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Synopsis It is well understood that much of evolutionary change is mediated through the endocrine system with growing

interest to identify how this occurs. This however, causes a conflict of sorts. To understand endocrine mechanism, a focus

on detail is required. In contrast, to understand evolutionary change, reduction to a few key traits is essential. Endocrine

proxies, measurable traits that accurately reflect specific hormonal titers or the timing of specific hormonal events, can

reduce endocrine complexity to a few traits that enable predictions of how the endocrine system regulates evolutionary

change. In the tobacco hornworm (Manduca sexta, Sphingidae), three endocrine proxies, measured on 5470 individuals,

were used to test explicit predictions of how the endocrine system regulates the response to 10 generations of simultaneous

selection on body size and development time. The critical weight (CW) reflects the variation in the cessation of juvenile

hormone (JH) secretion in the last larval instar, the interval to cessation of growth (ICG) reflects the variation in

prothoracicotropic hormone and 20-hydroxyecdysone (20E). Growth rate (GR) reflects the nutrient signaling pathways,

primarily the insulin and TOR This is a standard identity similar to DNA signaling pathways. These three endocrine

proxies explained 99% and 93% of the variation in body size and development time, respectively, following the 10

generations of simultaneous selection. When the two focal traits, body size and development time, were selected in the

same direction, both to either increase or both to decrease, the response to selection was determined primarily by the CW

and the ICG, proxies for the developmental hormones JH and 20E, and constrained by GR. In contrast, when the two focal

traits were selected in opposite directions, one to increase and the other to decrease, the response to selection was

determined primarily by the insulin and TOR signaling pathways as measured by their proxy, GR, and constrained by

the CW and the ICG. Thus, the use of endocrine proxies may be a powerful tool to reduce endocrine complexity to enable

explicit and testable predictions how the endocrine system can enable or constrain evolutionary change.

Introduction

Hormones mediate and coordinate the expression of

genes in response to intrinsic and extrinsic cues and

stimuli (Cox et al. 2016, this issue). Variation in

hormone signaling can result in variation in pheno-

types, the raw material of natural selection. If natural

selection acts differentially on a subset of this phe-

notypic variation, evolutionary change may result.

Thus, hormonal regulation can play an important

role in mediating evolutionary change and the evo-

lution of life history traits (Finch and Rose 1995;

Zera et al. 2007; Hau 2007; Bonier et al. 2009,

2011; McGlothlin et al. 2010; Ouyang et al. 2011;

Baugh et al. 2012; Williams 2012; Pavitt et al.

2014; Cox et al. 2016, this issue).

Incorporating endocrine regulation into trait evolu-

tion, however, raises a conflict of sorts. Stearns (2011,

370) describes this conflict succinctly ‘‘Those whose

priority is description focus on detail; those whose pri-

ority is prediction focus on simplicity’’. See Stearns

(2011), Flatt et al. (2011), and Davidowitz and Helm

(2015) for further discussion of the tension between

mechanistic detail and predictive simplicity.

Research into endocrine mechanism focuses on

mechanistic detail. More detail leads to a better un-

derstanding of the complexity of the hormonal
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cascades that regulate life history traits. This intrinsic

complexity of hormonal signaling cascades, however,

generates difficulties in understanding how endocrine

variation can result in evolutionary change. For exam-

ple, Gokhale and Shingleton (2015) describe five sig-

naling cascades that regulate growth in insects: IIS,

TOR, Hippo, JNK, and MAPK (Fig. 1). Nijhout et

al. (2013) describe five main endocrine and signaling

pathways that regulate development time and body

size in insects: IIS, TOR, JH, 20E, and PTTH (Fig.

1). Together, these eight signaling and hormonal path-

ways determine much of growth and development in

larval insects (Fig. 1). If we ignore the gene products

that make up their components, these eight signaling

cascades generate 40,320 possible permutations (a per-

mutation considers directionality in the order of the

components, which is appropriate for a signaling cas-

cade). If we were to be very conservative, and accept

that 99% of these permutations are not biologically

relevant, we are still left with 403 possible permuta-

tions that need to be parameterized in a predictive

model that incorporates endocrine mechanisms into

our understanding of how life histories evolve. This

number may be an under-estimate as these eight sig-

naling/hormonal pathways are not eight independent

pathways, rather they interact in complex (and still

partially unknown) ways in response to internal and

external cues (Tatar et al. 2001; Colombani et al. 2005;

Callier and Nijhout 2013; Nijhout et al. 2013; Koyama

et al. 2014; Mirth and Shingleton 2014; Mirth et al.

2014; Gokhale and Shingleton 2015; Hatem et al.

2015; Okamoto and Yamanaka 2015; Efeyan et al.

2015), thereby increasing the number of permutations

substantially. Interactions such as these are illustrated

by the curved lines in Fig. 1.

In contrast to endocrinology, life history theory

seeks simplicity. Only with a small number of param-

eters is it possible to develop meaningful predictive

models of life history evolution. Such models typically

include only a few key traits, such as size and age at

maturity, survivorship, and fecundity; size and

number of offspring; or the slope, shape, and inter-

cept of reaction norms (Roff 1992; Stearns 1992; Via

et al. 1995; Schlichting and Pigliucci 1998). To keep

Fig. 1 The endocrine regulation of body size and development time in insects. The five green boxes represent the five nutrient signaling

pathways that regulate growth. The three blue boxes represent the three hormones that regulate the timing of developmental events in

insects. The curved lines represent cross talk between pathways. The clusters on the left represent the components of each of the

signaling and endocrine pathways and reflect the complexity inherent in each. These eight endocrine and signaling pathways can be

reduced to three endocrine proxies (red boxes) that encapsulate the complexity of the endocrine pathways. Together, these three

endocrine proxies explain almost all of the variation in body size (100%) and development time (93%) following selection. The figure is

modified after Gokhale and Shingleton (2015) and Nijhout et al. (2013).
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the models simple, life history theory typically ignores

the mechanisms that generate the variation in such

traits upon which natural selection acts.

Where life history theory does acknowledge mech-

anisms, albeit indirectly, it is in the concepts of con-

straints and tradeoffs (Stearns 1989, 1992; Roff 1992;

Flatt et al. 2011). Constraints and tradeoffs limit a

population’s ability to evolve certain phenotypes and

are a fundamental assumption of life history theory

(Stearns 1992; Roff 1992). Even though life history

theory is generally silent on the mechanisms that

cause tradeoffs and constraints, it is increasingly ap-

parent that hormones and signaling pathways can play

a major role (Finch and Rose 1995; Ketterson and

Nolan 1999; Cox and John-Alder 2005; Hau 2007;

McGlothlin and Ketterson 2008; Cox et al. 2009;

Flatt and Heyland 2011; Williams 2012; Schwartz

and Bronikowski 2013; Cox et al. 2016, this issue).

Although we have a better appreciation of the role

of hormones in mediating life history evolution (see

other contributions in this symposium), there is still

a general dichotomy between the simplicity needed

for those that seek to predict evolutionary change of

life history traits and the detailed complexity re-

quired for those that study the mechanisms that reg-

ulate life history traits.

Evolutionary endocrinology is faced with an addi-

tional complication in predicting evolutionary change

from endocrine regulation. To predict evolutionary

change it is necessary to estimate the additive genetic

variances and covariances of the traits of interest on

hundreds (and sometimes thousands) of individuals

of known pedigree (Roff 1992; Lynch and Walsh

1998). The measurement of hormone titers on large

numbers of individuals can be prohibitively expensive,

time consuming, and labor intensive.

If we are to develop a life history theory that does

include endocrine and signaling mechanisms, or, if we

want to understand how limitations imposed by these

mechanisms generate tradeoffs and constraints, it is

necessary to develop a framework that can simplify

the complexity inherent in endocrine pathways in a

way that enables prediction of evolutionary change.

Is it possible to incorporate mechanistic detail in

predictions of the response to selection of life history

traits? The answer is yes, in certain situations (but

see caveats below). In the context of evolutionary

endocrinology, an endocrine proxy is an external

event during ontogeny that can be unambiguously

identified and measured and for which the endocrine

regulation of the trait has already been determined.

These external traits can be measured on large num-

bers of individuals of known pedigree to determine

the additive genetic variances and covariances of the

underlying endocrine mechanism. Because the endo-

crine regulation of the proxy traits is known, their

genetic variances can infer evolutionary change in

endocrine regulation. Examples of key events can

be the cessation of growth, the initiation of diapause,

metamorphosis, reproduction or migration, or bolt-

ing and flowering in plants.

An example of this can be seen in Davidowitz

et al. (2005) in which they develop a conceptual

framework that incorporates endocrine and nutrient

signaling pathways into the evolutionary response to

simultaneous directional selection of two life history

traits, body size and development time in over 5000

individuals of the tobacco hornworm (Manduca

sexta, Sphingidae). This framework simplifies the

complexity of the eight endocrine and nutrient sig-

naling pathways mentioned above, to three key proxy

traits that encapsulate this regulatory complexity.

This framework allows explicit evolutionary predic-

tions of how the underlying hormonal pathways

enable and/or constrain the response to selection

on body size and development time.

Endocrine proxies for body size and
development time

To understand the regulation of body size and de-

velopment time, we really need to understand what

regulates the cessation of growth (Fig. 2). This is

because the individual reaches its peak size, and

Fig. 2 The four points during ontogeny that determine body size

and development time in many organisms. (i) The decision to

stop growing and switch from the juvenile growth phase of on-

togeny to the adult reproductive phase. (ii) The actual cessation

of growth. (iii) The time lag between when the decision is made

to stop growth and when growth actually stops. (iv) Growth rate,

which determines how much mass is accumulated during the

growth phase. All four of these points during ontogeny are

controlled by hormones and can be measured by endocrine

proxies. See text for additional details.
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larval development time stops, when growth stops.

Before growth stops, the individual ‘‘makes a deci-

sion’’ to switch from the juvenile feeding phase to

the adult reproductive phase (the trigger for this de-

cision will be addressed below). There can be a lag

between when the decision to cease growth is made

and when growth actually ceases, during which

growth can continue (Fig. 2).

Thus, there are four key events in ontogeny that

determine body size and development time in many

organisms (Davidowitz and Helm 2015) (Fig. 2): (i)

the decision to stop the juvenile growth phase and

switch to the adult reproductive phase, (ii) the

actual cessation of growth, (iii) the time lag between

the decision and the cessation of growth, and (iv)

growth rate (GR), which determines how much

mass is accumulated during the juvenile growth phase.

Endocrine proxies in M. sexta

The hormonal regulation of these four key events in

M. sexta has been described in detail elsewhere

(D’Amico et al. 2001; Davidowitz et al. 2003, 2004,

2005, 2012; Davidowitz and Nijhout 2004; Nijhout et

al. 2006, 2010, 2013; Helm and Davidowitz 2015;

Davidowitz and Helm 2015; and references cited

within these). Only the relevant points will be de-

scribed here.

(i) The decision (Fig. 2) to cease growth and

switch from the juvenile to adult phase is triggered

once a threshold amount of resource storage (lipid

and protein) is accumulated in the fat body. This

threshold is about 20% of the net biomass of the

larva and doesn’t change when phenotypic variation

is altered by either diet or temperature (B. R. Helm

and G. Davidowitz, unpublished data). This threshold

level of storage induces the corpora allata (the endo-

crine glands that synthesize and secrete JH) to switch

off, after which juvenile hormone (JH) is catabolized

by juvenile hormone esterase (JHE). In M. sexta, this

decision event is called the critical weight (CW) and

is a proxy trait for the timing of the cessation of JH

secretion. (ii) The actual cessation of growth (Fig. 1)

is induced by a small pulse of 20-hydroxyecdysone

(20E). Following the pulse of 20E, the larva stops

feeding, purges its gut, and initiates wandering behav-

ior in search of a pupation site. This can be unam-

biguously identified externally by a change in

coloration and exposure of the dorsal aorta. (iii)

This pulse of 20E is induced by prothoracicotropic

hormone (PTTH), which is inhibited by JH. Thus,

PTTH and 20E can only be secreted when JH is

cleared from the hemolymph. PTTH itself is gated

by a specific photoperiodic window, such that even

if JH is cleared from the hemolymph, the subsequent

secretion of PTTH must wait for the next photope-

riodic gate to open. Thus, the lag interval (Fig. 2)

between the decision to cease growth and its actual

cessation is due to both the catabolism of JH and the

timing of the photoperiodic gate for PTTH secretion.

In M. sexta, this lag is referred to as the interval to

cessation of growth (ICG). It explicitly includes the

pulse of 20E that terminates growth and thus is the

proxy trait for the timing of PTTH and 20E secretion.

(iv) Growth (Fig. 2) is largely regulated by five sig-

naling pathways (Gokhale and Shingleton 2015) with

the insulin signaling (IIS) and TOR pathways playing

a more significant role (Nijhout et al. 2013). In M.

sexta, growth is measured as the GR of the linear

growth phase of the last larval instar, during

which more than 90% of growth occurs (Davidowitz

et al. 2004) and is the proxy trait for the nutrient

signaling pathways (primarily IIS and TOR).

In a straightforward study of life history evolution,

we would measure body size, and development time

and select on both traits simultaneously for a number

of generations. As is done in many life history studies,

measuring GR adds a ‘‘mechanistic’’ explanation of

the response to selection. These measurements restrict

the study to what is the response of body size and

development time to simultaneous selection. In con-

trast, with the endocrine proxies described above, we

can additionally explain why and how body size and

development time respond the way that they do as

well as identify the constraints and tradeoffs that de-

termine this response.

Evolutionary endocrinology predictions

Davidowitz et al. (2005) make the following predic-

tions for the endocrine regulation of the simulta-

neous response to selection of body size and

development time. When both focal traits are se-

lected to increase, it is predicted that the response

to simultaneous selection will be due to an increase

in both CW and ICG, and constrained by GR. When

both focal traits are selected to decrease, the response

to selection is predicted to be due to a decrease in

CW and ICG and constrained by GR. When body

size is selected to increase and development time is

selected to decrease, the prediction is that the re-

sponse to selection will be due to an increase in

GR and constrained by CW and ICG. Last, when

body size is selected to decrease and development

time is selected to increase, it is predicted that the

response to selection will be due to a decrease in GR

and constrained by CW and ICG. Thus, the response

to simultaneous selection is due to the interaction of
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the endocrine mechanisms of JH, PTTH, 20E, and

the insulin signaling pathways that control the deci-

sion to switch from the juvenile to adult phase, the

lag interval from when the decision is made to when

growth stops, and the amount of mass accumulated

during the juvenile growth phase.

In addition to the constraints in specific directions

of selection just mentioned, the endocrine proxy

framework offers further insight into potential trade-

offs in hormonal regulation. Development time is

determined by the time it takes to reach the CW

and the additional time from the CW to when

growth stops (ICG). As the timing to CW and the

ICG are additive in determining development time,

for a given development time, there is a tradeoff

between the endocrine regulation of the timing of

the decision to switch from the juvenile growth

stage to the adult reproductive stage, and the endo-

crine regulation of the timing of the cessation of

growth.

This endocrine proxy framework also makes more

general predictions regarding the endocrine regula-

tion of the two focal traits, body size and develop-

ment time. When the two focal traits are selected in

the same direction, both to either increase or both to

decrease, the response to selection will be determined

primarily by the decision to switch from the juvenile

to adult stage as measured by the JH proxy CW, and

the lag time between the decision and the actual

cessation of growth as measured by the PTTH and

20E proxy, ICG. When the two focal traits are se-

lected in opposite directions, one to increase and the

other to decrease, the response to selection will be

determined primarily by the insulin and TOR signal-

ing pathways as measured by their proxy GR.

Are these predictions upheld? In a manuscript in

review, Davidowitz, Roff, and Nijhout (Davidowitz et

al. in review) measured the endocrine proxies of CW,

ICG, and GR on 5470 individuals of known pedigree.

They show that 10 of 12 of the explicit predictions

described above are, in fact, upheld following 10 gen-

erations of 25% simultaneous, directional, truncation

selection. Using these endocrine proxies to calculate

a predicted body size and development time before

and after the 10 generations of selection, they then

test the relationship between what they predicted and

what was actually observed on the larvae in each

genetic line (direction of selection). They show that

the three hormonal proxies can explain 93% of the

response of development time and 99% of the re-

sponse of body size to all directions of selection.

These results illustrate the power of using endocrine

proxies in predicting how the underlying mechanism

can enable or constrain the response to selection of

focal traits such as body size and development time.

It is not, of course, sufficient to use endocrine

proxies without testing whether they accurately re-

flect the appropriate hormonal events of interest. In

addition to the abundant detailed endocrine work of

previous researchers in this system (see above), we

verified our endocrine proxies by measuring JHE and

20E titers as well at the timing of PTTH secretion

within the photoperiodic gate on a subset of individ-

uals. We found that the timing of PTTH secretion

explained 99% of the variation in the timing of 20E

secretion and 85% of the variation in peak 20E titer.

The CW explained 99% of the timing of JHE in-

crease, showing that it is a good estimate of the

onset of JH decay and the decision to switch from

the juvenile to the adult phases of growth.

The use of endocrine proxies in M. sexta has been

extended to understand other developmental re-

sponses such as phenotypic plasticity in body size

and sexual size dimorphism. An important role of

the endocrine system is to coordinate growth and

development in response to environmental stimuli

(e.g., Nijhout 2003; Boorse and Denver 2004;

Dawson 2007; Nijhout and Davidowitz 2009; Cox

et al. 2016, this issue). Using the endocrine proxies

described above, Davidowitz et al. (2003, 2004) show

that the endocrine regulation of phenotypic plasticity

in body size differs depending on the environmental

stimulus that causes the variation in body size. Body

size plasticity in response to diet quality is deter-

mined by GR and CW but not the ICG. In contrast,

plasticity in body size in response to temperature is

determined by GR and the ICG but not the CW.

Sexual size dimorphism is also under endocrine con-

trol (Badyaev 2002; Cox and John-Alder 2005; Cox

and Calsbeek 2009; Cox et al. 2009) and Stillwell et

al. (2010, 2014), Stillwell and Davidowitz 2010a,

(2010b) show how endocrine proxies explain sexual

size dimorphism in M. sexta.

Endocrine proxies in other organisms
and traits

The framework used here for M. sexta relies on the

timing of a discrete developmental event (cessation

of feeding and initiation of the wandering behavior)

that is relatively easy to recognize by external mor-

phological markers (gut purge and exposure of the

dorsal aorta) that can then be used to back-calculate

the point at which the decision to switch from the

juvenile to the adult phase is made (Davidowitz et al.

2012). Is this framework a peculiarity of M. sexta or

can it be used in other systems as well? Davidowitz

202 G. Davidowitz
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and Helm (2015) suggest that the use of develop-

mental markers of discrete events in ontogeny is ap-

plicable in a broad range of taxa. Such key events

include cell division in green algae, bolting or flower-

ing in plants, metamorphosis in amphibians and in-

sects, and the cessation of growth in mammals. If the

endocrine control leading to such developmental

markers are known, it is possible to develop endo-

crine proxies that can simplify endocrine complexity

to allow for evolutionary predictions based on endo-

crine mechanism.

Caveats to endocrine proxies

Although the endocrine proxies in M. sexta explain a

great deal of the evolutionary response of body size

and development time (493%), caution is needed in

their use. First and foremost, it is essential that the

hormonal regulation of any endocrine proxy needs

to be identified in detail and the appropriate hor-

monal titers directly measured and verified and not

assumed. For example, it is well established that tes-

tosterone is usually required in the expression of

male-specific courtship and mating in vertebrates.

However, it would be incorrect to assume this role

of testosterone without verification. In one species of

gecko (Paroedura picta), testosterone is required for

male copulatory behavior (Golinski et al. 2014),

whereas in another species of gecko (Coleonyx ele-

gans), testosterone is not required for male sexual

behavior (Golinski et al. 2011).

Over the past 50 years, M. sexta has been the

model organism for the study of insect physiology,

endocrinology, and biochemistry. Details of the en-

docrine regulation and hormone titers of the timing

of metamorphosis in M. sexta have been worked out

in significant detail by insect physiologists and endo-

crinologists (see above and references cited therein).

We were able to use endocrine proxies by incorpo-

rating details of the hormonal regulation of the

timing of metamorphosis into a framework that ex-

plains body size and development time. It is very

important to note that the use of endocrine proxies

as used here are specific to understanding body size

and development time and cannot be inferred to

other roles that JH, PTTH, 20E, and nutrient signal-

ing play in other aspects of larval or adult physiology

such as fecundity, metabolism, or immune response.

Second, the M. sexta proxies reflect the timing of

hormonal events, the decision to switch from the

juvenile to adult phase and the cessation of growth.

Specific events that are controlled by hormones may

be easier to identify than proxy traits that are gov-

erned by hormone titer (but see below).

But what of traits under hormonal control that are

harder to categorize as discrete, such as behavior?

Continuous traits such as behavior impose much

greater difficulty in identifying hormonal proxies

but, at least in principal, it may be possible to

apply them when there is a clear and strong relation-

ship between specific and measurable behaviors and

the hormonal mechanism inducing the behavior.

One possible example can be seen with the stress

hormone corticosterone (CORT). Increased repro-

ductive demand causes an increase in within-individ-

ual titers of CORT, which, subsequently, results in an

increase in the number of foraging trips made by tree

swallows (Bonier et al. 2011). If it can be verified

that the number of foraging trips is tightly correlated

with CORT titers, it may then be possible to use the

number of foraging trips as an endocrine proxy for

within-individual CORT levels. This proxy can be

measured on numerous individuals of known pedi-

gree, then used to make evolutionary predictions as

individuals with higher CORT levels had higher

fledgling success and thus, higher fitness.

CORT affects numerous other behaviors as well:

foraging behavior (Bonier et al. 2011), food caching

behavior (Pravosudov 2003), vigilance (Arthur 1987;

Voellmy et al. 2014), anticipitation of stress (Arthur

1987), sleep–wake patterns (Dugovic et al. 1999), anx-

iety-like behaviors (Shepard et al. 2000), and bold–shy

personalities (Baugh et al. 2012) among others. It may

be possible to use one, or a combination, of behav-

ioral traits, as proxies of CORT concentrations to

make predictions how CORT regulation may respond

to natural selection. Evidence suggests this may indeed

be possible with composite behavioral traits (Baugh et

al. 2012).

It cannot be emphasized enough that endocrine

proxies should be used in evolutionary endocrinol-

ogy only when direct measurements of hormones on

very large numbers of individuals such as in quanti-

tative genetics or selection experiments, becomes

prohibitive. It is always better to measure hormone

titers directly when possible. The use of indirect

measures of hormone titers, such as hormonal ma-

nipulation in place of direct measures of hormone

titers is controversial and still not resolved (Fairbairn

and Roff 1999; Zera 1999). Zera (2007) provides an

excellent treatise on the pitfalls of measuring hor-

mones in evolutionary endocrinology.

The complexity of endocrine pathways is hard to

reconcile with the small number of parameters inher-

ent in models of evolutionary change. Endocrine

proxies, measurable traits that accurately reflect specific

hormonal titers or the timing of specific hormonal

events, can reduce endocrine complexity. This
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reduction in complexity can be used to facilitate our

understanding of how endocrine cascades regulate evo-

lutionary change as well as constraints and tradeoffs

that affect the response to selection. The use of endo-

crine proxies may provide a conceptual framework to

advance our understanding of evolutionary endocrinol-

ogy. Future work may reveal their efficacy in other

systems.
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