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Many male animals wield ornaments or weapons of exaggerated proportions. We
propose that increased cellular sensitivity to signaling through the insulin/insulin-
like growth factor (IGF) pathway may be responsible for extreme growth of these
structures. We document how rhinoceros beetle horns, a sexually selected weapon,
are more sensitive to nutrition and more responsive to perturbation of the
insulin/IGF pathway than other body structures. We then illustrate how enhanced
sensitivity to insulin/IGF signaling in a growing ornament or weapon would cause
heightened condition-sensitivity and increased variability in expression among
individuals—critical properties of reliable signals of male quality. The possibility
that reliable signaling arises as a byproduct of the growth mechanism may explain
why trait exaggeration has evolved so many different times in the context of sexual

manner. Within an individual, growth
will speed up or slow down in response
to changes in nutritional or physiologi-
cal state because of the action of this
pathway. Across individuals, growth
will differ between high-condition and
low-condition individuals, resulting in
population-level variation in body and
trait sizes. Low-condition individuals
have lower levels of these signals than
higher condition individuals, and, as a
result, they experience slower rates and
lower overall amounts of tissue
growth.

As long as the various organs and
body parts (e.g., legs, eyes, wings)
exhibit similar sensitivities to insu-
lin/IGF signaling (17), their sizes will
scale proportionally from individual to
individual (18-21). But some traits
deviate in their responsiveness to these
signals, profoundly affecting the
amount and nature of their growth.
Genitalia are insensitive to circulating
insulin/IGF signals in Drosophila (20,
21). As a result, their growth is unre-
sponsive to environmental conditions,
such as nutrition, and genitalia size is
largely invariant among individuals. In

selection.

The most elaborate male ornaments and weapons of sexual selection
grow to exaggerated proportions (Fig. 1), especially in the largest and
best-conditioned individuals. The size and conspicuousness of these
traits make them likely candidates for intraspecific signals, used either
by males to assess the size, condition, or status of rival males, or by fe-
males to assess the relative genetic quality of potential mates (1, 2). Not
only are exaggerated traits easy to observe, they are unusually reliable
signals of individual male quality (2—4) as their growth tends to be more
sensitive to the nutritional histories and physiological conditions of indi-
viduals than is the growth of other traits (5-7). Exaggerated structures
also tend to be more variable in their expression than other morphologi-
cal structures (8-10). Hyper-variability in trait size can amplify other-
wise subtle differences in the body size or condition of males, further
enhancing the utility of these traits as signals. Combined, these structural
characteristics — extreme size, heightened condition-sensitivity, and hy-
per-variability among individuals — are the foundation for ‘handicap’ and
‘good genes’ models of sexual selection and a central tenet of modern
theories of sexual selection and animal communication (2-4, 11-15). We
offer a developmental explanation for this phenomenon. We suggest the
evolution of trait exaggeration involves increased sensitivity to insu-
lin/IGF signaling within a growing structure, and we show why such a
change in mechanism should also confer both heightened condition sen-
sitivity and hyper-variablity to expression of the trait (Figure 1B).

Insulin and IGFs are essential regulators of tissue growth and body
size (16). Circulating levels of insulin and IGFs are sensitive to nutrition,
as well as stress and infection, and the insulin/IGF pathway has emerged
as the central mechanism integrating physiological condition with
growth in multicellular animal taxa. Insulin and IGF levels within a
growing animal reflect the nutritional state and physiological condition
of that individual, and circulating levels of these signals modulate tissue
growth via the insulin receptor pathway in a graded, or dose-dependent

contrast, wings exhibit sensitivity to

insulin/IGF signaling typical of the rest

of the body; wing growth is sensitive
to larval nutrition, and wing sizes scale isometrically with among-
individual variation in body size (21).

We predicted that increased sensitivity to the insulin/IGF pathway
might be a mechanism leading to the evolution of extreme growth in
showy ornaments and weapons of sexual selection. In our model, indi-
vidual males differ in their physiological state as a result of differences
in their status, nutritional state, competitive ability, and/or health (para-
site or pathogen loads), translating into among-individual variation in
circulating levels of insulin/IGF signals (Fig. 1B). During their respec-
tive periods of growth, the adult structures in these animals would be
exposed to insulin/IGF signals, and the sensitivity of cells within each
growing structure to these signals would determine both how and by
how much each trait grew. Just as wings are more sensitive to insu-
lin/IGF signaling than genitalia in Drosophila (20, 21), so we predicted
that exaggerated ornaments or weapons of sexual selection would be
even more sensitive to insulin/IGF signaling than wings or other non-
sexually-selected body parts (Fig. 1B).

Male rhinoceros beetles (Trypoxylus dichotomus) wield a forked
horn on their heads. During growth, horns in this species are more sensi-
tive to larval nutrition than other body parts (wings, genitalia), and,
among adult males, horn size is hyper-variable, ranging from tiny bumps
to exaggerated structures two thirds the length of a male’s body (22). We
tested whether growing rhinoceros beetle horns were more sensitive to
insulin/IGF signaling than wings or genitalia using RNA interference to
perturb transcription of the insulin receptor (InR). Developing larvae
were injected with a 398bp fragment of dsSRNA of T. dichotomus InR as
they commenced their transition from larval feeding to gut purge (the
onset of the prepupal period and the beginning of metamorphosis). At
this time all growth in overall body size had ceased, but adult structures
(including genitalia, wings, and horns) were still growing. Thus, any
effects of manipulation of insulin/IGF signaling would be visible as
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reductions to genitalia, wing, or horn size relative to overall body size. If
the evolution of exaggerated horn size resulted in part from an increase
in cellular sensitivity to insulin/IGF signaling, then horns should be more
sensitive than wings to perturbation of the activity of this pathway. We
also predicted that genitalia would be relatively insensitive to pathway
perturbation (sensu 20, 21).

Injections significantly reduced InR transcript abundances for 48
hours near the end of the period of trait growth (i.e., before InR tran-
script abundance normally drops in these tissues; Fig. 2A-C). After met-
amorphosis was completed, we compared morphologies of treated and
control animals. Genitalia did not respond to experimental perturbation
of InR pathway activity (Wald statistic = 0.1245, 1 degree of freedom, p
= 0.724; Fig. 2D). Wings, which exhibit nutrition-sensitive growth pat-
terns typical of the majority of metric traits (e.g., eyes, legs, elytra, etc.),
showed a significant reduction in size of ~ 2% (Wald statistic = 8.976, 1
df, p = 0.003; Fig. 2E). In contrast, male horns, the structures most sensi-
tive to nutrition, were reduced by ~ 16% relative to controls (Wald sta-
tistic = 68.37, 1 df, p < 0.0001; Fig. 2F, G). Using response to InR
knockdown as a metric, male horns were eight times more sensitive to
insulin/IGF signaling than wings, consistent with our model for the evo-
lution of disproportionate or exaggerated weapon size from enhanced
tissue-specific sensitivity to the insulin/IGF pathway.

A growing body of research now implicates insulin/IGF signaling in
the development of extreme animal structures (23). Insulin/IGF signaling
is an ancient and conserved physiological pathway that has coupled rates
of cell proliferation with available nutrients for at least 500 million
years, and we suggest that this pathway has been co-opted repeatedly in
lineages experiencing strong sexual selection to yield disproportionate
growth in signaling structures. The insulin/IGF pathway would likely
have controlled the rate of growth of these structures already; increased
cellular sensitivity to these signals would therefore be an easy route to
the evolution of accelerated growth if the structure came under direc-
tional sexual selection for increased size.

But such a route to exaggeration would only generate exaggerated
trait sizes in high-condition individuals because low-condition individu-
als would have low circulating levels of insulin/IGF signals and attenu-
ated rates of tissue and body growth. The same mechanism stimulating
increased trait growth in high quality individuals would also repress trait
growth in low quality individuals (Fig. 1B). This means that whenever
exaggerated ornament or weapon size arises due to an increase in trait-
specific sensitivity to insulin/IGF signaling, then the exaggerated trait
should also show enhanced (or ‘heightened’) condition-sensitive expres-
sion and higher relative variability in trait size between low- and high-
condition individuals (as compared to other, non-exaggerated, traits).
Signal reliability would be an intrinsic property of these structures be-
cause of the developmental mechanism regulating their growth.

Theoretical considerations of sexual selection and animal signaling
argue that escalated evolution of signals is most likely when signals are
reliable, and it is difficult or impossible for low quality males to “cheat”
by producing full-sized structures (Fig. 3). Signal reliability can be evo-
lutionarily stable under two sets of conditions: either the signal is suffi-
ciently costly to produce or wield that it is not cost-effective for low
quality individuals to cheat (“handicap’ signals), or the signal is intrinsi-
cally unfakable (‘index’ signals, ‘good genes’ signals) (2-4, 11-13, 24—
33). The largest ornaments and weapons are generally assumed to be
handicap signals of male quality, where the cost of these structures en-
forces signal reliability (2-4, 24-33). However, for even the largest of
structures, the process of escalation must have started when these struc-
tures were small, and at that early stage, these costs would likely have
been minimal. Moreover, several recent studies of exaggerated male
ornaments and weapons have failed to find significant costs (34, 35),
forcing a reconsideration of the question: why don't low quality males
cheat?

We suggest that exaggerated animal structures may be unfakable
signals of quality because of the developmental mechanism responsible
for their accelerated growth. If true, then our hypothesis of ‘intrinsic
reliability’ could help explain why so many different signal traits embark
on an evolutionary trajectory of bigger and bigger size. We suggest that
whenever receivers responded to variation in insulin/IGF-sensitive struc-
tures, they fared relatively well due to the intrinsic reliability of these
traits as signals of underlying male quality. As these traits became larger
under selection, their utility as signals would have increased, enhancing
the benefits to receivers and accelerating the rate of signal evolution still
further. Once these structures become large enough to be costly, they
may also act as handicap signals and costs could contribute to signal
reliability (Fig. 3). However, as long as the traits exhibit heightened
sensitivity to insulin/IGF signals, costs may not be necessary for signal
reliability (36). This means that subsequent evolution of compensatory
structures alleviating costs to the signaling males (37) need not under-
mine the reliability of these traits as signals and could explain why some
exaggerated sexually selected structures function as reliable signals even
when no discernable costs are apparent (34, 35).
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Fig. 1. A). Exaggerated growth of weapons and
ornaments of sexual selection as exemplified by
rhinoceros beetle horns (Trypoxylus dichotomus). B)
Proposed mechanism for the evolution of trait
exaggeration through increased cellular sensitivity to
insulin/IGF signaling (shown for the disc-like appendage
primordia of insects). Individual nutritional state and
physiological condition are reflected in circulating levels of
insulin-like peptides and IGFs, which modulate the rate of
growth of each of the trait primordia. Traits whose cells are
sensitive (17) to these signals (e.g., wings [green]) exhibit
greater nutrition-dependent phenotypic plasticity and
among-individual variability than other traits whose cells
are less sensitive to these signals (e.g., genitalia [red]). An
increase in the sensitivity of cells within a particular trait
(e.g., horns [blue], see text) would lead to
disproportionately rapid growth of that trait in the largest,
best-condition individuals (i.e., exaggerated trait size) and
smaller trait sizes in low-condition individuals.
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Model conclusions:

Category of modeis:

Corroborated by an insulin/IGF mechanism for trait exaggeration:

Index signal models Sexually selected traits can evoive

Maynard Smith & Harper 2003 (3) o exaggerated sizes if bigger
versions of the trait are more
effective signals than smaller
versions, and if trait size is a
physiclogically or physically
unfakabile ‘index’ of the quality of
the signaler. Trait size is a reliable
signal because itis mechanistically
impassible for low quality signalers

to cheat.
Good genesfindicator models  Fernales benefit if they choose
Andersson 1986 (26) mates based on conditionally
Iwasa & Pomiankowskd 1999 (13) exprassed omaments because
Lorch et al. 2003 (27) variation in the expression of these

traits refiably indicates the overall
quality of a male. Low quality males

produce smaller signal traits

because they are in poor condition.
Genic capture models Evolution of ormaments persists
Riowe & Houle 1996 (12) (genetic variation is not depleted)
Lorch et al. 2003 (27 because in their expression these

Tomkins et al. 2004 (28) traits “capture” genetic variation for
overall body condition, including
health, resistance o parasites,
competitive ability, nutrition, ete.

race modei: Malamamc&nwﬁreln

Parkes 1974 (29) exaggerated sizes if weapon size
Enquist & Leimar 1983 (30) reliably signals the fighting abiity of
amale.

Modified by an insulinIGF mechanism for trait exaggeration:

Handicap models Females benefit if they choose

Zahavi 1975 (24) mates based on costly omaments.
Poriankowski 1967 (31) A given increase in trail size cosls
Grafen 1990 (.25) low quality males more (or benefits

Johnstone 1985 (11)

hwasa & Pomiankowskl 19699 (13) them s} ien b high quality

males, resulting in omament sizes

that refiably signal male quality.
Allometry evolution models Exaggerated omaments/ weapons
Bonduriansky & Day 2003 (32) will have steep allometry slopes
Kodric-Brown e al, 2008 (33) when small males pay higher costs

{or derive fewer benefits) than
large males for the same increase
in trait size,

Model predictions:

Should be mechanistically
impossible for low quality males to
produce large signal traits. Why the
size of a signal trait is unfakable is
often unclearfunspecified.

Exaggerated traits should exhibit

‘heightened’ conditional expression,

Genetic variation among males
affecting their body condition,
resistance to parasites, competitive
ability, etc., should translate into
differences in omament size.

Males should use relative weapon
size as a basis for assessment;
fights should be most likely to
escalate if rival males are similarky
armed. Mot clear from the models
why weapon size should remain
reliable.

Costs should be prasent, and they
should be relatively highest for low
quality males,

Costs of omaments/weapons
should trade-off with allocation to
overall growth or body mainte-
nance, and these costs should be
relatively highest for small males.

Contribution of the
insulinGF mechanism:

Provides an explicit mechanism for
unfakable signal expression in
exaggeraled morphological
structures,

Provides an explicit mechanism for
heightened conditional expression
of exaggerated morphological
structhures.

Provides an explicit mechanism for
genic capture, since all of these
aspacts of body condition ara
channeled inio a common
endocrine signal regulating trait
growth.

Suggests that weapons will
become increasingly reiable
signals of fighting ability as they
increase in size, facilitating ams
races.

Suggests that costs may not be
necessary for maintaining signal
refiability*, and the handicap
principle may only be relevant
when exaggeration is extreme.

Suggests that costs may not be
necessary for steep allometry
slopes (they should arise as a
byproduct of the mechanism of
exaggeration)*. This should expand
the conditions for which steep
allometry slopes are expected.

mmamnmmmhMM(w the models are not wrong); howeve, for insulin-sensitive exaggerated structures,

costs may not be y. Thes

should be infrinsically reliable due to the proximate mechanism regulating their growth.

Fig. 3. Sexual selection models whose relevance is affected by the proximate
mechanism responsible for trait exaggeration.
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