genes that are under the strong-
est positive selection in the human genome’”> supports
the conclusion that sensory genes are a preferred target
of behavioural adaptation.

Genes and the response to environmental cues. An ani-
mal’s sensitivity to environmental cues is determined
not only by its sensory receptors but also by its shift-
ing internal states. For example, hungry animals are
more sensitive to food-related cues and less sensitive
to aversive cues than well-fed animals. This example
describes behavioural variability within one individual,
but the interface between internal and external cues also

represents a site for behavioural variation between indi-
viduals. An example of natural variation at this interface
is an animal’s choice of whether to abandon a depleting
food supply, which is known in behavioural ecology as
the exploration—exploitation decision. In C. elegans,
as in other animals, abandoning a food supply is strongly
modulated by environmental cues, including food
quality, food quantity and animal density””®. It is also
modulated by genetic variation and has been studied
using recombinant inbred lines from two C. elegans
strains that differ in their tendency to leave food'**.
One QTL for the exploration-exploitation behav-
iour corresponds to the G-protein-coupled tyramine
receptor 3 (tyra-3), which is related to vertebrate adrener-
gic receptors. Non-coding polymorphisms in tyra-3 alter
its expression levels in sensory neurons that detect food
cues®® and apparently modulate sensitivity to those
food cues. The effect of tyra-3 is only observed at inter-
mediate food levels — all animals, regardless of the
tyra-3 allele, remain on abundant food and abandon
food that is present at low amounts™. These results show
how genetic variation interacts with the environment to
regulate behaviour: internal arousal states, signalled
through adrenergic receptors, can couple strongly or
weakly (depending on the adrenergic receptor allele)
with a sensory input that modulates behaviour.

The ligand for tyra-3 is tyramine”, one of several
invertebrate neurotransmitters that are related to verte-
brate adrenaline and noradrenaline®. This class of trans-
mitters is linked to arousal states in invertebrates and
vertebrates®. Exploration versus exploitation decisions
in primates are also regulated by noradrenaline release®',
suggesting that these transmitters have broad roles in
decision making.

Genetic variation and the environment act on common
substrates. Another connection between genetic and envi-
ronmental regulation of behaviour is illustrated by studies
of D. melanogaster aggression. Fruit flies defend food
resources or potential mates with attack behaviours such
as lunging and boxing®. The genetic underpinnings of
these behaviours have been analysed by QTL approaches’
and by selective breeding strategies in which the most
aggressive flies in genetically heterogeneous populations
were selectively mated for more than 20 generations®®.
Both approaches found multigenic effects on aggression.
As a way of identifying candidate loci that regulate
aggression, microarray analysis was used to search for
genes that were differentially expressed between highly
aggressive and less aggressive flies derived from selec-
tive breeding or from random inbreeding of wild-derived
populations®-* (FIG. 2). The overall transcriptional dif-
ferences were substantial in the three separate studies,
but the identified gene sets were largely non-overlapping.
A possible explanation for this finding is that outbred
populations are so diverse that multiple independent
combinations of alleles can lead to highly aggressive or
non-aggressive behaviour. Nonetheless, 25 of the differ-
entially expressed genes had effects on aggression when
tested using knockout alleles, supporting the validity of
the candidate transcripts as regulators of behaviour®-*.
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RMG neurons
Caenorhabditis elegans
neurons that are essential for
aggregation and are linked by
electrical synapses to multiple
classes of sensory neurons that
detect oxygen, pheromones,
noxious cues and nutrients.

One informative gene that emerged from the arti-
ficially selected aggressive lines was Cyp6a20, which
encodes one of multiple cytochrome P450 enzymes
in D. melanogaster. Expression of this gene is low in
aggressive strains, and reduced expression is sufficient
for behavioural differences in aggression®’. Cyp6a20
is expressed in olfactory sensory organs, where it may
regulate the responses to pheromones that influence
aggression®. Interestingly, mRNA levels of Cyp6a20 are
reduced in flies that are reared in isolation, which
are more aggressive than socially experienced flies*. This
observation suggests that social experience modulates
aggression by changing Cyp6a20 levels. Thus, Cyp6a20
sits at the intersection of genetic and environmental
influences on behaviour: either a genetic change or an
environmental change that decreases Cyp6a20 expression
leads to increased aggression.

Gene-environment interactions are strongly sup-
ported in humans as well and may form a framework
for understanding many psychiatric disorders and risk
factors. In depression, for example, genetic susceptibil-
ity (having an identical twin who is depressed) interacts
with risk from environmental insults, such as divorce or
death in the family®.

From genes to circuits that affect behaviour

A genetic change that affects behaviour acts in the con-
text of the neural processes that generate the behaviour.
In some cases, such as changes in sensory receptor genes,
this relationship is straightforward. In other cases, study-
ing the behavioural gene can provide new insights into
brain circuits, as illustrated by studies of animal social
behaviour.

From a social gene to a social circuit. Most C. elegans
strains are social feeders that aggregate in the presence
of food. The laboratory strain N2, however, is a solitary
feeder: its low levels of aggregation are associated with a
high-activity allele of a neuropeptide Y receptor homo-
logue, npr-1, which differs from a low-activity (high-
aggregation) allele at a single amino acid residue®.
The high-activity solitary allele arose during labora-
tory cultivation®' and increases fitness in the laboratory
environment®*.

Expression of npr-1 is present in ~10% of C. elegans
neurons, but its influence on aggregation is dominated
by its effects on a single pair of integrating neurons
called RMG neurons”. RMG neurons form electrical syn-
apses with many sensory neurons that stimulate aggre-
gation, suggesting that RMG couples multiple sensory
inputs that drive a common behaviour. The high-activity
npr-1 variant partially uncouples this circuit to diminish
aggregation behaviour without disrupting other impor-
tant roles of the sensory cues. The discovery of this cir-
cuit element via the npr-1 variant shows how genetic
approaches can advance neurobiological studies.

Differential gene expression pattern leads to changes in
behaviour: the case of neuropeptide receptors. Variation
in social behaviour is commonly observed within and
between mammalian species, and here too genetic
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studies have provided fresh insights into the neurobi-
ology of social behaviour. Two related neuropeptides,
oxytocin and arginine vasopressin (AVP), are impor-
tant regulators of mammalian social and reproductive
behaviour®?, and genetic variation in AVP signalling
has been linked to the different social behaviour of
monogamous prairie voles and polygamous montane
voles”~*. Both vole species have functional AVP genes
and functional vasopressin receptor genes, but they dif-
fer in their expression of the vasopressin V1a receptor
(V1aR). A brain region that is involved in the neurobiol-
ogy of reward called the ventral pallidum only expresses
V1aR in monogamous voles® and, remarkably, affiliative
behaviour of polygamous montane voles is substantially
increased by virus-mediated introduction of arginine
vasopressin receptor 1A (Avprla; the gene encoding
V1aR) into the ventral pallidum?. These results impli-
cate differential expression of the V1aR neuropeptide
receptor in the differential organization of social behav-
iours in the two vole species. They also point to the ven-
tral pallidum as a site that can encode rewarding features
of social cues. Little is known about the human circuits
for social behaviour, but the rodent pathways provide a
starting point for further investigation.

Emerging themes in the genetics of behaviour

Is it possible to derive general principles about natural
variation and the evolution of behaviour by analogy with
common principles that have been uncovered in evolu-
tionary developmental biology**? Early signs are promis-
ing. Natural variation in the gene encoding PKG affects
foraging behaviour in both insects and nematodes, and
variation in the period gene affects circadian rhythm
in flies and humans. Other indications of common
themes are not so strongly tied to a single gene, but may
be tied to classes of genes, such as the sensory receptor
genes described above. We suggest that highly evolvable
behavioural genes will be characterized by diversity, as
exemplified by multigene families, and by modular flex-
ibility, which is the ability to easily form new behavioural
connections.

Adaptable neuromodulatory pathways. Several behav-
ioural trait genes are associated with G-protein-coupled
neurotransmitter receptors or their regulators: Rgs2 in
mice, Avprla in voles, and tyra-3 and npr-1 in nema-
todes. In each case, the GPCR system is associated
with internal motivational states — anxiety, affiliation,
arousal or hunger — that set thresholds for behavioural
responses to external stimuli.

We suggest that GPCR pathways are amenable to
natural variation because of their diversity and modular
flexibility. All animal genomes encode dozens of GPCRs
for neuropeptides and for modulatory bioamines that
modify neuronal excitability and synaptic strength.
These modulators are typically not essential for core
neurotransmission and this, coupled with their variety,
leaves room for evolvability. Moreover, neuromodula-
tors can act at a distance and not just at local synapses;
this allows them to broadcast internal motivational or
arousal states. Action at a distance enables the creation
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Stomatogastric ganglion

A part of the crustacean
nervous system that
coordinates digestive tract
movements. It consists of 30
defined neurons and has been
extensively used to study
neural circuit dynamics,
connections and modulation.

of new behavioural links between distant brain areas by
simply modifying the site of receptor expression with-
out requiring growth of new anatomical connections.
In agreement with the hypothesis that neuromodulators
are substrates for behavioural diversity, neuropeptides
and neuropeptide receptor expression patterns evolve
rapidly. Expression of oxytocin and vasopressin recep-
tors is highly variable among rodent species®'*, and
cross-species comparisons of the stomatogastric ganglion
of crustaceans show a near-invariant set of neurons but
a divergence in neuropeptide expression'*>%2,

Genetic variation in GCPRs and other regulators of
neurotransmission has also been suggestively associ-
ated with human behavioural and psychiatric traits. A
cautious view of these results is warranted, as promising
results have often failed to maintain significance upon
meta-analysis'®™%. With that concern in mind, recent
studies have implicated GPCR variants in the risk for
psychiatric disorders: rare microduplications in the vaso-
active intestinal peptide receptor 1 (VIPRI) gene in schiz-
ophrenia'®, a polymorphism in the 5-hydroxytryptamine
(serotonin) receptor 2B (HTR2B) gene in Finns with
severe impulsivity'® and common polymorphisms at
the pituitary adenylate cyclase-activating polypeptide
receptor gene PACI in post-traumatic stress disorder'".

Balancing selection for behavioural traits. Taking a
step back from the specific genes that affect behaviour,
why does behavioural variation persist within a spe-
cies? Genetic variation is generated by mutation and
maintained through drift, population-specific selection
or balancing selection'", and either population-specific or
balancing selection can support variety in behaviours'2.
Emotionality traits in mice are potentially subject to bal-
ancing selection in different environments: a predator-
rich environment may favour animals that are highly
responsive to potentially dangerous stimuli, whereas
a predator-poor environment may relax that selective
pressure and favour bolder animals'’. Foraging activity

is another behavioural axis that is subject to balancing
selection: depending on resource distribution in the
environment, high activity levels that promote explora-
tion may be more or less advantageous than low activ-
ity levels that conserve energy resources. The rover and
sitter alleles of D. melanogaster larvae are maintained in
wild populations by balancing selection of an interest-
ing kind: different alleles are favoured depending on the
density of larvae and the relative frequency of rover and
sitter alleles in the population'*'*>. Density-dependent
selection and frequency-dependent selection are special
cases of balancing selection that are relevant to social
behaviours as well as foraging.

In this analysis, the reproducibility of an animal’s
environment should have predictable effects on its
genetic variability. If an important environmental cue is
entirely reliable, such as the circadian cycle in the tropics,
information about that cue should be encoded by the
genome. If an environmental cue is entirely unreliable,
animals may learn about it from individual experience.
In the intermediate domain, information about food
supply, predators, weather patterns or population density
may be variable or constant, and balancing selection may
encode different degrees of genetic versus experience-
dependent behaviour, accordingly.

Human populations may also be subject to balanc-
ing selection for behavioural adaptations. In that context,
it may be fruitful to consider traits that are frequently
under balancing selection in animals, such as foraging
strategies, activity levels and sensitivity to threat.

Perspective

The analysis of natural variation in behaviour has con-
vincingly shown a complex genetic basis and pervasive
interactions between genetic variants and the envi-
ronment. Current excitement focuses on identifying
more of the molecules that are involved in behavioural
variation and translating these genetic discoveries into
neurobiological and evolutionary insight.
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