
give-PAST-Q
‘Who did John give the book to?’
Within this framework, language acquisition is largely
a matter of setting parameters. A great deal of work on
the acquisition of syntax has drawn on these ideas.
However, some are skeptical. There are two reasons
for this. First, relatively little progress has been made
towards a plausible set of parameters even for the
central or ‘core’ phenomena of syntax, and languages
have a wide range of noncore phenomena, which are
also acquired (Culicover 1999). Second, it is clear that
setting a parameter is a much more complex matter
than it was originally thought to be (Fodor 1998).
Nevertheless the idea remains a potentially important
one.

Other frameworks have been more concerned with
language use. It has been argued that HPSG receives
some support from what is known about human
language processing. HPSG is a constraint-based
framework, in which all rules and principles are on a
par and none takes precedence over any other. Pollard
and Sag (1994, pp. 11–12) argue that this permits an
explanation for some important features of human
language processing. They highlight four features.
First, it is highly incremental in the sense that ‘speakers
are able to assign partial interpretations to partial
utterances.’ Second, it is highly integrative in the sense
that ‘information about the world, the context, and
the topic at hand is skillfully woven together with
linguistic information whenever utterances are suc-
cessfully decoded.’ Third, ‘… there is no one order in
which information is consulted which can be fixed for
all language use situations.’ Finally, it consists of
various kinds of activity: ‘comprehension, production,
translation, playing language games, and the like.’
They argue that these features are unproblematic for
constraint-based grammars but pose serious problems
for other sorts of grammars.

Facts about acquisition and processing are likely to
be of continuing importance for the evaluation of
proposals within generative syntax.

See also: Generative Grammar; Movement Theory
and Constraints in Syntax; Syntax; Syntax–Phon-
ology Interface; Syntax–Semantics Interface
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R. Borsley

Genes and Behavior: Animal Models

Explaining behavior in genetic terms is no small task.
Behavior draws on the activities of a wide range of
genes acting at many different times in an individual’s
life. Model organisms have provided insight into the
role of genes in behavior that have major implications
for humans. Many of the mutations and genetic
variants (alleles) that affect behavior in Drosophila and
mice have proved to be subtle changes in genes that,
when more severely mutated, produce wider ranging
effects. Studies of mutants induced in the laboratory
have identified a variety of genes that affect behavior:
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genes that regulate other genes (transcription factors),
regulatory enzymes (protein kinases), and signaling
molecules in the brain (neuropeptides and receptors).
Their study has made major contributions to our
understanding of biological rhythms, learning, mem-
ory, and social behavior, and has helped explain newer
findings on naturally occurring variants in behavior.

1. Introduction

Unitary explanations for human behavior have a
dismal history in the modern world. Whether econ-
omic, cultural, psychological, or genetic, attempts to
reduce human behavior to a single influence inevitably
fail to give a full account and have often produced
distortions with unfortunate political consequences.
Charting the relationship between genes and behavior
can therefore be a perilous activity. The challenges are
many: the difficulty of defining genetic and nongenetic
factors, the difficulty of understanding the interactions
among these many factors, the many steps that
intervene between the expression of a gene and the
manifestation of a behavior, and the inescapable fact
that each individual is the unique product of a series of
historical accidents. Historical uniqueness also applies
to nonhuman biological individuals. It is a hallmark of
the biological world due to the fact that no particular
combination of genes and experiences is ever repli-
cated exactly in nature.

Studies of genes and behavior in model organisms
offer one way out of this conundrum. To begin with, it
is far easier to control environmental conditions and
genetic heterogeneity in the laboratory, and such
studies are generally undertaken keeping environ-
mental conditions as uniform as possible and genetic
makeup as well defined as possible. But this would be
no help if the phenomena and principles are funda-
mentally different from those of humans. Fortunately,
they appear to be similar by an ever-increasing number
of criteria. One of the most striking outcomes of
modern biology and the sequencing of genomes is the
similarity of genes between distantly related creatures.
The fruit fly Drosophila melanogaster and humans
share a great many of the same genes in common.
Similarly, they share considerable conservation of
metabolic and signaling pathways at the cellular level.
Most strikingly, and most relevant for this discussion,
there is growing evidence for conservation at the level
of behavior and its molecular mechanisms. This has
been shown most convincingly, thus far, for several
behaviors in Drosophila: circadian rhythms (Young
1998), learning and memory (Dubnau and Tully 1998),
and most recently sleep (Greenspan and Ferveur
2000). Thus, there is good reason to believe that the
characteristics, interactions, and contributions of
genes in the behavior of model organisms will provide
important guidelines for how to think about the role of
genes in human behavior.

Traditionally, there have been two separate, and
often hostile, approaches to behavior genetics inmodel
organisms: the measurement and manipulation of
naturally occurring variation in laboratory or wild-
caught strains, and the isolation and manipulation of
newly induced mutations. The former assayed the
extent of relatively mild mutational variation that
survives in the world and exerts effects on behavior,
without being able to know the identity of any of the
genes or their mechanism of action. The latter concen-
trated exclusively on identifying genes and mechan-
isms subserving particular behaviors, but did so by
producing relatively drastic genetic lesions that did not
reflect the permissable variation that would have been
worked on by natural selection. Both have been
relevant to humans, but a synthesis between the two,
made possible by recent advances in molecular bi-
ology, holds the most promise for useful insights. In
this article, a few salient examples of gene effects on
behavior are described as illustrations of general
principles that are emerging.

2. Se�ere Single-gene Mutants

2.1 Circadian Rhythms

The clearest contribution single-gene mutants have
made is in the realm of identifying individual genes
that are central to behavioral mechanisms. The un-
raveling of the cellular mechanism of the circadian
clock began with the discovery of the period gene
through the isolation of long-day, short-day, and
arrhythmic mutants in Drosophila (Fig. 1; Konopka
and Benzer 1971) and proceeded with the isolation and
cloning of additional mutants in flies, fungi, and mice
(Young 1998). What has emerged is a picture of the
circadian clock as a feedback loop in which each cell
counts out its own 24 hour period by means of an
oscillating cycle of gene readout in which some of the
products accumulate up to a point, then begin to
dampen their own synthesis through a series of time
delays between the various stages of gene expression:
transcription, translation, and import back into the
nucleus (Fig. 1). This serves as the central regulator for
specific implementation of rhythmic activities. The
cellular mechanism of the circadian clock, as well as
the clock’s phenomenology, appears to be universal in
the biological world and many of the actual genes
involved, such as period, are well conserved between
flies and mammals. The human relevance is thus
transparent.

2.2 Learning and Memory

Learning and memory have many features common to
flies, rodents, and humans. Behaviorally, all are
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Figure 1
Top: circadian locomotor activity in normal Drosophila and in mutants of the period gene as measured in an activity
monitor in the absence of a day}night cycle of light and darkness. Heavy traces represent activity, with the clock’s
day length indicated underneath (Source: Proceedings of the National Academy of Sciences USA 68: 2112–6.
Reproduced with permission). Bottom: conservation of molecular mechanisms of the circadian clock between flies
and mammals. PER¯ period gene, TIM¯ timeless gene, CKIe¯ casein kinase Ie gene (Source: Science 2000 288:
451–3. Reproduced with permission)

capable of associative conditioning and the memory
that is induced shows multiple phases that can be
distinguished by pharmacology and by training regi-
men (Dubnau and Tully 1998). In the fly, learning
takes the form of distinguishing between two odors
and avoiding the one that has previously been paired
with electric shock. Long-term memory is produced by
repeated training trials separated by suitable time
intervals. The original Drosophila learning mutant,
dunce (Dudai et al. 1976), is defective in initial
acquisition as well as in subsequent retention of the
learned behavior (Fig. 2). Care was taken to ascertain
that these mutant flies were normal in all other relevant

faculties that are required for the learning task:
olfaction, locomotor activity, and shock reactivity.

The product of the dunce gene was subsequently
identified as an enzyme that is part of the signaling
cascade in nerve cells that utilizes the intracellular
messenger molecule cyclic AMP (Fig. 2). The gene
encodes a cAMP-phosphodiesterase, the enzyme that
degrades cyclic AMP. Mutations in other components
of this signaling system, rutabaga in the synthetic
enzyme (adenylate cyclase), and Dco and RI in the key
enzyme regulated by cyclic AMP (cAMP-dependent
protein kinase), were subsequently shown to also affect
learning and memory in the fly (Dubnau and Tully
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Figure 2
Top: the cAMP signaling pathway in memory
formation. AC¯ adenylate cyclase (rutabaga gene),
PDE¯ cAMP phosphodiesterase (dunce gene), PKA¯
cAMP-dependent protein kinase (DCO and RI genes),
CREB¯ cAMP-response-element-binding protein
(dCreb gene) (source: Nature Neuroscience 1998 1:
543–5. Reproduced with permission). Middle: memory
is consolidated via distinct phases that are genetically
and pharmacologically dissectable in Drosophila and in
mammals: short-term memory (STM), middle-term

1998). The cyclic AMP signaling system had already
been implicated in neuronal plasticity as central to the
mechanism that modifies efficacy at synapses in the
circuitry underlying learning. The isolation of mutants
affecting the system from unbiased, open-ended mu-
tant screens and the demonstration that they affected
classical conditioning in the intact animal gave uni-
versality to the finding. Mouse mutants in the synthetic
enzyme (adenylate cyclase) show analogous deficits in
learning (Silva et al. 1998). The relevance to humans
has been borne out by the fact that there are currently
several memory enhancement drugs in clinical trial
that target cAMP phosphodiesterase.

As additional mutants accumulated, comparison of
the time course of memory decay revealed some
interesting differences between them (Fig. 2), suggest-
ing that they differentially affected memory retention.
This suggestion received major support from studies
of another component of the cAMP signaling system:
the Creb (cAMP-response-element-binding) protein
that regulates genes induced by cAMP. Creb exists in
both repressor and activator forms. A repressor form
of the gene, when engineered to be expressed in the fly
just prior to training, completely blocks the formation
of long-term memory while permitting normal short-
and medium-term memory (Dubnau and Tully 1998).
In contrast, an activator form of the gene, when
engineered to be expressed just prior to training,
produces long-term memory after a single trial, in
contrast to the usual 10 trials with intervals that are
required to induce long-term memory (Fig. 2). These
findings not only placed the differential genetic effects
on memory phases on firmer ground, they were also
subsequently extrapolated to mice and rats (Silva et al.
1998). A Creb mutant in the mouse that reduces, but
does not eliminate, repressor activity fails to form
long-term memory in a fear-avoidance paradigm.
Analogous results have been obtained in the rat after
injection of a Creb gene blocker (anti-sense RNA) to
specifically reduce levels of the protein.

A variety of other mutants disrupting learning that
also affect synaptic efficacy have also been obtained in
the fly and mouse, including those affecting other
regulatory enzymes (calcium}calmodulin-dependent
protein kinase, fyn kinase) and receptors (NMDA and
acetylcholine). The studies of the cAMP cascade stand
out, however, for the depth to which they have taken
the analysis through their insight into the mechanism
of differential memory phases.
memory (MTM), anesthesia-resistant memory (ARM),
and long-term memory (LTM) appear sequentially, and
each has a progressively slower rate of decay (source:
Trends Neuroscience 1995 18: 212–7). Bottom: a genetic
model of information flow showing where in the
pathway single gene mutant and pharmacological
disruptions have their primary effects (source: Cell 1994
79: 35–47. Reproduced with permission)
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2.3 Social Beha�ior

Genetic studies of social behavior have great relevance
for humans and for considerations of human evol-
ution. A productive avenue into this question has been
taken in rodents, based on neuroendocrinological
studies of the behavioral effects of oxytocin and
vasopressin. Administration of these hormones pro-
duce complementary effects on a variety of behaviors
including affiliative, sexual, maternal, territorial, and
aggressive behavior as well as on social memory
(Young et al. 1998). The detailed neural mechanisms
for the hormones’ actions have yet to be elaborated. A
mouse mutant that lacks oxytocin altogether (Oxt−/−)
shows a distinct deficit in social memory as reflected by
male olfactory investigation of a female in repeated
exposures. The effect is more selective than predicted
from the range of effects when oxytocin is admini-
stered. Moreover, Oxt−/− mutant mice are normal for
olfactory responses to other, nonsocial odors, and
normal for learning tasks unrelated to this social
behavior.

An increase in aggression between males was also
observed in the oxytocin-deficient mice. This obser-
vation falls into line with a growing number of other
mouse mutant studies reporting increases in aggres-
sion. These range from mutants in receptors for
serotonin or adenosine, to synthetic enzymes for the
neurotransmitters GABA or nitric oxide, to regulatory
enzymes (calcium}calmodulin-dependent protein kin-
ase II) to cell adhesion molecules. In contrast to
mutants of circadian rhythms or of learning and
memory, there seem to be a great many genetic lesions
that produce aggression in mice. When one encounters
such promiscuity in genetics, it is usually diagnostic of
a system that is subject to many nonspecific kinds of
disruption, with all of the caveats to interpretation
that accompany effects on such a system, as opposed
to a sensitive indicator of key mechanistic com-
ponents.

2.4 Range of Action of Beha�ioral Genes

The foregoing examples highlight the mechanistic
insights that have been gained from behavioral studies
of laboratory-induced mutants. An important cri-
terion for these studies was the relative refractoriness
of the behavior to mutational disruption: mutations in
most genes do not affect these behaviors. The question
then arises of the relative specificity of these genes to
the behaviors they disrupt. Are these ‘genes for’
behaviors such as rhythms, memory, or social life, as
have often been alluded to in evolutionary discussions
of behavior (e.g., Wilson 1978)? For the mutants
described above, as well as for the vast majority of
behavioral mutants studied in both flies and mice, the
answer appears to be negative. By and large, the genes
that produce behavioral mutants are not limited to
affecting only one behavior or only one aspect of the

animal. They exert influences over many facets of the
organism’s biology (the genetic term for this is
‘pleiotropy’).

The archetypal circadian rhythms gene, period,
regulates the song produced by a male fly during
courtship as well as its 24-hour rhythms (Greenspan
and Ferveur 2000). The male’s song, produced by
vibrating the wing, consists of a series of ‘pulses’ which
sound like bumps occurring at the rate of about 30 per
second. The rhythm lies in the slight but regular
variation in the interval between pulses (Fig. 3) as the
male gradually increases then decreases this interval to
produce a smoothly wavering song over a period of
approximately 60 seconds. Female flies respond to the
male’s song by becoming more receptive to their
courtship advances. Mutants in the period gene that
affect the circadian rhythm have corresponding effects
on song rhythm such that long-day mutants have an
80-second rhythm, short-day mutants have a 40-
second rhythm, and arrhythmic mutants have no
regular rhythm (Fig. 3).

The period mutant also affects timing on scale
greater than the 24-hour period: short-day and long-
day mutants have a shorter and longer developmental
time course, respectively, from egg to adult compared
to normal controls. These effects of period occur on
timescales an order of magnitude larger (10 days) or
several orders of magnitude smaller (60 seconds) than
the 24-hour clock. Distant as they are from the
circadian timescale, they are timing mechanisms none-
theless and therefore not outside of the realm already
affected by the mutants. It remains a mystery, how-
ever, as to how the relatively slow mechanism of
feedback onto gene expression (Fig. 1) can also
regulate a 60-second rhythm. One clue comes from a
more divergent consequence of per and several other
rhythm mutants that was revealed in pharmacological
studies of cocaine responsiveness, in which they fail to
become sensitized. There is no circadian or timing-
dependent aspect to this phenomenon. Instead, it
appears to involve a different use of their function as
gene regulators: induction of the enzyme responsible
for sensitization fails to occur in the mutants.

Mutants affecting learning and memory are no less
wide-ranging. The dnc mutation produces sterility in
female flies, defects in embyronic development, and
shorter lifespan. The most severe Creb mutants are
lethal in both flies and mice. Finally, Oxt−/− female
mice are defective in lactation, as well as in infant
vocalization.

The conclusion that genes producing behavioral
mutants are wide-ranging in their effects (pleiotropic)
is based on a large enough sampling of mutants from
two different organisms to consider it likely to be the
rule rather than the exception (Hall 1994, Pflugfelder
1998, Mouse Knockout & Mutation Database,
http:}}research.bmn.com}mkmd}). It would be a
mistake, therefore, to ignore it in analyses of how
genes affect behavior, or in considerations of what
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Figure 3
Rhythmic oscilliations of the coursthip song of normal (per+) male Drosophila melanogaster and short-day (pers),
long-day (perl ), and arrhythmic (pero) mutants of the period gene. The song consists of pulses of sound lasting 33–7
milliseconds (ms) produced by vibration of the wing. The interval between these pulses (interpulse interval, IPI)
oscillates regularly with a periodicity (τ) indicated in seconds(s) (source: Proceedings of the National Academy of
Sciences USA 1980 77: 6729–33. Reproduced with permission)

kinds of behavioral variation are evolutionarily per-
missable. A sobering conclusion that emerges from
this recognition is that the path from gene to behavior
is extraordinarily complex, winding its way through
all possible levels of biological organization, from
gene regulation through cellular biochemistry, thro-
ugh communication between cells, through large-scale
patterns of activity in the nervous system, finally
emerging as the manifest behavioral output itself.

3. Mild Natural Variants

Natural variation in behavior exists between and
within species, and provides a major substrate for
natural selection. Divergence in behavior between
species is thought to be a critical component of the
speciation process itself, whereas behavioral variants
within a species provide it with the flexibility needed to
weather the unpredictability of external conditions.
Until recently, the identity and mechanistic nature of

these behavioral variants has been a black box.
Analyses were confined to statistical treatments of
overall behavioral variation (e.g., Ehrman and
Parsons 1981). A growing list of these variants has
now been characterized molecularly and functionally.
As foreshadowed by the experience with laboratory
mutants, many have proved to be subtle variations of
genes that are capable of more severe and wider
ranging effects.

3.1 Differences Between Species: Biological
Rhythms

The courtship song produced by Drosophila males is
species-specific and plays a role in species recognition
for mating (Greenspan and Ferveur 2000). The court-
ship song of Drosophila melanogaster differs from that
of the closely related species Drosophila simulans in
several parameters, the most important of which is its
rhythmic oscillation (see Sect. 2.4). The D. melano-
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Figure 4
Anatomical distribution of the V

"a
vasopressin receptor in the brain of the montane vole (top) and the prairie vole

(bottom). Binding is more intense in the lateral septum (LS) of the montane vole but not the prairie vole, and in the
diagonal band (DB) of the prairie vole but not the montane vole. Similar differences exist throughout the brain
(source: Nature 1999 400: 766–8. Reproduced with permission)

gaster oscillation has a 60-second period, whereas the
D. simulans oscillation has a 35-second period. This
rhythmic difference is due to a subtle difference in the
sequence of the period gene between D. simulans and
D. melanogaster: a short segment of the protein coding
region that contains repeats of the amino acid pair
threonine and glycine (Fig. 3). A D. simulans period
gene transferred into D. melanogaster that lack a
period gene confers a characteristic D. simulans song
rhythm (Wheeler et al. 1991). More specifically, a
synthetic gene consisting of the entire D. melanogaster
period gene, except for a segment of period from D.
simulans consisting of a small region that is highly
variable among many Drosophila species, also gave the
same characteristic D. simulans song (Fig. 3). The
remarkable feature of this finding is that one portion
of the sequence was capable of diverging in a species-

specific manner, while the rest of the gene stayed
constant enough to retain the normal 24 hour cir-
cadian rhythmicity.

3.2 Differences Between Species: Social Beha�ior

Differences in social behavior aremarked in the animal
kingdom even between closely related species. Two
species of North American vole illustrate this point.
The prairie vole (Microtus ochrogaster) is monog-
amous, biparental, and highly social. They contrast
with the montane vole (Microtus montanus), which is
promiscuous, maternal, and minimally social (Young
et al. 1998). The hormones oxytocin and vasopressin
exert complementary effects on these behaviors in the
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prairie vole, similar to their effects in rats and mice (see
Sect. 2.3). Moreover, the anatomical distribution of
oxytocin and vasopressin receptors in the brain differs
markedly between the two vole species (Young et al.
1999).

Vasopressin administration stimulates affiliative be-
havior in prairie voles but not in montane voles, nor in
mice. When a prairie vole vasopressin receptor gene
(V

"a
) was transferred into mice, thereby creating an

anatomical distribution similar to that of the prairie
vole, the mice began to exhibit affiliative behavior in
response to vasopressin (Fig. 4). This result argues
that changing the pattern of V

"a
distribution is

sufficient to alter this behavior. This interpretation is
further supported by the fact that the V

"a
receptor

genes are virtually identical between the two vole
species that differ in affiliative behavior, except for the
presence in prairie voles of a small segment in the
region of the gene that is likely to regulate its
expression. The presence of this DNA segment corre-
lates well with behavioral and anatomical features of
two other species, the pine vole (Microtus pinetorum),
which is like the prairie vole behaviorally as well as in
its anatomical and molecular characteristics of V

"a
,

and the meadow vole (Mictotus pennsyl�anicus), which
is like the montane vole in all of these respects. Thus,
it appears that subtle evolutionary tinkering with the
expression pattern of the vasopressin receptor V

"a
may

account for some of the differences in social behavior
between these rodent species.

3.3 Differences Within Species: Circadian Rhythms

If the genetic differences underlying behavioral vari-
ation between species are subtle, then those underlying
variation within species are downright esoteric. The
segment of the period gene that was sufficient to
transfer a D. simulans courtship song rhythm into D.
melanogaster also varies within the melanogaster
species. Two versions (alleles) of the gene predomi-
nate: one containing 17 repeats of the pair of amino
acids threonine and glycine (Thr-Gly)

"(
, and one

containing 20 repeats (Thr-Gly)
#!

(Costa and
Kyriacou 1998). These two alleles are nonrandomly
distributed in the wild, following a north–south
gradient (known as a ‘latitudinal cline’) from northern
Europe down to North Africa with (Thr-Gly)

#!
pre-

dominating in the north and (Thr-Gly)
"(

predominat-
ing in the south (Fig. 5). Distributions of this sort are
traditionally explained as an adaptive response to
climatic variation.

If these variants are undergoing selection, then the
functional differences between them become relevant.
A clue to such a functional difference was seen in tests
of temperature compensation, one of the distinctive
features of circadian rhythms which allow cold-
blooded organisms to maintain their 24 hour cycle at

different temperatures. Flies carrying the northerly
(Thr-Gly)

#!
allele exhibit more robust temperature

compensation than those with the more southerly
(Thr-Gly)

"(
allele (Fig. 5). The temperature range is

much greater in the north and presumably imposes
greater demands on the temperature-compensating
ability of the clock. The size of the effect is small,
perhaps reflecting a tradeoff between the temperature
compensation and conservation of the overall 24 hour
rhythm.

3.4 Differences Within Species: Foraging Beha�ior

Most natural variation in behavior is not primarily
attributable to any single gene. Where multiple genes
contribute, the effect often disappears when they are
separated from each other in the crosses required for
genetic mapping. An exception to this trend is the
foraging gene that affects food search behavior by
Drosophila larvae.

Natural populations of D. melanogaster harbor two
larval types: rovers, who search widely for food, and
sitters, who do not (Sokolowski 1998). The difference
is not merely locomotor because it is expressed only in
the presence of food. Genetic mapping revealed it to
be due primarily to a single gene, foraging, and
molecular analysis showed it to be an enzyme involved
in regulating many physiological processes, cGMP-
dependent protein kinase (Fig. 6). Severe mutations of
the foraging gene are lethal. The detailed mechanism
through which the enzyme alters neuronal and be-
havioral activity is not known, but it appears to
regulate neuronal thresholds.

A gene whose product has as wide-ranging functions
as the enzyme encoded by foraging must have severe
constraints on the kinds of variation that are viable
and permissable. The explanation, in this case, appears
to be that the magnitude of the natural enzyme
variation is relatively small: rovers have 12 percent
more activity of the enzyme cGMP-dependent protein
kinase than sitters and the levels of its protein and
mRNA are correspondingly higher in rovers vs. sitters
(Osborne et al. 1997). This small increase thus appears
to be sufficient to make a very distinctive difference in
behavior, while not seriously impairing viability or
obligate functions of the gene.

3.5 Genetic Basis for Selected Beha�iors

Artificial selection in the laboratory has been the
conventional method for detecting the presence of
naturally occurring genetic variation in behavior
(Ehrman and Parsons 1981). While such variation has
been clearly demonstrable in virtually every behavioral
selection attempted, from maze learning in rats to
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Figure 6
Top: larval foraging behavior of sitter and rover variants in Drosophila. Records of the trail left by larvae on a petri
dish covered with yeast. Bottom: Bimodal distribution of sitter (S}S) and rover (R}R) larvae in a natural
population of Drosophila (source: Beha�ioral Genetics 1980 10: 291–302. Reproduced with permission)

gravity response in Drosophila, there has been no way
to identify any of the relevant genes. The behavioral
differences are generally due to the contribution of
many genes, usually of rather small effect, and thus
refractory to conventional mapping techniques. Only
their approximate number and putative interactions
could be estimated from statistical analyses of selected
lines and of F1, F2, and backcross progeny. The
advent of QTL mapping (quantitative trait loci) using
a widely distributed set of DNA markers has improved
the prospects for mapping of such polygenic traits, but
significant difficulties still attend the identification of
the contributing gene itself.

The identification of natural variants in the foraging
locus created the possibility of testing directly its
response to selection under conditions likely to be
relevant to its role in the wild: differences in population

density. In two different experiments, strains of flies
mixed for rovers and sitters were cultured at high or
low larval density for over 250 generations. In both
cases, the resulting high-density strains had become
predominantly rover in behavior and the low-density
strains predominantly sitter (Sokowloski 1998). That
is, selection had eliminated the vast majority of one
foraging allele from each population.

These findings contrast with those on intraspecies
variants of the period gene, where the possibility of
selection between alleles was inferred from their
geographical distribution and made more plausible by
the subtle functional differences between alleles. The
conditions necessary to impose selection on the for-
aging locus are easier to imagine and implement, and
the outcome leads to the conclusion that being
genetically rover is advantageous under crowded
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conditions, whereas being genetically sitter is advan-
tageous under conditions of low density.

The most common sort of selection experiments
have also been the most refractory to analysis. The
ability to analyze the genetic basis of the strains whose
behavior results from selection for variation in many
genes is likely to improve with the advent of genome-
wide capabilities to measure differences in gene activity
(White et al. 1999). This will likely make it feasible to
identify genetic differences between selected strains or
natural variants based on detecting asymmetries in the
activity patterns of specific genes.

4. Implications for Humans

The foregoing discussion highlights explicit and im-
plicit aspects of the relevance to humans of gene}
behavior studies in model organisms. Explicit is the
conservation of function (e.g., period for circadian
rhythms, Creb for long-term memory), as well as the
wide-ranging nature of the genes involved. Implicit is
the importance of specific context in any given gene’s
effect on behavior and the humility with which the
question of genetic influences on behavior must be
approached.

4.1 Promiscuity of Beha�ioral Genes

Thebreadth of action of the genes influencing behavior
has significant implications for speculation about
human behavior and its evolutionary origins. The
extent to which a gene can vary is constrained by how
widely its effects will radiate through the organism.
For genes with wide-ranging (pleiotropic) function,
this means that variants with severe effects on the
gene’s function are likely to have deleterious conse-
quences. In this light, evolution looks like a balancing
act, selecting for genetic variants that do the most to
help the organism without doing too much harm.
Sometimes this may take the form of a highly restricted
alteration in a gene (e.g., anatomical distribution of
V

"a
in prairie vole vs. montane vole) and other times as

a tradeoff between utility and loss of fitness (e.g., adult
sluggishness in sitter). An important implication of
this point is that some traits will be carried along for
no reason other than their connection to some other
effect of the same gene. A further corollary is that not
all existing traits have been selected for themselves,
and thus cannot be automatically assumed to have
adaptive value.

4.2 Context

The nature}nurture dichotomy is the traditional way
to describe the putative role of context in affecting
gene action, but it only conveys one axis of the

problem. Context is as much genetic, consisting of the
particular constellation of alleles that an individual
possesses, as it is nongenetic, consisting of the myriad
environmental factors, both physical and social, that
an individual experiences in a lifetime. Interactions
between the two further complicate the matter. This
means that different alleles of a given gene will not
have the same effect in all contexts. A clear example of
this was described earlier in the differential ability of
two naturally occurring period alleles to compensate
for temperature fluctuations (see Sect. 3.3). The (Thr-
Gly)

"(
allele makes the individual more sensitive to its

external environment than (Thr-Gly)
#!

. This has im-
portant implications for analysis of the genetic contri-
butions to particular behaviors (e.g., heritability).

The effect of an allelic variant on a behavior is also
heavily dependent on the genetic context. This is
known throughout the genetics literature as the
sensitivity of a mutation to ‘genetic background.’
Genetic background is simply another way of describ-
ing the particular constellation of alleles at other loci
present in the individual. This is exemplified in the
interaction between alleles of the foraging locus and
those of the Chaser locus, a gene identified based on
the ability of certain of its alleles to convert sitters into
rovers. In other words, mild alleles of the sort that
occur naturally are even more susceptible to variations
in genetic context than severe alleles.

4.3 Testability

Human genetics is primarily a correlative science. This
applies as much to behavioral genetics as to any other
variety. Hypotheses can be tested against observa-
tional data, but actual manipulations or ‘test crosses’
cannot, of course, be carried out. One of the principal
virtues of model organisms, therefore, is experimental
testability of gene function and interaction. Given the
increasing evidence for conservation of genetic func-
tion between species as distant as Drosophila and
mammals, they represent an important contribution
to understanding and interpreting possible genetic
influences on human behavior. One of these contri-
butions should be a sense of humility before the
problem. As the foregoing discussion elaborates, the
road from gene to behavior is neither simple nor
direct, and is difficult enough where experimental
testing is possible. The difficulties are multiplied for
natural variants because of the subtlety of their effects
and their consequent elusive nature.

The universal importance of context in the action of
genes on behavior presents further obstacles to a
simple formulation. If combinations of alleles will give
different effects due to interactions with each other
and with environmental variables, then the problem
takes on the aspect of an infinitely sliding scale.
Whenever one variable is changed, the relative effect
of many of the others may also change. This mallea-
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bility is no doubt a source of robustness in biological
systems, as well as a source for evolutionary change.
Understanding it remains one of the central questions
in the behavioral sciences.

See also: Adaptation, Fitness, and Evolution; Beha-
vioral Genetics: Psychological Perspectives; Body,
Evolution of; Brain, Evolution of; Comparative
Method, in Evolutionary Studies; Darwin, Charles
Robert (1809–82); Evolution, History of; Evoluti-
onary Theory, Structure of; Human Evolutionary
Genetics; Neurogenetics and Behavior
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Genes and Culture, Coevolution of

Cultural transmission can be roughly defined as the
transfer of information between individuals by social
learning. Genes used to be—and for most species still
are—the only means available for the accurate transfer
of information across generations. In species where
cultural transmission has developed, notably the
human, interactions can occur between the two in-
heritance systems. Gene-culture coevolution refers to
the evolutionary phenomena that arise from these
interactions.

1. Quantifying Cultural E�olution

Theprinciples of genetic evolution arewell established.
By contrast, cultural evolution is more contentious.
The information that forms the basis of culture is
transmitted by social learning—instruction by, or
imitation of, other individuals. This information must
somehow reside in the brain, but it is unclear how this
is achieved. Nevertheless, just as significant insights
into genetic evolution were obtained before DNA was
identified as the genetic material, cultural evolution
can be studied without waiting for definitive progress
in cognitive science.

Central to the modern treatment of cultural evol-
ution is the concept of a ‘meme’ (Dawkins 1976; also
‘culturgen’ of Lumsden and Wilson 1981). The meme
is defined, in analogy with the gene, as a unit of
information that is transmitted by social learning.
Surnames are a good example of a meme that is highly
congruent to a gene. Surnames are well-defined units
that in many societies are transmitted from father to
son, just like a gene on the Y chromosome. However,
most memes cannot be delimited as precisely, so that
copies of the same meme in two individuals may differ
in content. Consider the ambiguity of ‘how to use a
personal computer.’ In addition, although the meme is
defined as information, it is usual to regard as a meme
the more readily observable behavior that the
information regularly induces.

Memes also differ from genes in that there is a
multiplicity of transmission pathways. ‘Vertical’ trans-
mission from parents to their children and ‘horizontal’
transmission between individuals of the same gen-
eration have received the most attention.

The classical, although by no means the first,
quantitative study of horizontal transmission is due
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