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INTRODUCTION

The evolution of endocrine regulation has been a topic of interest to physiologists
and evolutionary biologists for decades (reviewed in Adkins-Regan 2005, Matsuda
1987, Nijhout & Wheeler 1982, Norris 1997, West-Eberhard 2003, Zera 2004). Ma-
jor issues in this topic include the nature of endocrine adaptations (i.e., evolutionary
modifications of endocrine control mechanisms) and the role of these modifications
in the evolution of morphology, behavior, development, and life history. Until fairly
recently, the vast majority of evolutionary studies focused on comparative aspects of
hormonal regulation among species or higher taxa. Typical examples include phylo-
genetic analyses of hormone structure/function (Colon & Larhammar 2005, Guilgur
et al. 2006, Norris 1997) or comparative studies of various endocrine adaptations (e.g.,
differences in the hormonal control of ion balance among terrestrial, fresh-water, and
salt-water vertebrates; reviewed in Norris 1997). Another important research focus
has been the hormonal control of phenotypic trade-offs among life history traits in the
field, such as testosterone-mediated trade-offs; (Ketterson et al. 2001, Marler 1988,
Svensson et al. 2002). However, microevolutionary investigations of genetically vari-
able hormonal regulators in nondomesticated animals were rare before 1990 (Kallman
1989, Zera & Teibel 1989).

This situation has changed dramatically, and the first substantial synthesis of en-
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and covariation for various endocrine traits and (b) the extent to which endocrine
regulators (e.g., hormone levels, regulators of hormone titers, hormone receptor
expression) covary genetically with whole-organism aspects of morphology, develop-
ment, and life history, and the evolutionary implications of these associations. Our
primary goal is to evaluate critically the most significant experimental findings in
evolutionary endocrinology from the past two decades.

BACKGROUND IN EVOLUTIONARY ENDOCRINOLOGY

A Thumbnail Sketch of Endocrine Regulation

The mechanisms that comprise endocrine regulation are exceedingly complex, and we
give only a brief outline of the main aspects here to aid the nonspecialist. For general
reviews see, Adkins-Regan 2005, Gilbert et al. 2005, Kacsoh 2000, Nijhout 1994, and
Norris 1997. The key components of endocrine signaling are (a) the systemic (e.g.,
blood) concentration or titer of a hormone (the signal), (b) the receptors that bind the
hormone (the receiver; tissue sensitivity), and (c) the various intracellular mechanisms
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Studied Endocrine Traits and Endocrine Methods

Of the three main components of endocrine regulation discussed above, thus far
hormone titer has been studied most extensively from an evolutionary-endocrine
perspective. This predominant focus on hormone titers is the consequence of a
large body of evidence that implicates the regulation of phenotypic expression by
changes in circulating hormone levels, such as the hormonal regulation of develop-
mental and reproductive aspects of insect and vertebrate polymorphisms (Hartfelder
& Emlen 2005, Nijhout 1994, Shi 2000). Moreover, specific and sensitive assays,
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model organisms and molecular approaches are beginning to be incorporated into
evolutionary-endocrine research at an increasing rate (Harshman & Zera 2007,
Richard et al. 2005); a number of recent, notable examples are discussed throughout
this review.

The identification of fitness effects of endocrine variation is also a key aspect
of evolutionary endocrinology. This remains to be done for endocrine genotypes,
although several detailed studies in vertebrates addressed this issue at the phenotypic
level (discussed below in Vertebrate Studies).

The misuse of hormone manipulation. One widespread and growing problem in
evolutionary endocrinology, which deserves special comment, is the inappropriate
use of hormone manipulation (HM), which involves experimental manipulation of
the in vivo titer of a hormone [see Zera (2007b) for a detailed discussion of this topic].
HM is very useful in evolutionary endocrinology, for example, to evaluate the func-
tional significance of hormone-phenotype correlations identified in genetic analyses
(Zijlstra et al. 2004; see Genetic Polymorphism for Wing Pattern and Life History
in Bicyclus, below), or to produce phenotypes for experiments (e.g., Ketterson et al.
2001; see Vertebrate Studies, below). However, HM has been commonly misused; it
should not be the sole or primary empirical method used to establish the role of a hor-
mone in the regulation of phenotypic expression (e.g., the juvenile hormone studies of
Emlen & Nijhout 1999, 2001; Meylan & Clobert 2005; for a detailed critique see Zera
2007b). By itself, HM can never provide more than weak support for the role of a par-
ticular hormone or its specific mechanisms of action in the regulation of phenotypic
expression; applied hormones or analogs can have strong pharmacological (nonphys-
iological) effects, especially when applied in nonphysiological concentrations (which
is often the case in insect studies) or at inappropriate times in the life cycle. Fur-
thermore, introduced hormones can alter titers or receptors of other hormones. If
variation in an endocrine trait is the focus of study, that endocrine trait should be
quantified directly via the use of a well-validated assay, no matter how laborious.

Genetic Approaches in Evolutionary Endocrinology

Most evolutionary-endocrine studies to date focused on physiological aspects of hor-
monal variation such as hormone titers or activities of hormone-regulating enzymes,
via the use of quantitative-genetic methods, the most common of which is artifi-
cial selection. For general reviews of artificial selection see Gibbs (1999), Harshman
& Hoffmann (2000), Swallow & Garland (2005), and Falconer & MacKay (1996).
The degree of response to artificial selection quantifies the genetic component of
phenotypic variation for the selected trait (heritability) (Zera & Zhang 1995). Re-
searchers identify endocrine factors that potentially regulate the expression of mor-
phological/life history traits as indirect (correlated) responses when nonendocrine
phenotypes (e.g., life history traits) are selected directly [Malisch et al. 2007, Zera
2006, Zera & Huang 1999, Zijlstra et al. 2004; see Discontinuous Variation (Genetic
Polymorphism) in Insects, below].
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A major advantage of artificial selection is the production of genetically differen-
tiated populations for the selected and correlated phenotypes; these stocks can then
be subjected to further analyses to identify the underlying causes of phenotypic di-
vergence and correlations. For example, researchers used this approach to investigate
the molecular and biochemical causes of line differences in the activity of the cricket
juvenile hormone titer regulator, juvenile hormone esterase ( JHE) (Zera 2006; dis-
cussed below in the section on Direct Selection on an Endocrine Regulator in Gryllus
assimilis). Individual genes that contribute to physiological-genetic variation in an
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of this approach is the use of mutations in the insulin signaling pathway to identify
the role of this pathway in life history variation and trade-offs in Drosophila (Flatt
et al. 2005, Richard et al. 2005). Currently, mutational analysis is restricted almost
exclusively to model genetic organisms (e.g., C. elegans, Drosophila). The great power
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field-collected individuals, researchers obtained selected lines that produced >90%
of the dispersing or flightless/reproductive morph; these selected lines were subjected
to endocrine analyses (reviewed in Zera 2004, 2006, 2007a).

In G. rubens and G. firmus, lines selected for the dispersing morph exhibited
(a) much higher blood activity of the enzyme JHE, which degrades JH, (b) a re-
duced JH titer, and (c) an elevated ecdysteroid titer compared with lines selected for
the flightless/reproductive morph. These differences occurred during a critical period
in morph development. High JHE activity strongly cosegregated with the dispersing
morph in crosses and backcrosses of selected populations of G. rubens, which is the
first demonstration of genetic covariance (i.e., cosegregation) between a variable en-
docrine and developmental/life history trait in insects recently derived from the field.
Because ecdysteroids promote growth and differentiation, whereas JH inhibits meta-
morphosis, the higher ecdysteroid titer and lower JH titer (and higher JHE activity)
are consistent with a role for either or both of these hormones in the regulation of
morph development (Zera 2006). In contrast, JH binding in the hemolymph (due to
the JH binding protein) did not differ between morphs (Zera & Holtmeier, 1992),
indicating that variation in JH binding does not likely play a major role in the en-
docrine regulation of morph development. Zera and coworkers have also undertaken
one of the few direct comparisons between genetic polymorphism and environmental
polyphenism for an endocrine trait, JHE activity (Zera 2006, Zera & Teibel 1989;
also see Rountree & Nijhout 1995a,b and Suzuki & Nijhout 2006).

Endocrine studies of Gryllus have a number of limitations. For example, despite
considerable study, the relative importance of JH versus ecdysteroids (or other hor-
mones) in the regulation of aspects of morph expression still remains unresolved, and
JH titer differences between morphs are not large (see extensive discussion in Zera
2004, 2006). Because a nuclear JH receptor has not been unequivocally identified in
insects, the extent to which morph-specific traits result from variation in receptor
characteristics, as opposed to variation in circulating hormone levels, cannot be as-
sessed. Finally, the influence of hormones other than JH or ecdysteroids on morph
development, or the endocrine mechanisms that coordinate morph development with
morph-specific reproduction in adults, are unknown (Zera 2004, 2006).

Because JH plays an important role in insect reproduction (Gilbert et al. 2005,
Nijhout 1994), endocrine-evolutionary models of complex polymorphism have long
proposed that the blood JH titer should be higher in the morph with elevated fe-
cundity. However, this hypothesis has been tested directly in dispersal-polymorphic
species only during the past few years (Zera 2004, 2006). Surprisingly, in G. firmus
the JH titer in the dispersing morph exhibits a high amplitude, circadian rhythm
(50-fold titer change over a 6 hour period) that cycles above and below the relatively
invariant titer in the flightless morph (Zhao & Zera 2004). These data suggest that
morph-specific effects of JH may be determined not only by the titer, but also by the
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timescales. A number of studies recently showed phenotypic variation in circadian
or diurnal rhythms for endocrine traits in insects (Vafopoulou & Steel 2005; Zhao
& Zera 2004). The failure to identify these endocrine titer rhythms, especially if the
rhythms are morph-specific, can result in substantial errors in interpretation of the
endocrine data (Zera 2006, 2007b).

Although field-endocrine studies are common in vertebrates (discussed in Ver-
tebrate Studies, below), only a few limited studies have been undertaken in insects
(reviewed in Zera et al. 2007). Thus, the correspondence between endocrine traits
measured in selected lines in the laboratory and measured under field conditions is
poorly understood. However, a recent multi-year field study found comparable re-
sults for blood JH and ecdysteroid titers in G. firmus in individuals sampled in the
field or in selected lines raised under field conditions, as were found in laboratory
studies described in the paragraph above (Zera et al. 2007; and A.J. Zera, unpublished
observations). The morph-specific circadian rhythm for JH titer in field populations
of G. firmus is a powerful model with which to investigate the microevolution of
endocrine circadian rhythms, a poorly studied topic in evolutionary endocrinology.

Genetic polymorphism for wing pattern and life history in Bicylcus. Butterfly
wing pattern components (e.g., size, color, shape) are exquisite adaptations for camou-
flage, thermoregulation, mate recognition, etc. Developmental, hormonal, biochem-
ical, and more recently, molecular aspects of variation in wing pattern expression
have been studied extensively, most often in the context of seasonal polyphenism (re-
viewed in Brakefield & Frankino 2007, Nijhout 1991). Various neuropeptides ( Jones
et al. 2006) and ecdysteroids are implicated as regulators of pigment biosynthesis and
eyespot patterning.

The most detailed endocrine-genetic analyses of wing-pattern components are
studies of ecdysteroid control of eyespot size and life history (rate of development) in
the butterfly Bicyclus anyana (Brakefield & Frankino 2007, Koch et al. 1996, Zijlstra
et al. 2004). Size of the ventral eyespot and rate of development are adaptations to
a particular season (polyphenism) (Brakefield & Frankino 2007). Researchers con-
ducted artificial selection in the laboratory in an environment intermediate between
those producing the seasonal phenotypes, and on a base population that contained
ventral eyespot sizes intermediate between those seen in wet and dry seasons. Selec-
tion on ventral eyespot size or rate of development demonstrated that these character-
istics are correlated genetically with each other and with the hemolymph ecdysteroid
titer during early pupal development. Results of ecdysteroid injection experiments
implicated an earlier rise in the ecdysteroid titer as a cause of increased ventral eye-
spot size and faster rate of development in the wet-season morph, although a more
complex picture emerged subsequently (Zijlstra et al. 2004).

Simultaneous two-trait selection on ventral eyespot size and rate of develop-
ment produced four lines with the four possible trait combinations (fast-development
rate and large eyespots, slow-development rate and large eyespots, etc.). Unexpect-
edly, investigators observed genetic covariance between the ecdysteroid titer and
development rate, but not ventral eyespot size (Zijlstra et al. 2004). Nevertheless,
injection of ecdysteroids increased eyespot size as well as rate of development, as
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observed previously (Koch et al. 1996). A confounding problem with hormone injec-
tion was the strong effect of injection per se on eyespot size (see Zijlstra et al. 2004).
These authors concluded that the ecdysteroid titer primarily controls development
rate, whereas ventral eyespot size can be modulated by ecdysteroid-dependent as
well as ecdysteroid-independent mechanisms. These important studies illustrate that
(a) endocrine-genetic control mechanisms can be more complex than they appear at
first, and (b) the initial demonstration of hormone-phenotype associations should be
viewed as the beginning, not the end point, of functional studies of endocrine control
of phenotypic expression.

Evolution of a polyphenism by artificial selection. Although numerous studies
investigated the mechanisms that underlie morph expression in polyphenisms, little is
known about the evolutionary origins of polyphenism. In an innovative study, Suzuki
& Nijhout (2006) addressed this issue with direct selection for plasticity in body
color in Manduca sexta, a model organism in insect endocrine studies. The authors
heat shocked the Manduca sexta black mutant to expose hidden genetic variation in
coloration, which provided the means for selection. The authors produced a line
(unreplicated) whose body color was always black irrespective of rearing temperature
(monophenic line), as opposed to another line that was black or green depending on
rearing temperature. Owing to the extensive endocrine database for this model species
(Nijhout 1994), Suzuki & Nijhout (2006) could investigate the endocrine basis of the
evolution of plasticity. These authors reported that the plastic line evolved by selection
on genes that regulate temperature-dependent hemolymph juvenile hormone titer.
One limitation of this study is that Suzuki & Nijhout (2006) used a bioassay to measure
the JH titer; bioassays can be unreliable (see Baker 1990, Zera 2007b).

Other polymorphisms/polyphenisms. A number of other groups investigated JH
regulation of complex polymorphism, such as horn size polymorphism in dung bee-
tles and wing polymorphism in the soapberry bug (Dingle & Winchell 1997; Emlen
& Nijhout 1999, 2001; Moczek & Nijhout 2002). Unfortunately, in these studies hor-
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JHE activity in wing-polymorphic crickets (discussed above) make JHE the most in-
tensively studied endocrine trait from an evolutionary-genetic perspective (reviewed
in Zera 2006).

Researchers observed strong responses to replicated selection in either juvenile or
adult stages; heritabilities were similar to those of nonendocrine enzymes (Zera 2006,
Zera & Zhang 1995, Zera et al. 1998). Selection on JHE activity during the juvenile
or adult stages resulted in no correlated responses on JHE activity during the alter-
nate life cycle stage. These results demonstrate that some components of endocrine
regulation can evolve independently in a stage-specific manner. The extent to which
physiological mechanisms constrain various life cycle stages to evolve in concert is a
key but poorly understood topic in evolution (Brakefield et al. 2003, West-Eberhard
2003, Zera 2006). Extensive studies of morphological, developmental, physiological,
biochemical, and molecular correlates of JHE activity in selected lines of G. assimilis
were reviewed recently in Zera (2006), and only more recent or salient findings are
covered here.

Characterizations of selected lines of G. assimilis show that the response to diver-
gent selection on blood JHE activity results equally from genes that contribute to:
(a) whole-organism enzyme activity and (b) the degree of enzyme secretion into the
blood, similar to G. firmus (Zera & Huang, 1999). Enzymatic properties do not differ
between JHEs from high and low activity lines, nor are there nucleotide differences
in the coding sequence of JHE genes within or between selected lines (Crone et al.
2007 and references therein). Cosegregation between line-specific JHE allele and
blood JHE activity implicates DNA sequence variation at or near the JHE gene re-
gion as a contributor to line differences in blood JHE activity. The study by Crone
and coworkers (2007) is one of the few that links molecular aspects of a candidate
gene to physiological/phenotypic variation in an endocrine trait in an insect (analo-
gous studies in vertebrates are discussed in the sections on Vertebrate Studies and on
Single Locus Polymorphisms in the Field).

Comparisons among the results of artificial selection studies performed in G.
rubens, G. firmus, and G. assimilis provide important insights into (a) the nature of
the genetic factors responsible for microevolutionary changes in JHE activity, (b) the
degree of change in JHE activity necessary to alter whole-organism JH metabolism
(a prerequisite for affecting the expression of whole-organism traits), and (c) the role
of modulation of JHE activity on the expression of specific phenotypes such as wing
length and flight-muscle mass. Each of these issues is discussed in detail in Zera (2006).

Body size in insects. Body size is an important organismal trait (reviewed in Edgar
2006, Nijhout 2003). There has been a recent surge of molecular-endocrine studies
on body size regulation in Drosophila, whereas physiological-hormonal investigations
of body size regulation in M. sexta have been ongoing since the 1970s. These studies
provided the impetus for the first evolutionary-endocrine studies of body size in
insects.

Nijhout and colleagues (2003) developed a physiological model that relates at-
tainment of size at metamorphosis (size when feeding ends in the last larval stage =
adult size) to various whole-organism growth parameters, which are in turn related
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In conclusion, whereas genetic alteration of insulin signaling clearly affects life-
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Nonsynonymous mutations at different sites of the Mc1r locus during the Pleistocene
appear to have given rise to independently evolved melanic plumage polymorphisms
in geese and skuas (Mundy et al. 2003). Results from molecular population genetic
and association analyses support the hypothesis that selection has acted on Mc1r in
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serum levels of insulin growth factor 1 (IGF1) but not growth factor binding proteins,
nor elevated expression of IGF receptors in muscle. This is a unique study in that
it compares the contribution of variable genes that encode plasma hormone levels
versus hormone receptors to the response to selection in a key life history trait. The
findings of Hoeflich and coworkers (2004) support the strong association between a
specific IGF1 haplotype and size in dog breeds (Sutter et al. 2007), which suggests
that IGF1 was also an endocrine target of selection on size during the early history
of dog domestication.

Fitness correlates of endocrine variation in the field. Topics of central im-
portance in evolutionary endocrinology are the extent to which endocrine genetic
variation gives rise to variation in fitness in the field and the mechanisms involved
(Ketterson et al. 1996). Several long-term field studies in vertebrates used hor-
monal and other physiological manipulations to address these topics. In a series
of pioneering studies, Sinervo and colleagues (Sinervo 1999, Sinervo et al. 2006,
Svensson & Sinervo 2004, and references therein) manipulated follicle-stimulating
hormone (FSH) and follicle size to investigate the endocrine mechanisms that
control the egg size/egg number trade-off. The same group used HM to study fitness
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prediction that experimentally manipulated high-T males (the extreme phenotype)
have lower fitness than control males (where plasma T levels were shaped by selec-
tion). Surprisingly, they found the opposite: High-T males have higher fitness than
control males owing to higher rates of extrapair copulation by T males. These authors
suggested that testosterone levels may be constrained in natural populations, although
there are other potential explanations such as selection via indirect effects of T on off-
spring or females (Reed et al. 2006). A major unanswered question generated by these
studies is the extent to which experimental manipulation mimics the pleiotropic effects
of segregating genetic variation for endocrine regulators in these and other species.

SUMMARY AND CONCLUSIONS

During the past two decades, the first direct information on the extent, characteristics,
and functional significance of genetic variation for endocrine traits in nondomesti-
cated animals was obtained using well-validated endocrine techniques. This is the
most important achievement of the nascent field of evolutionary endocrinology thus
far. Insect and vertebrate studies contributed in complementary ways to our under-
standing of evolutionary endocrinology: Insect studies provided the most detailed
information on the endocrine-genetics of hormone titers, titer regulators, and in-
tracellular signaling in the laboratory; vertebrate studies contributed the most to
our understanding of the endocrine basis of single-locus polymorphisms and fitness
effects of endocrine variation in the field.

Results to date clearly implicate variation in endocrine regulation as an im-
portant and widespread aspect of organismal microevolution. Prominent examples
include morphs of complex polymorphisms in insects (dispersal and wing-pattern
polymorphisms in crickets and butterflies) and vertebrates (size and plate-morph
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