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Approaches to understanding behaviour in an evolu-
tionary context can be grouped into two broad categories:
behaviour genetics and behavioural ecology. In this
paper, | briefly discuss the development of these two
fields, to highlight some serious shortcomings in their
focus and/or approach to understanding behaviour.
These shortcomings have been pointed out by numerous
researchers before, but it seems to be an opportune
time to revisit this issue because present day methods
aremaking it increasingly likely that some of these gapsin
our understanding of behaviour can now be addressed
experimentally. Early behaviour genetics essentially
led to neurogenetics due to its focus on single-gene
mutations affecting behaviour, which were often mu-
tations affecting the nervous system. This line of work,
consequently, diverged considerably from the study of
behaviour per se and, although it contributed a great
deal to our understanding of how the components of
the nervous system work, it did not really shed much
light on behaviour at the organismal level. More recent
approaches in behaviour genetics include quantitative
trait loci (QTL) mapping, which is an attempt to go
beyond the black box approach of classical quantita-
tive genetics and to track down loci mediating behav-

ioural differences among individuals. Behavioural
ecology provided a counter point to traditional behav-
iour genetics by explicitly focusing on ultimate causes,
and trying to understand behaviour in terms of its
adaptive (fitness) value. However, behavioural ecology
too has at its core a conceptual lacuna, which is the
absence of knowledge of the genotype-to-phenotype
mapping for most behavioural traits. This conceptual
lacuna is serious, and it affects not just behavioural
ecology but most attempts to understand the evolutio-
nary dynamics of complex and composite phenotypes
that are, in terms of gene expression, far removed
from the genome. What | have to say, therefore, applies
broadly to attempts to understand the evolutionary
shaping of complex phenotypes, and not just to studies
of behaviour. | suggest that we really need a new and
enlarged conception of, and approach to, behaviour
genetics; an approach that will utilize recent advances
in genetic technology, but yet be rooted in a holistic,
organismal weltanschaung. | briefly describe some ex-
amples of this approach that | believe highlight the
potential that this new behaviour genetics has to enrich
and round off our understanding of behaviour from
an evolutionary perspective.
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BEHAVIOURS, like many other traits exhibited by organ-
isms, can be understood at different levels of causation,
from the absolutely proximal to the ultimate, or evolu-
tionary. For example, Alcock® distinguishes two kinds of
sub-levels within both proximal and ultimate cause ex-
planations. genetic-developmental and sensory-motor
mechanisms at the proximal level, and identifying his-
torical patterns and selection pressures at the ultimate level.
There are, of course, other ways of slicing up this concep-
tual pie. For example, Tinbergen? classified questions
pertaining to behaviour into four categories: those related
to function (fitness), causation (in the proximal sense),
development (ontogeny) and evolutionary history (phy-
logeny). Understanding of the genetics and ontogeny of
behaviours related to fitness is at present very meagre.
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Yet, such an understanding is crucial to a more complete
evolutionary understanding of behaviour.

In this paper, my focus will be on the evolutionary un-
derstanding of behaviour. | shall make my own background
and bias explicit at the outset: | am an evolutionary geneti-
cist and | primarily study life-histories, not behaviours.
However, behaviours are an important subset of life-
history related traits and the two share in common the attrib-
ute that they tend to be complex and composite traits quite far
removed from the primary expression of the genome. My
main point of interest here is the link, or rather the lack of
it in most work so far, between two of the sub-levels in
Alcock’s' scheme, one at the proximal and the other at the
ultimate level of explanation. | will use the term behaviour
genetics to encompass studies primarily aimed at understand-
ing the genetic-developmental mechanisms responsible
for the ontogeny of behaviours, and the term behavioural
ecology to refers to studies aimed at understanding selection
pressures acting on different behavioural phenotypes. The
principal point | wish to make is that behaviour genetics
and behavioural ecology are necessarily complementary
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approaches if one wishes to understand behaviours from
an evolutionary perspective; alone, each discipline can
lead to interesting, satisfying, even plausible adaptive expla-
nations for this or that behaviour, but not too much more.
Unfortunately, however, behaviour genetics and behav-
ioural ecology have historically developed more or lessin
isolation, a state of affairs now begging for change. |
hope to provide a convincing, though brief, re-statement
of the case that the merger of behaviour genetics and be-
havioural ecology is not only desirable but necessary, and
that the new technologies available in the post-genomics
era offer us at least a rudimentary ability to empirically
study the biological processes linking genes to behav-
iours and to fitness. My discussion is focused throughout
on multicellular sexually reproducing organisms and their
assemblages (populations), athough most of the concepts
here are applicable, with minor modifications or caveats,
to unicellular or asexual organisms.

A fundamental recursion in biology

From an evolutionary point of view, the fundamental
problem in biology is to understand the recursive proc-
ess(es) whereby the transition is made from a distribution
of phenomes in one generation to the corresponding dis-
tribution of phenomes in the next (phenome is being used
here in the sense of the composite, whole-organism set of
trait phenotypes). In the course of adaptive evolution, the
phenomic composition of a population changes over gen-
erations, largely due to the action of natural selection.
However, phenomes do not transmit themselves to subse-
quent generations; that is done by the underlying heredi-
tary endowment, or the genome. Thus, there are three
major aspects of living systems to consider when thinking
about their evolution: the genome, the phenome, and the
environment, in the sense of the ecological context within
which the organism leads its life (Figure 1). Briefly, the
information in the genome largely directs the formation
of a phenome, athough this process — development — is
also affected by feedback from the phenome itself, and by
the environment®*®. The phenome can, moreover, influ-
ence the environment, which consists of both the physical
environment as well as other individuals of the same or
different species. Sub-disciplines like physiology and be-
haviour address what phenomes ‘do’ and ‘how’ they do
it. However, organisms live their lives in a specific
physical and biological context, and phenomena like be-
haviour and physiology are, therefore, best understood in
the context of the organism’s environment; this interface
of phenome and environment (the horizontal solid line in
Figure 1) is the domain of ecology.

A major consequence of the interaction between a phe-
nome and the environment is that some individual phenomes,
themselves a reflection of their underlying genome and
environmental conditions during their lifetime, are better
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able to make a living, find mates, and produce offspring
in the particular environment they experience, compared
to other contemporaneous phenomes: some phenomes are
more fit than others. Neither phenomes nor the underly-
ing genomes, however, get transmitted intact to the next
generation. The meiosis—fertilization cycle that character-
izes the haploid—diploid alternation of generations chops
up and reconstitutes multi-locus diploid genomes. The
multi-locus diploid genome is first cut up during meiosis
aong two axes. between as well as within chromosomes.
What is then transmitted to the next generation are newly
shuffled combinations of alleles at various loci, reconsti-
tuted into multi-locus diploid genomes by fertilization.
Understanding and quantifying the consequences of this
shuffling for the genetic composition of populations is the
domain of population genetics. To go back to the more fit
phenomes, it is basically the alleles making up their ge-
nomes that get transmitted to the next generation to a
greater degree than those of the other, less fit, phenomes.
A widely accepted present heuristic representation of liv-
ing systems, thus, visualizes the dynamics of life in the
form of three transitions or mappings, underpinned by a
somewhat simplistic metaphor of information transfer. De-
velopment maps genomes to phenomes, ecology maps fit-
ness onto phenomes, fitness is ultimately refracted through
the genome-to-phenome map in reverse, to be mapped onto
underlying genomes, and, finally, reproduction (heredity)
maps an array of breeding genomes — via the cycle of

Biotic Abiotic

Environment—
L

~—

Genome

Natural Selection
tempered by chance

Fertilization

e

Figure 1. A schematic depiction of the major details underlying the
recursion between phenomic distributions in successive generations
(the depiction is with diploid organisms in mind, but the general issues
are the same for haploids as well). Below the dashed horizontal line is
the genetic domain, and the circle at the bottom represents the haploid—
diploid-haploid cycling of genetic material through the alternation of
meiosis and fusion, splitting up and recombining genes into genomes.
The solid arrows in the centre of the figure represent influences that
play arole in the lifetime of an individual, whereas the dashed arrows
to the right of the figure represent influences on the evolution of the
population of individuals.
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of three transitions (for details, see A Fundamental Recursion in Biology).

meiosis-fusion and the laws of Mendelian inheritance —
onto an array of zygotic genomes that starts the next gen-
eration (Figure 2). Development is metaphorically seen as
a process in which information that is largely genomic
manifests itself over time as a phenome, which then must
face the filter of natural selection wherein interactions be-
tween phenomes and environment determine fitness. In
the context of this heuristic, evolutionary ecology focuses
on how and why particular fitness functions are defined
on the distribution of phenotypes in a population by its
ecology, while population genetics addresses how the dis-
tribution of genotypes in a population changes from one
generation to the next, under the influence of a given fit-
ness function acting on it. Clearly, these two approaches
are complementary if one is trying to understand a com-
plex phenotype from an evolutionary viewpoint.

Black boxes, behaviour genetics and behavioural
ecology

Of the three major mappings in living systems described
above, two have been extensively studied; the third has
essentially been pragmatically circumvented®®. Evolu-
tionary ecology focuses on the second transition depicted
in Figure 2, whereas population genetics addresses the
reproductive transition (heredity) in Figure 2. Clearly,
connecting these two transitions that reflect, respectively,
causes and consequences of natural selection, requires ex-
trapolating a fitness function defined on a distribution of
phenotypes to the corresponding underlying distribution
of genotypes, and this requires a detailed understanding
of the genome-to-phenome mapping (the first or deve-
lopment transition in Figure 2), an area in which little
was known for much of the twentieth century. Let us now
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examine how the lack of knowledge of genome-to-phenome
mapping was historically circumvented in the narrower
domain of behaviour studies.

A good frame of reference here is that of two major as-
pects of genomes: they are expressed, and their constituents
recombine. The chain of events leading to a phenome aris-
ing from the expression of the genome embodies a series
of explanations, increasingly proximate to the final phe-
notpye(s) of interest. In this domain, to identify a gene(s)
specifying a trait is to provide an ultimate explanation,
whereas various forms of epigenetic causal explanations
of how the trait comes about form a set of proximate ex-
planations’. Historically, the rise of biochemical and,
later, molecular genetics led to an increasing tendency to
treat development as a black box in attempts to under-
stand the formation of phenotypes; this, in turn, also had
the consequence of divorcing mainstream devel opmental
biology — a field with its own rich history of proximate
explanations of living forms — from the Neo-Darwinian
Synthesis in the mid-twentieth century®. Quantitative ge-
netics, too, is essentially a pragmatic way of by-passing
the genome-to-phenome map, and using the statistical
properties of phenotypic distributions to make evolution-
ary inferences”®, although how useful this classical ap-
proach actually is remains somewhat controversial®®™.
Unfortunately, while developmental genetics and deve-
lopmental biology have made great advances in more re-
cent decades’, this black box still exists at the core of
most heuristic models of the dynamics of biological sys
tems®*, especially with regard to behavioural traits. De-
velopmental genetics has hitherto focused on the genome-
to-phenome mapping for morphological traits, leading to
increased understanding of the ontogeny of form*. What
has been lacking is an understanding of the ontogeny of
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behaviour (function) in meaningful ecological contexts,
an approach termed developmental evolutionary biology
(devo-evo, as contrasted with evo-devo)®. With a few no-
table, and recent, exceptions that |1 shall come to later,
behaviour genetics studies, too, have largely been re-
stricted to a few broad categories. Classical mutagenesis-
based studies have been helpful in elucidating molecular
details of the neural bases of some behaviours'®, whereas
QTL studies have confirmed that severa behaviours are
under polygenic control even though classical methods
had revealed single genes of major phenotypic effect'. In
some cases, the genetics component of an adaptive inter-
pretation of among-population behavioural differences
consists largely of demonstrating that the differences are
heritable™.

A second black box is apparent when we turn to the re-
combinational aspect of genomes, or transmission genetics.
Behavioural ecology essentialy ignores the reverse genome-
to-phenome mapping required to extrapolate a fitness
function defined on a distribution of behavioural pheno-
types onto the underlying distribution of multi-locus geno-
types, as also the reconstitution of multi-locus diploid
genotypes during sexual reproduction®. This black box is
largely due to lack of knowledge of the genetic control of
most ecologically relevant behavioural traits, but has,
nevertheless, given rise to much controversy — and also
some attempts at finding common ground — between the
proponents and opponents of optimization approaches in
evolution'”?., It seems clear that a better integration of
behaviour genetics, developmental neurobiology, and be-
havioural ecology will be helpful to a fuller understand-
ing of behaviour.

A new behaviour genetics?

One major reason for the non-integration of behaviour
genetics, developmental neurobiology, and behavioural
ecology is that — partly because they address questions at
different levels of the proximal-ultimate continuum —
practitioners of the respective fields have tended to use
different organisms and approaches, with the biggest gap
being between behavioural ecology on the one hand, and
behaviour genetics and developmental neurobiology on
the other. The latter two disciplines have used tractable
laboratory systems, and tended to focus on behaviours that
are easily defined and often not too relevant to fitness in
the natural environment. The gap between disciplines is
further exacerbated by the fact that behavioural ecology
is focused on trait differences, often quantitative, that are
likely to play a role in adaptive evolution, whereas the
tools and approaches of modern genetics and neurabiol-
ogy are better suited to dissecting genetic and epigenetic
pathways underlying large and dramatic phenotypic dif-
ferences'??, that are unlikely to play arole in the evolu-
tionary fine-tuning of the relevant phenotypes”®?*. This

CURRENT SCIENCE, VOL. 89, NO. 7, 10 OCTOBER 2005

particular aspect of the gap between traits examined by
those with evolutionary versus developmental interests —
a gap due to differences in the contrast class of explana-
tions' — is evocatively expressed by Gilbert et al.?®,
‘Genes could determine the number of bristles on the
fly’s back, but they could not determine how the fly con-
structed its back in the first place’. Since molecular genetics
tools are suited to find genes of major effect, whose mu-
tation typically causes a drastic phenotypic change, it is
not surprising that these tools usually yield genes of the
‘back construction’ type. It is also not surprising that
genes of major effect typically are not too sensitive, in
terms of their phenotypic manifestation, to gene-by-gene
interactions (henceforth G x G) in the form of epistasis,
or to gene-by-environment interactions (henceforth G x E).
Indeed, during an education in genetics, G x G and G x E
interactions are encountered as deviations of some kind
from a ‘normal’ (simple Mendelian) scenario wherein
genotypes should have a simple one-to-one relationship
with phenotypes. Integration of G x E interactions in devel-
opmental genetics studies is presently in an extremely rudi-
mentary state, even though G x G interactions have been
addressed to a considerable degree. Similarly, G x G and
G x E interactions are also largely left out of most applica
tions of the optimization approach to evolutionary ques-
tions that are so common in behavioural ecology. Thus,
behavioural ecology models are typically framed purely
at the phenotypic level with an implicit assumption of
underlying genetic simplicity of behavioural traits. The
common cause for this inability to incorporate G x G and
G x E interactions into studies in both developmental ge-
netics and behavioural ecology is that the same black box
— the genome-to-phenome mapping — appears in two fun-
damental transitions at the heart of developmental genet-
ics and behavioural ecology, respectively (Figure 2).

A serious new behaviour genetics will have to work
out ways to incorporate G x G and G x E interactions in
both development and evolution into studies of behaviour
from an evolutionary perspective. QTL mapping studies
of fitness components in both Caenorhabditis elegans
and Drosophila melanogaster have revealed pleiotropy,
G x G and G x E interactions to be ubiquitous”®?, Stud-
ies on Escherichia coli, too, clearly show that new muta-
tions at single loci often result in new Gx G and G x E
interactions, in addition to mere trait changes in a single
phenotype®®. Experimental evolution approaches utiliz-
ing forward and reverse selection experiments in well
characterized and relatively simple laboratory environ-
ments have also provided a lot of evidence for the ubig-
uity and importance of G x G and G x E interactions in
the dynamics of adaptive evolution®*"9%3! At a more
general level, one of the particularly striking major find-
ings of genomics studies is that species differences at the
genome sequence level seem to be quite inadequate to
explain phenomic differences between species. An obvi-
ous, though speculative, inference to be drawn from this
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observation is that the unique identity of species, and the
differences between them — the very differences that evo-
lutionary biology tries to explain — are likely to reside in
the specific patterns of G x G and G x E interactions that
ultimately specify the developmental (epigenetic) rules
that constitute the genome-to-phenome mapping for that
species or population®.

It seems clear that a new behaviour genetics that is to
form a complete and meaningful complement to behav-
ioural ecology needs to pay more attention to the expres-
sion aspect of genomes, not just in terms of the basic
patterns of gene expression and their regulation, but also
in terms of the functional architecture of the epigenetic
(neural and otherwise) pathways and networks that result
from and, in turn, affect the expression of the genome.
We need an integration of genomic, neural, hormonal, envi-
ronmental and social explanations of behavioura traits
that appear to be of some adaptive significance; to para
phrase Houle’, we need a behavioural phenomics to bridge
the conceptua and methodological chasm between behaviour
genetics and behavioural ecology. This integration is nec-
essarily going to involve stepping beyond parochial biases
and sub-disciplinary chauvinism®. | will next discuss
briefly the three most important issues on which | believe
a change of mindset is required; in many cases the change
in mindset will also underscore the need for changes in
methodol ogy.

Genetic studies of complex traits relevant to adpative evo-
lution need to focus more on genes of minor and cumulative
effect, and on G x G and G x E interactions. In a sense,
what is needed is for epigenetics to again be recognized
as an integral part of genetics*®, as expressed in the tradi-
tional definition of genetics as the study of heredity and
variation. The marginalization of epigenetics in studies of
heredity has been an unfortunate side-effect of the ad-
vances in molecular genetics and it is time the balance of
importance between genome and phenome, and the map-
ping linking them, was restored. It is to be hoped that fu-
ture developments in this direction will go some way
toward rooting quantitative genetics not just in multi-
locus population genetics theory®, but also in an emerging
evolutionary epigenetics®. One practical corollary of afo-
cus on Gx G and G x E interactions in genetics is the
importance of controlling for genetic and environmental
backgrounds in genetic manipulation experiments, an is-
sue being recognized in the design of some evolutionary
genetics studies™, but one that is yet to percolate broadly
into the genetics community.

In developmental biology, the time now seems to be
ripe for at least beginning to address questions about the
ontogeny of function, in addition to ontogeny of form®.
To extend the metaphor of Gilbert et al.?, it is time we
also began to understand the ontogeny of bristle number
differences among individuals, all of whom have a back.
At the level of gene expression, the impact of ecologi-
caly relevant environmental variables on genome-wide
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patterns of expression needs to be studied. Similarly, the
role of environmental variation in affecting epigenetic
processes — in some cases, specifying alternative devel-
opmental paths* — also needs further experimental study.
In behavioural ecology (or, more generally, evolutionary
ecology), there is need for a wider appreciation that an
extremely simplistic view of genome-to-phenome map-
ping is implicit in treating optimization models as predic-
tors of what will evolve, rather than what is optimal in
the context of a given set of constraints that, typically, in-
cludes no genetic or epigenetic constraints at all**’. Most
optimization models espouse a phenotypic equivalent of
one-locus thinking in population genetics: the inferences
drawn from such thinking are shaky in both fields, and
tend to be reliable only under ceteris paribus assumptions
that, empirically, are practically never met. The repeated
inability of experimental evolutionists to accurately pre-
dict what traits are optimal and what traits evolve under
relatively well defined selection pressures in the simpli-
fied ecology of Drosophila cultures® should, at the very
least, strike a cautionary note to those who routinely
make such predictions about natural populations.

From genesto behaviour and vice versa

One reason why this is an opportune time to start discuss-
ing a possible integration of behaviour genetics, genom-
ics, phenomics and ecology is that we now seem to have
sufficient basic knowledge of development, and a number
of tools for studying the primary structure and expression
of genomes, to feel that we can at least begin to try and
peer into the black box of the genome-to-phenome map-
ping, a black box that is largely responsible for the lack
of inter-disciplinary bridges in the attempts to understand
the biology of behaviour. There are many studies, both
theoretical and experimental, that are now increasingly at
least reconnoitering — from both sides — the chasms between
evolutionary genetics, development, and evolutionary
ecology'®?+#"2831L3547 Many of these studies are not ex-
plicitly about understanding behaviour, but their existence
should provide an impetus for students of behaviour to
begin their own series of reconaissance patrols and intel-
ligence-gathering forays as a prelude to planning a com-
prehensive campaign for a broader understanding of the
biology of behaviour. One approach that is likely to prove
especially fruitful is that of combining selection experi-
ments with follow up studies of behavioural, physiological,
transcriptional profiling and genomic sequence divergence
between selected and ancestral (control) populations, an
approach sometimes referred to as reverse genomics. Some
elements of this approach have aready yielded important
insights into the subtlety of the processes of life-history
evolution, and of adaptation to various biotic and abiotic
stresses’. An ongoing integration of molecular, genetic,
developmental and ecological studies in the laboratory
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and the field has, similarly, greatly enhanced our under-
standing of thermal adaptation®. In the remainder of this
section, | will summarize a few studies that exemplify
how such integrative approaches — however tentative and
preliminary — can lead towards more holistic understand-
ing of behavioural phenomena from an evolutionary per-
spective.

A good example of aline of investigation leading from
genes to developmental network to behaviour to evolu-
tionary trend is provided by a comparative study of expression
of different genes involved in the development of insect
wings in queens and males (winged) and workers or sol-
diers (wingless) in four different species of ants™. The
details of the gene network underlying insect wing devel-
opment were originally worked out in D. melanogaster,
and seem to be widely conserved across insects®. Abou-
heif and Wray* found that the expression pattern of six
of these genes in winged castes of the four ant species
was similar to that found in dipterans and lepidopterans.
However, despite a consensus, based on phylogenetic argu-
ments, that wing polyphenism probably evolved only
once, the wing development gene network was found to
be inactivated at different points in the wingless castes of
these four species, and it was not possible to correlate
these genetic events with observed differences in the
anatomy of vestigial wing discs in larvae™. While a com-
plete explanation for these observations is not yet avail-
able, the results suggest that regulatory gene networks
and anatomical structures in development can perhaps re-
spond to evolutionary forces like selection and drift in
different ways®.

An example of the reverse path of investigation, from
behaviour to genes, is provided by studies on foraging
path length in D. melanogaster larvae (reviewed in ref.
23). Bimodal distribution of distance moved by larvae in
a given time interval on an agar plate overlaid with a
yeast suspension led to the designation of two alternative
phenotypes: rovers and sitters. Studies of foraging path
length in natural populations of D. melanogaster showed
that they tend to be polymorphic for these two pheno-
types. Genetic analyses revealed the trait rover/sitter to be
controlled largely by a single mgjor gene for, with some
effects of minor genes as well. The rover allele forR is
dominant over the sitter allele for’. The for gene itself en-
codes a cGMP-dependent protein kinase, whose activity
level in the heads of roversis only 12% higher than that in
sitters. Selection experiments further revealed that popu-
lations maintained at high larval densities for many gen-
erations tend to evolve a higher frequency of the rover
phenotype, suggesting that density-dependent selection
may be partly responsible for the maintenance of poly-
morphism at the for locus in nature®. Interestingly, the
for gene is known to have pleiotropic effects on various
aspects of development and behaviour®, and the gene can
be alternatively spliced to yield several different tran-
scripts. A separate study has shown that rover phenotypes
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decrease drastically in frequency over ~ 50 generations of
strong directional selection for rapid development in D.
melanogaster™, suggesting that the epigenetic pathways
affected by the for gene might be involved in determining
the balance of energy assimilated and expended during
foraging which, in turn, is a trait that is likely to show
strong G~ E interactions with regard to fitness.
Interestingly, a somewhat similar contrasting pair of
foraging-related behaviours is aso seen in Caenorhabditis
elegans, in which the difference between solitary versus
social foragers seems to be largely due to allelic variation
at a single locus npr-1, expressed mainly in the head and
nerve cord®, that bears homology to a nueropeptide Y re-
ceptor known to be involved in regulation of food intake
in mammals®®. More recently, it has been shown that the
expression of another nueropeptide Y homologue, D.
melanogaster neuropeptide F (npf), is correlated with
feeding-related behaviour. Third instar D. melanogaster
larvae that are reaching the cessation of feeding prior to the
onset of wandering behaviour as a prelude to pupariation
show greatly reduced levels of npf MRNA as compared to
the levels seen in younger larvae still in the active feed-
ing phase™. This finding is of considerable interest be-
cause the timing of cessation of feeding in last instar
larvae has manifold potential effects on the life-history
through its effects on resource assimilation®. There are
several more such examples of interesting studies linking
some sub-set of genetics, development, physiology, behav-
iour, ecology and fitness that could be described, but space
constraints preclude me from doing more than provide a
brief tag to some of the literature®. Trade-offs between
larval competitive ability and resistance to parasitoids in
Drosophila have been linked to the immune response and
developmental processes of haemopoiesis and morpho-
genesis of cephalopharyngeal musculature®. The evolution of
body size in Drosophila in response to temperature — a
trait for which perhaps the best documented clinal varia-
tion exists — appears to proceed via different genetic and
developmental mechanisms in different populations™ ™,
and seems to be likely to involve genes of the insulin sig-
nalling pathway>’, which are also implicated in mediating
lifespan, and lifespan related life-history trade-offs™.

Conclusion

My main purpose in this paper was to re-state the argu-
ment that a broader view of behaviour genetics that in-
cludes epigenetic phenomena relevant to the development
of behaviour in ecologically meaningful environments is
required to bridge the conceptual chasm between behav-
ioural ecology and behaviour genetics. This argument is
not new, and has been made repeatedly over the past few
decades**>134455961 However, it is only in recent years
that methodological approaches to bridge that chasm in
our understanding are beginning to become available, and
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thus the argument acquires some urgency. Due to con-
straints of space, | have tried to briefly lay out what | feel
is a useful conceptual basis for focusing on development
as a bridge between more genetically versus more ecol-
ogically oriented approaches to studying behaviour, or for
that matter evolution, and support the argument with a
few illustrative examples. The composition of the refer-
ence list reflects this decision; | have tried to refer largely
to reviews and books rather than providing a comprehen-
sive guide to the primary literature. My intent in writing
this article has been to provoke thought and, hopefully,
introspection. Unfortunately, conceptual and methodo-
logical chasms between disciplines all too often end up
becoming demarcating lines between academic territo-
ries, guarded vigorously, and often viciously, against in-
trusion from neighbours*®. This is not, however, conducive
to the advancement of science. Hopefully, this small ef-
fort will be received as being one among many other such
attempts to move towards a common market behavioural
biology, free of check-points and border controls. Devel-
oping such holistic research programmes in behavioural
biology will, of course, be an extremely challenging task,
especially for experimentalists. Yet, such challenges and
hardships are part of the attraction of organismal func-
tional biology. As Mirza Ghalib succinctly said over a
century ago:

‘ragon mein daudte phirne ke ham nahin gaayal
jab aankh hi se na tapkaa to phir lahu kya hai’

(Dissatisfied am | with wandering through the arteries
and the veins: no virtue accrues to the drop of blood un-
distilled into tears)

1. Alcock, J., Animal Behavior, Sinauer, Sunderland, 2001, 7th edn.

2. Tinbergen, N., On the aims and methods of ethology. Z. Tier-
physiol., 1963, 20, 410-433.

3. Lewontin, R. C., The problems of population genetics. In Evolu-
tionary Genetics: From Molecules to Morphology (eds Singh, R.
S. and Krimbas, C. B.), Cambridge University Press, Cambridge,
2000, pp. 5-23.

4. Amundson, R., Adaptation and development: on the lack of com-
mon ground. In Adaptationism and Optimality (eds Orzack, S. H.
and Saober, E.), Cambridge University Press, Cambridge, 2001, pp.
303-334.

5. Houle, D., The character problem in life history evolution. In The
Character Concept in Evolutionary Biology (ed. Wagner, G. P.),
Academic Press, San Diego, 2001, pp. 109-140.

6. Prasad, N. G. and Joshi, A., What have two decades of laboratory
life-history evolution studies on Drosophila melanogaster taught
us? J. Genet., 2003, 82, 45-76.

7. Lande, R., Quantitative genetic analysis of multivariate evolution,
applied to brain: body size allometry. Evolution, 1979, 33, 402—
416.

8. Lande, R., A quantitative genetic theory of life-history evolution.
Ecology, 1982, 63, 607-615,

9. Turelli, M., Phenotypic evolution, constant covariances, and the
maintenance of additive variance. Evolution, 1988, 42, 1342—
1347.

1134

10.

11.

12.

13.

14.

15.

16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Roff, D. A., Evolutionary Quantitative Genetics, Chapman and
Hall, New Y ork, 1997.

Steppan, S. J., Phillips, P. C. and Houle, D., Comparative quanti-
tative genetics. evolution of the G matrix. Trends Ecol. Evol.,
2002, 17, 320-327.

Wilkins, A. S., Genetic Analysis of Animal Development, Wiley-
Liss, New York, 1993.

Tully, T., Discovery of genes involved with learning and memory:
An experimental synthesis of Hirschian and Benzerian perspec-
tives. Proc. Natl. Acad. Sci. USA, 1996, 93, 13460-13467.
Hofstetter, J. R., Possidente, P. and Mayeda, A. R., Provisional
QTL for circadian period of wheel running in laboratory mice.
Chronobiol. Intl., 1999, 16, 269-279.

Arnold, S. J., Behavioral variation in natural populations. Il. The
inheritance of feeding response in crosses between geographic
races of the garter snake, Thamnophis elegans. Evolution, 1981,
35, 510-515.

Krebs, J. R. and Davies, N. B., An Introduction to Behavioural
Ecology, Blackwell Scientific, Oxford, 1993, 3rd edn.

Rose, M. R., Nusbaum, T. J. and Chippindale, A. K., Laboratory
evolution: the experimental wonderland and the Cheshire Cat syn-
drome. In Adaptation (eds Rose, M. R. and Lauder, G. V.), Aca-
demic Press, San Diego, 1996, pp. 221-241.

Hammerstein, P., Darwinian adaptation, population genetics and
the streetcar theory of evolution. J. Math. Biol., 1996, 34, 511—
532.

Phelan, J. P., Archer, M. A., Beckman, K. A., Chippindale, A. K.,
Nusbaum, T. J. and Rose, M. R., Breakdown in correlations during
laboratory evolution. |. Comparative analyses of Drosophila
populations. Evolution, 2003, 57, 527-535.

Archer, M. A., Phelan, J. P, Beckman, K. A. and Rose, M. R,,
Breakdown in correlations during laboratory evolution. I1. Selec-
tion on stress resistance in Drosophila populations. Evolution,
2003, 57, 536-545.

Eshel, I. and Feldman, M. W., Optimality and evolutionary stabil-
ity under short-term and long-term selection. In Adaptationism
and Optimality (eds Orzack, S. H. and Sober, E.), Cambridge Uni-
versity Press, Cambridge, 2001, pp. 161-190.

Sanes, D. H., Reh, T. A. and Harris, W. A., Development of the
Nervous System, Academic Press, San Diego, 2000.

Sokolowski, M. B., Drosophila: genetics meets behaviour. Nature
Rev. Genet., 2001, 2, 879-890.

Sharma, V. K. and Joshi, A., Clocks, genes, and evolution: the
evolutionary genetics of circadian organization. In Biological
Rhythms (ed. Kumar, V.), Narosa, New Delhi and Springer, Ber-
lin, 2002, pp. 5-23.

Gilbert, S. F., Opitz, J. M. and Raff, R. A., Resynthesizing evolu-
tionary and developmental biology. Develop. Biol., 1996, 173,
357-372.

Shook, D. R. and Johnson, T. E., Quantitative trait loci affecting
survival and fertility-related traits in Caenorhabditis elegans show
genotype—environment interactions, pleiotropy and epistasis. Ge-
netics, 1999, 153, 1233-1243.

Vieira, C., Pasyukova, E. G., Zeng, Z. B., Hackett, J. B., Lyman,
R. F. and Mackay T. F. C., Genotype—environment interaction for
quantitative trait loci affecting life span in Drosophila
melanogaster. Genetics, 2000, 154, 213-227.

Leips, J. and Mackay, T. F. C., Quantitative trait loci for life span
in Drosophila melanogaster: interactions with genetic background
and larval density. Genetics, 2000, 155, 1773-1788.

Elena, S. F. and Lenski, R. E., Test of synergistic interactions
among del eterious mutations in bacteria. Nature, 1997, 390, 395—
398.

Remold, S. K. and Lenski, R. E., Contribution of individual ran-
dom mutations to genotype-by-environment interactions in Es-
cherichia coli. Proc. Natl. Acad. Sci. USA, 2001, 98, 11388—
11393.

CURRENT SCIENCE, VOL. 89, NO. 7, 10 OCTOBER 2005



SPECIAL SECTION: ANIMAL BEHAVIOUR

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

Teotbnio, H. and Rose, M. R., Perspective: reverse evolution. Evo-
lution, 2001, 55, 653—-660.

Feder, M. E. and Mitchell-Olds, T., Evolutionary and ecological
functional genomics. Nature Rev. Genet., 2003, 4, 651-657.
Chippindale, A. K. and Rice, W. R., Negative genetic correlation
for adult fitness between sexes reveals ontogenetic conflict in
Drosophila. Proc. Natl. Acad. Sci. USA, 2001, 98, 5677-5682.
Bateson, P. and Martin, P., Design for a Life, Jonathan Cape, Lon-
don, 1999.

Sokolowski, M. B., Genes for normal behavioural variation: recent
clues from flies and worms. Neuron, 1998, 21, 463-466.
Papadopoulos, D., Schneider, D., Meier-Eiss, J., Arber, W., Len-
ski, R. E. and Blot, M., Genomic evolution during a 10,000-
generation experiment with bacteria. Proc. Natl. Acad. Sci. USA,
1999, 96, 3807-3812.

Pletcher, S. D., Macdonald S. J., Marguerie, R., Certa, U., Stearns,
S. C. and Partridge L., Genome-wide transcript profiles in aging
and calorically restricted Drosophila melanogaster. Curr. Biol.,
2002, 12, 712—723.

White, K. P., Rifkin, S. A., Hurban, P. and Hogness, D. S., Mi-
croarray analysis of Drosophila development during metamorpho-
sis. Science, 1999, 286, 2179-2184.

Toma, D. P., White, K. P., Hirsch, J. and Greenspan, R. J., Identi-
fication of genes involved in Drosophila melanogaster geotaxis, a
complex behavioural trait. Nature Genet., 2002, 31, 349-350.
Abouheif, E. and Wray, G. A., Evolution of the gene network un-
derlying wing polyphenism in ants. Science, 2002, 297, 249-252.
Wu, Q., Wen, T., Lee, G., Park, J. H., Cai, H. N. and Shen, P.,
Developmental control of foraging and social behaviour by the
Drosophila neuropeptide Y -like system. Neuron, 2003, 39, 147-161.
Rice, S. H., A general population genetic theory for the evolution
of developmental interactions. Proc. Natl. Acad. Sci. USA, 2002,
99, 15518-15523.

Nuzhdin, S. V., Pasyukova, E. G., Dilda, C. L., Zeng, Z-B. and
Mackay, T. F. C., Sex-specific quantitative trait loci affecting lon-
gevity in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA,
1997, 94, 9734-9739.

Wagner, G. P. and Mezey, J., Modelling the evolution of genetic
architecture: a continuum of alleles model with pairwise A x A
epistasis. J. Theor. Biol., 2000, 203, 163-175.

Nanjundaiah, V., Phenotypic plasticity and evolution by genetic
assimilation. In Origination of Organismal Form: Beyond the
Gene in Developmental and Evolutionary Biology (eds Miiller, G.
B. and Newman, S. A.), MIT Press, Cambridge, 2003, pp. 245—
263.

Kraaijeveld, A. R., Limentani, E. C. and Godfray, H. C. J., Basis
of the trade-off between parasitoid resistance and larval competi-
tive ability in Drosophila melanogaster. Proc. R. Soc. London B,
2001, 268, 259-261.

Sinervo, B. and Svensson, E., Correlational selection and the evo-
Iution of genomic architecture. Heredity, 2002, 89, 329-338.
Hoffmann, A. A., Sorensen, J. G. and Loeschcke, V., Adaptation
of Drosophila to temperature extremes: bringing together quan-

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

ACKNOWLEDGEMENTS.

titative and molecular approaches. J. Therm. Biol., 2003, 28, 175—
216.

Carrall, S. B., Grenier, J. K. and Weatherbee, S. D., From DNA to
Diversity: Molecular Genetics and the Evolution of Animal De-
sign, Blackwell Science, Malden, 2001.

Sokolowski, M. B., Pereira, H. S. and Hughes, K., Evolution of
foraging behaviour in Drosophila by density-dependent selection.
Proc. Natl. Acad. Sci. USA, 1997, 94, 7373-7377.

Prasad, N. G., Shakarad, M., Anitha, D., Rajamani, M. and Joshi,
A., Correlated responses to selection for faster development and
early reproduction in Drosophila: the evolution of larval traits.
Evolution, 2001, 55, 1363-1372.

de Bono, M. and Bargmann, C. |., Natural variation in a neuropep-
tide Y receptor homolog modifies social behavior and food re-
sponse in C. elegans. Cell, 1998, 94, 679-689.

Williams, G., Bing, C., Cai, X. J,, Harrold, J. A., King, P. J. and
Liu, X. H., The hypothalamus and the control of energy homeosta-
sis: different circuits, different purposes. Physiol. Behav., 2001,
74, 683-701.

Gilchrist, A. S. and Partridge, L., A comparison of the genetic ba-
sis of wing size divergence in three parallel body size clines of
Drosophila melanogaster. Genetics, 1999, 153, 1775-1787.
Zwaan, B. J.,, Azevedo, R. B. R., James, A. C,, van't Land, J. and
Partridge, L., Cellular basis of wing size variation in Drosophila
melanogaster: a comparison of latitudinal lines on two continents.
Heredity, 2000, 84, 338-347.

Neat, F., Fowler, K., French, V. and Partridge, L., Thermal evolu-
tion of growth efficiency in Drosophila melanogaster. Proc. R.
Soc. London B, 1995, 260, 73-78.

de Jong, G. and Bochdanovits, Z., Latitudinal clines in Drosophila
melanogaster: body size, allozyme frequencies, inversion frequen-
cies, and the insulin-signalling pathway. J. Genet., 2003, 82, 207—
223.

Partridge, L. and Gems, D., Mechanisms of ageing: public or pri-
vate. Nature Rev. Genet., 2002, 31, 165-175.

Futuyma, D. J., Evolutionary Biology, Sinauer, Sunderland, 1979,
1st edn.

Schlichting, C. D. and Pigliucci, M., Phenotypic Evolution: A
Reaction Norm Perspective, Sinauer, Sunderland, 1998.
West-Eberhard, M. J., Developmental Plasticity and Evolution,
Oxford University Press, Oxford, 2003.

Orzack, S. H. and Sober, E., Introduction. In Adaptationism and
Optimality (eds Orzack, S. H. and Sober, E.), Cambridge Univer-
sity Press, Cambridge, 2001, pp. 1-23.

| thank Sutirth Dey, N. G. Prasad and

Mallikarjun Shakarad for many interesting discussions and arguments
that helped shape and focus many of the ideas expressed here, as well
as two referees for helpful comments on the manuscript. My work is
supported in part by funds from the Department of Science and Tech-
nology, New Delhi.

CURRENT SCIENCE, VOL. 89, NO. 7, 10 OCTOBER 2005

1135



