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The decision to stop growing and mature into an adult is a critical point in development
that determines adult body size, impacting multiple aspects of an adult’s biology. In many
animals, growth cessation is a consequence of hormone release that appears to be tied
to the attainment of a particular body size or condition. Nevertheless, the size-sensing
mechanism animals use to initiate hormone synthesis is poorly understood. Here, we
develop a simple mathematical model of growth cessation in Drosophila melanogaster,
which is ostensibly triggered by the attainment of a critical weight (CW) early in the
last instar. Attainment of CW is correlated with the synthesis of the steroid hormone
ecdysone, which causes a larva to stop growing, pupate, and metamorphose into the adult
form. Our model suggests that, contrary to expectation, the size-sensing mechanism that
initiates metamorphosis occurs before the larva reaches CW/ that is, the critical-weight
phenomenon is a downstream consequence of an eatlier size-dependent developmental
decision, not a decision point itself. Further, this size-sensing mechanism does not
require a direct assessment of body size but emerges from the interactions between
body size, ecdysone, and nutritional signaling. Because many aspects of our model are
evolutionarily conserved among all animals, the model may provide a general framework
for understanding how animals commit to maturing from their juvenile to adult form.

growth cessation | body size | mathematical modeling | hormonal regulation | puberty

Body size is perhaps the most fundamental of all phenotypic traits, impacting an animal’s
morphology, physiology, behavior, and ecology (1, 2). The decision to stop growing and
mature into an adult is therefore a critical point in development. In almost all animals,
this decision is typically made some time before growth actually stops. In mammals, for
example, the decision to stop growing is made at the onset of puberty, leading to upreg-
ulation of steroidogenesis and an irreversible transition from immature to adult form (3).
Timely production of hormones, particularly steroids, also regulates the juvenile-to-adult
transition in many other animals, including birds, amphibians, and insects (4—7). Despite
intensive research into the developmental regulation of maturation hormones in multiple
animals, how an animal knows when to initiate hormone synthesis so that it stops growing
and completes maturation at the correct size remains poorly understood (8-11).
Nevertheless, there is increasing evidence that initiation of the juvenile-to-adult transition
is associated with the attainment of a particular body size or body condition in a wide
variety of animals (9, 12-15).

In holometabolous insects such as the fruit fly Drosophila melanogaster and the tobacco
hornworm Manduca sexta, the decision to stop growing is thought to reflect the attainment
of a critical weight (CW) early in the final larval instar (16). Starving larvae smaller than
the CW cause a delay in metamorphosis, while starving larvae greater than the CW do
not. Based on this observation, attainment of CW is thought to trigger a size-sensing
mechanism that ultimately and irreversibly up-regulates the synthesis of the molting
hormone ecdysone by the prothoracic gland (PG). Increases in ecdysone titer initiate
cessation of growth—fixing final body size—and drive metamorphosis into the adult
form. Due to the experimental tractability of holometabolous insects, the critical-weight
phenomenon has been extensively studied as a powerful model for understanding the
mechanisms by which developing animals regulate the timing of maturation and final
body size (17-22). Nevertheless, although we have a good understanding of the molecular
and physiological mechanisms that regulate ecdysone synthesis (18, 23), the precise nature
of the critical-weight phenomenon itself remains elusive. Specifically, it is unclear what
size-sensing mechanism holometabolous insects use to initiate ecdysteroidogenesis and
the extent to which this mechanism is evolutionarily conserved across species.

Developmental transitions, such as the onset of puberty or attainment of CW, are driven
by underlying gene and endocrine regulatory networks that are governed, by and large, by
the principles of gene expression and laws of biochemical kinetics. Such networks can be
modelled (in a first approximation) by nonlinear differential equations. Recent theoretical
proposals (24-29) have associated developmental transitions with bifurcations of nonlinear
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differential equations, which occur when a small change in a
parameter induces a qualitative change in the long-term solution
of the differential equations. In particular, irreversible decisions
have been identified with saddle-node bifurcations of dynamical
systems (30-32). The use of mathematical modeling to describe
the hormonal regulation of growth cessation has, however, been
underutilized. Such modeling promises to provide insight into the
processes by which animals decide to stop growing in general, and
the feasibility that this decision is causally linked to the attainment
of a particular body size/condition specifically.

In this paper, we propose an alternative to the hypothesis that
the critical-weight phenomenon involves a size-sensing mecha-
nism that directly links body size to the commitment to adult
maturation and cessation of body growth. Instead, using Drosophila
as a model, we argue that the size-dependent developmental tran-
sition emerges due to the interactions between body size, ecdysone
production, and nutritional signaling. We demonstrate how this
is possible using a simple model of larval growth and ecdysone
synthesis based on a pair of nonlinear ordinary differential equa-
tions. The model reproduces observed changes in body size and
ecdysone levels during the third (final) instar of Drosophila larvae
and precisely generates the phenomenological characteristics of a
CW. Importantly, the decision to metamorphose is made much
carlier in development than attainment of CW and corresponds
most closely to the minimal viable weight (MVW) for pupariation.
This suggests that the critical-weight phenomenon, as observed
in Drosophila larvae at least, is not a direct consequence of a
size-sensing mechanism but rather an indirect consequence of the
physiological mechanisms that regulate growth and ecdysone
synthesis.

Results

Biological Basis for the Model.

The critical-weight phenomenon. D. melanogaster are holometa-
bolous insects that, after hatching, develop into mobile, feeding
larvae, which grow dramatically, passing through three larval instars.
In all holometabolous insects, a commitment is made in the final
instar to stop feeding, pupate, and metamorphose into the adult
form. Because growth of the adult body is prohibited by its hard
exoskeleton, adult body size is largely determined by the size of
the larva at pupation. The decision to pupate is, however, made
much earlier in the final larval instar, ostensibly at attainment of a
CW. This decision is associated with the production of the steroid
hormone ecdysone (E), which initiates the cessation of feeding, the
termination of larval growth, and, after some period, pupation and
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metamorphosis (Fig. 14) (5, 16). Ecdysone also triggers final growth
and differentiation of the imaginal discs, as well as autophagy of the
fat body to support metamorphosis after the cessation of feeding
(33-35). In well-fed larvae, time-to-pupation (TTP), the remaining
larval period for a larva of a particular size or age, is a simple
decreasing function of larval mass (Fig. 1B, green line) (36, 37).
In contrast, starvation or suppressed nutritional signaling in small
larvae (below CW) retards development and increases T'TP (relative
to well-fed larvae), while starvation or suppressed nutritional
signaling in larger larvae (above CW) either does not affect TTP (for
example in M. sexta) (37) or accelerates development and decreases
TTP (in Drosophila) (36). CW is therefore operationally defined as
a change in the relationship between mass at starvation and TTP
(Fig. 1B, red line) (36, 37), and is thought to reflect a size-sensing
switch at which a larva commits to metamorphose without the
necessity of further growth (5, 37, 38). The precise mechanism
of the switch remains unknown, although, as described below,
several factors that regulate ecdysteroidogenesis also influence CW
in Drosophila.

The regulation of ecdysone synthesis. The signaling pathways that
regulate ecdysone synthesis are described in great detail in recent
review articles by Texada et al. (18) and Kannangara et al. (23).
While there are many regulators of ecysteroidogenesis in the PG,
we focus on three key signaling pathways that appear to affect the
critical-weight phenomenon: insulin/insulin-like growth factor
signaling (IIS), prothoracicotropic hormone (PTTH) signaling,
and ecdysone signaling (Fig. 24). The IIS pathway is activated
by circulating insulin-like peptides (ILPs) released, in part, in a
nutrient-dependent manner from insulin-producing cells in the
brain (40). The ILPs bind to the insulin receptor of cells and activate
the IIS pathway, which promotes systemic growth by repressing
the Forkhead Box subfamily O transcription factor (FOXO), a
negative growth regulator (41, 42). In the PG, FOXO suppresses
the expression of ecdysone-biosynthesis genes, so the repression
of FOXO by IIS increases ecdysteroidogenesis (21), although IIS
may also activate ecdysteroidogenesis through other mechanisms
(43). PTTH, released from neurosecretory cells that project from
the brain to the PG, is regulated by the developmental status of
the imaginal tissue and circadian phase (44). PTTH activates the
Ras/Raf/Mitogen-activated protein kinase (MAPK) pathway via
its receptor Torso to up-regulate ecdysteroidogenesis (45). PG-
autonomous activation of both IIS and PTTH signaling accelerates
pupation and reduces adult body size, ostensibly by reducing CW,
while suppression has the opposite effect (46, 47). Ecdysone is
known to positively regulate its own synthesis via two mechanisms.
First, ecdysone, or rather its metabolite 20-hydroxyecdysone
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Fig. 1. Growth, physiology, and CW in third-instar Drosophila larvae. (A) Growth and ecdysteroid levels during the third larval instar. Data from ref. 39.
(B) Starvation accelerates pupation in all but the smallest larvae (compare green line to red line). CW (arrow) is marked by a change in the relationship between
larval mass at starvation and TTP (gray broken line shows larval mass vs. TTP if there is no change at CW). Data from ref. 36.
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Fig. 2. Mathematical model of growth and ecdysone production during the third instar of Drosophila larvae. (A) Ecdysone (E) synthesis is up-regulated by
the IIS pathway (purple) and the PTTH-signaling pathway (orange). IIS activity is in turn reflective of accumulated body mass (M: blue). After conversion to
20-hydroxyecdysone (20E) in peripheral tissue, ecdysone regulates its own synthesis (green) via PTTH and Usp/EcR signaling. Finally, ecdysteroids are metabolized
by ecdysone oxidase to 3DE. See text for details. (B) A simplified version of Fig. 2A upon which our mathematical model is based. Dotted lines indicate the
regulatory relationships captured in our model. (C) The differential equations describing ecdysone synthesis and degradation, and the Gompertz function
describing growth. The variables are coupled because M influences dE/dt (blue arrow) and E influences dM/dt (green arrow). Colors in equations capture regulatory

relationships in (B). See text for details.

(20E), binds to the ecdysone receptor (EcR) which, with its
partner ultraspiracle (Usp), regulates the expression of ecdysone
biosynthetic genes (21). Second, 20E activates the secretion of
the epidermal growth factor (Egf) ligands spitz and vein by the
PG, presumably via EcR (48). These ligands then bind to Egfr in
the PG in an autocrine manner and activate the Ras/Raf/MAPK
pathway to upregulate ecdysteroidgenesis. Supporting the role
of the autoregulation of ecdysone synthesis in the critical-weight
phenomenon is the observation that the phenomenon is eliminated
in ecdysone-fed larvae; that is, starvation never retards pupation
in larvae that are fed ecdysone (21). Finally, 20E is inactivated
through at least two mechanisms: conversion by ecdysone oxidase to
3-dehydroecdysone (3DE) (49) and conversion by the cytochrome
P450 enzyme Cyp18al to 20,26-dihydroxyecdysone (50, 51).

A conceptual model of CW. In summary, 1) the decision to stop
growing appears to be a response to nutrient-dependent growth up
to a CW; 2) nutrient-dependent growth and ecdysteroidogenesis
are positively regulated by IIS; 3) after attainment of CW,
pupation is no longer retarded by reduced IIS activity; and 4)
ecdysone positively regulates its own synthesis. These observations
suggest that, when larvae attain CW;, they switch the regulation of
ecdysone synthesis from exogenous factors (IIS and PTTH) to the
autogenous self-activation pathway (involving 20E and EcR). Here,
we present a mathematical model of this hypothesis to determine
whether it can account for the critical-weight phenomenon and
the decision to metamorphose in Drosophila larvae. Our model
is based on a very simple, abstract representation (Fig. 2B) of the
physiological and biochemical data that we have reviewed here.

Ecdysone Dynamics. Based on Fig. 2B, which summarizes a host
of experimental results (Fig. 24), we assume

1. Ecdysone is synthesized at a rate C = C,, + Cj;,, where C,y
is the contribution to ecdysone synthesis by PTTH and Cj;, is
the contribution by the IIS pathway. For now, we assume that
Cis a constant (units of pg h™"), but in later subsections, we
will account for the influence of larval nutrition and growth

on the IIS pathway.

PNAS 2023 Vol.120 No.49 e2313224120

2. Ecdysone is also synthesized by a self-activating pathway
(through EcR), at a rate AxE?, where E = ecdysone titer
(pg/larva, or “pg” for simplicity) and A4 is a second-order
rate constant (pg'1 h™). Our rate law, AxE?, assumes that
the self-activating pathway is a cooperative process and
that the larva pupates before E(#) begins to saturate the
pathway.

3. Ecdysone is degraded by first-order kinetics, -BxE, where B
is a first-order rate constant (h™).

With these assumptions, we write the net rate of change of
ecdysone concentration as:

dE _ 42 _pE+C, (1]
dt

where 7is time (h). Eq. 1 has a “steady-state” solution whenever
dE/dt = AE*~-BE+C = 0 (Fig. 3A). For 0 < C < B*/4A, dE/dr = 0
at two values of £ (£_ and E,), given by the quadratic formula:

E, = % (1 +4/1 —4AC/Bz). Note that £ lies between 0
and B/2A and E, > B/2A. Examining the sign of dE/dt as a

function of £ (Fig. 3 A, Left), we see that the lower steady state,
E_(Fig. 34, cyan circle), is stable with respect to small fluctu-
ations of ecdysone concentration; that is, a small increase or
decrease in E makes dE/dt negative or positive, respectively,
pushing E back to £.. In contrast, the upper steady-state, E,
(Fig. 34, magenta circle), is unstable, such that a small increase
or decrease in £ makes dE/dr positive or negative, respectively,
pushing E away from E,. For C > B°/4A, however, the quadratic
equation dE/dt = 0 has no real solutions (i.e., no steady states,
see Fig. 3 A, Right). In this case, the ecdysone concentration
“blows up” (amplifies rapidly); that is, £(z) — o in finite time,
even when ecdysone levels start off very low. These properties
of Eq. 1 are illustrated in Fig. 3 B and C. The value C'= Cyy =
B*/4A, at which Eq. 1 changes from having two steady-state
solutions to having none, is called a “saddle-node bifurcation
point” (52). (For more details, see SI Appendix, Supplementary
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Fig. 3. A saddle-node bifurcation in the dynamics of ecdysone synthesis. (A) Steady-state concentrations of ecdysone are given by solutions of
dE/dt = AF2 — BE + C = F(E) = 0. Left: for 0 < 4AC/B* < 1, the differential equation for £ has both a “stable steady state” (—~@<) and an “unstable steady state”
(«<0O-). Right: for 4AC/B? > 1, the differential equation for £ has no steady state; instead, £(t) — «. Middle: at 4AC/B? = 1, the stable and unstable steady states merge
and annihilate each other. The “saddle-node bifurcation point” at 4AC/B* = 1 separates two regions of qualitatively different behavior. (8 and C) Time courses of
E(t) for values of C below and above the saddle-node bifurcation point. Parameter values: A= 0.025 and B =0.11, so the saddle-node bifurcation occurs at Csy =
0.1. For C=10.05, E, = 3.414, and when the initial value £ < 3.4, £(t) decreases to the stable steady state at £_ = 0.586; however, when initial £ > 3.43, E(t) — «. For C
=0.15, there is no steady state and E(t) always increases rapidly toward infinity, the “blow up” occurring more rapidly the higher the initial value of E. (D) Critical
slowing down. As C decreases from 0.15 toward Cgy = 0.1, the delay until blow up increases toward infinity.

Text S1). From a biological perspective, this means that when
ecdysone concentration (£) and IIS and PTTH-signaling (C)
are low, the system is homeostatic, maintaining a low level of
circulating ecdysone. However, if IIS and PTTH-signaling
increase above a certain threshold (Cyy), the system abandons
the low-level homeostatic state and the circulating ecdysone
level increases rapidly, driven by a positive feedback loop
whereby ecdysone activates its own synthesis (52).

Growth. Gompertz rate laws are often used to model growth in
insect larvae and animals and plants in general (53-59):

M,
Gompertz Law a;_l\:[ =aM- ln< ;C;ﬁ > )

or M(t) = Myexp[p(1—e~)]. (2b]

https://doi.org/10.1073/pnas.2313224120

Here, M, (mg) is the larval mass at the start of L3, and the two
parameters (o and f) are related to the initial growth rate of a larva,
L.e., M(£) = Mye™" for £~ 0, and to the maximum mass of a larva,

ie, My = tlim M(2) = MyeP . However, while the Gompertz
— 00

growth law captures the growth of a larva up to its maximum size,
once the larva stops feeding and begins to wander, its mass declines.
This is due to autophagy of stored nutrients to drive development
and metamorphosis, as well as clearance of the gut (60, 61).
Autophagy and gut clearance are induced by ecdysone (35, 61), so
we make £ a decreasing function of £(z). A Hill function,

BoK" + B, E”
K"+ E”"
suitably represents the effect of ecdysone accumulation on growth:
as E(2) increases, f(E) decreases from f; to f§; < f, i.e., the limiting
mass, Mocﬁ , of the wandering larva decreases as £ increases. The

resulting model captures the observed growth dynamics of third
instar larvae (Fig. 44).

P(E) = . Bo> B (2¢]

pnas.org
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Ecdysone Dynamics and Growth in Fed Larvae. Combining Egs.
1 and 2, we have a mathematical model for larval growth and
ecdysone levels:

dE

= AE* = BE+ Coy, + GioM, 3a]
Mo oPE)
’Z—Ame-ln(%), (3b]
BoK" + pE”
ﬂ(E)=OK”fEI”’ Bo > b. [3¢]

To couple ecdysone levels to larval growth, we assume that C =
Coun + CiM; that is, C increases with larval mass. We assume
that, at the onset of the third larval instar (¢ = 0), C,, + C;M,

< BY4A, so that E(® is attracted to the stable steady state,

E_ = % (1 —y/1-4AC/B? ) The growing larva eventually

reaches mass Mgy, when C,, + CiMs = B/4A. Hence,

pt[
Mgy = CL (% - Cptth) is the larval mass at the saddle-node

iis

bifurcation point. When M exceeds Mgy, the stable steady state
disappears by coalescing with the unstable steady state (Fig. 3C),
and E(z) increases, slowly at first and then explosively. Thus, it is
growth of the larvae that, via IIS, pushes the level of ecdysone above
the saddle-node bifurcation point and causes ecdysone to rapidly
increase, albeit after some delay. The irreversible commitment
to pupation occurs at My, the larval mass at the saddle-node
bifurcation point.

In combination, Eqs. 3a-3c¢ can be used to describe changes in
body mass and ecdysone titer throughout the third larval instar.
Fig. 44 illustrates how the model can be fit to experimental data
of growth (36, 39) and ecdysone levels (39). The parameter values
for this simulation are provided in Table 1. (In order to consolidate
data collected from different studies, we have standardized the
time scale such that the duration of the third larval instar is 60 h
for all the data.) We then used the parameterized model to calcu-
late the TTP for growing larvae at increasingly large sizes, which
also closely fits the experimental data (Fig. 4B, cyan lines).

Starvation and the Time to Pupation. The critical-weight
phenomenon is operationally defined as a change in the effect of
starvation on the TTP (Fig. 1B). We therefore explored whether
our model could capture the effects of starvation on TTP in larvae
of different sizes.

To model the effects of starvation, we modify Eq. 3b with a
“feeding function” F(#):

M.ePE)
%:aM-ln(%) X F(2), (3b’]

where F(t)=Heav ( T,

starve — )

_{ Lif0<t< e
0,ift>T.

starve

An added nuance is that starvation in Drosophila larvae that
have ostensibly passed CW both increases levels of circulating
ecdysone (63) and accelerates pupation (compare TTP for 1 mg
larvae that are subsequently starved versus allowed to feed in
Fig. 1A4). These effects are correlated because, as Eq. 1 predicts,
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Fig. 4. Model simulations. (A) Observed (points) and simulated (lines)
relationship between larval mass (gray and white circles) and ecdysone titer
(black circles) against larval age. Mass measurements are from ref. 39 (grey
circles) and ref. 62 (white circles) and ecdysone titers from ref. 39. Simulations
derived from Eqgs. 3a-3c using parameter values in Table 1. Time scales have
been standardized so that the duration of the instar is 60 h across all datasets.
(B) Observed (broken line, shading) and simulated (solid line) relationship
between larval weight and TTP for fed (cyan) and starved (red) larvae of
different weights. The observed trends are Loess regressions fit to the data
shown in Fig. 1B (36), along with their 95% Cls. The simulated trends are
the predicted TTP based on Egs. 3a’, 3b’, and 3c and Table 1. (C) Stochastic
TTP simulations for larvae starved at different weights (O) are remarkably
congruent with observed data (@). Fitting a segmented linear regression to the
observed data (cyan line) and simulated data (red line) predicts CWs (arrows)
that are statistically indistinguishable.

once the saddle-node bifurcation has been passed and there is no
steady state of £, higher levels of £ will cause £ to blow up sooner
(Fig. 2 B and C). Therefore, by increasing levels of circulating
ecdysone, starvation reduces TTP and promotes early maturation
of malnourished larvae. There are three ways to increase ecdysone
level: by increasing ecdysone synthesis (C), increasing autoregula-
tory feedback (A4), or decreasing ecdysone degradation (B). For
simplicity, we chose to model the effects of starvation by modifying
Band C. To this end, we rewrite Eq. 3a:

https://doi.org/10.1073/pnas.2313224120 5 0f 10
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Table 1.

Model variables, biological correlates, and values

Parameter Meaning Value
A Rate const for ecdysone auto-activation (pg™' h™") 0.0225
a a”' (h) is the time const for Gomperz growth 0.09
B Rate const for ecdysone degradation in fed larvae (h™") 0.12
B, Rate const for ecdysone degradation in starved larvae (h™") 0.0875
Vi e’ is asymptotic mass for Gompertz growth

So Value of g when Eis small (=0) 2.1
B Value of g when E is large (>K); f, <, 1.5
C Rate const for ecdysone synthesis = Cy, + CisM (P8 h™

Coten PTTH contribution to E synthesis while feeding 0.018
cptthSt PTTH contribution to E synthesis when starved 0.036
Cis IIS contribution to E synthesis while feeding 0.12
G IIS contribution to E synthesis when starved 0.24
E, Initial concentration of ecdysone per larvae (pg) 0.496
Epup Ecdysone concentration at pupation 25

K Ecdysone concentration when () = (By+f,)/2 10
M, Mass at ecdysis to L3 (mg) 0.3
My, Mass at saddle node bifurcation for starved larvae (mg) 0.2

n Hill exponent for g(E) function 2

4E _ 4R _ BWE + CW),
dt
B(t)=B-F(t)+ B (1 = F(@)), [3a’]

Cl)= (Cpnh+C~ M)-F(t)+ (C“ +CS.‘M)- (1=F@)),

uis ptth iis

where B, C,,, and G are the parameter values for fed larvae, and
B, C;Eth’ and C; are the values for starved larvae. From simula-

tions of Eqgs. 3a’, 3b’, and 3¢ we can model the relationship
between larval mass and time to pupation in larvae that are starved
at different masses. We used the same parameter values as for fed
larvae but decreased B (ecdysone degradation) and increased C ;,
and C;; when larvae are starved (Table 1). Fig. 4B shows that
model simulations agree very well with experimental TTP vs. mass
data (36) for both well-fed and starved larvae.

To understand the relationship between TTP and mass at star-
vation in our simulation (solid red line in Fig. 4B) recall that
C* = C;Eth + CSM™t, where C" and M™ are the rate of ecdysone

iis
synthesis and mass at starvation, respectively. If /™ is small enough
thatC ; Wt CS*M*t < B? [ 44, then E(#) will stay at the low stable

1S

= ﬁ — — st 2 i
steady state, £_ = oA (1 V1 —4ACs/B ), and the larva will

2
not pupate. If M > Mgy = % (% - C;Erh ), the starved larva
iis

will, in theory, eventually pupariate. For our parameter values
(Table 1), Mgy = 0.2 mg, so even larvae starved at the onset of L3
(with M, = 0.33 mg) should pupate. However, if M is just slightly
larger than Mgy, there will be a long delay to pupate because, close
to the saddle-node bifurcation, £(#) increases only very slowly.
This effect—called “critical slowing down”—is a generic property
of saddle-node bifurcations (see Fig. 3D and section 4.3 of ref. 52).
In our case, the model predicts TTP > 100 h for M*™ = 0.33 mg.
For such a long delay, these larvae would likely die of starvation
before they can pupariate. Consequently, there is a MVW below
which larvae fail to pupariate, and where MVW > M. In Fig. 4B,
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MVW = 0.4 mg (for both observed and simulated data), corre-
sponding to a TTP of ~90 h.

Modeling CW. On the basis of these simulations, we propose
that the CW phenomenon reflects a switch in the regulation of
ecdysone from exogenous (IIS and PTTH) to endogenous (E and
EcR) factors. Our model closely captures the observed growth
rate of third-instar larvae (Fig. 24), the changes in the ecdysone
titer (Fig. 24), and the relationship between mass and TTP for
fed and starved larvae (Fig. 2B). Our model also incorporates a
switch in the regulation of ecdysteroidgenesis, albeit one that is
an emergent property of the system dynamics, which occurs at
Mgy = 0.2 mg, the mass at the saddle-node bifurcation point.
Puzzlingly, this mass is well below the observed CW of 0.7 to
0.9 mg (36, 64). Further, even though our model incorporates
a switch in the regulation of ecdysone synthesis, it does not
generate a distinct shift in the relationship between larval mass
at starvation and TTE, which is the operational definition of the
CW phenomenon (36, 65). Rather, the relationship between
larval mass at starvation and TTP in our model declines
continuously as (approximately) a negative power function
(Fig. 4B). How then can we reconcile the observations that our
model closely captures experimental data but does not include
a mechanistic correlate of CW?

CW in Drosophila is statistically determined by fitting a
two-interval segmented regression in order to capture the apparent
change in the linear relationship between mass at starvation and
TTP before and after CW (Fig. 1B) (21, 36, 62, 64-66). The
break-point in the segmented regression is the CW. We can there-
fore explore whether applying a segmented regression to data
simulated by our model predicts a CW close to that observed for
experimental data.

Biological data are inherently noisy and our model is not. To
simulate biological noise, we assume that the value of C varies
from one larva to the next in a random manner, as follows:

i 0 j
C()ZC()'Vialzl’ 2, [ER) [4]

iis iis
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where C,” is the value of C,, in the deterministic simulation, and
the 7s are random numbers drawn from a uniform distribution
over [1 —=AC,., 1+ AC.]. To fit the observed distributions of data

points, we choose AC;, = 0.25. Note that, for simplicity, we are
subsuming the effects of measurement error into the intrinsic
variability of C. In this simulation we assume that larvae that
take longer than 90 h to pupate die before they can do so. To
match experimental data (36), we also only simulated TTP in
larvae <2 mg, which is peak larval mass. As shown in Fig. 4C,
stochastic TTP simulations for starved larvae are remarkably con-
gruent with experimental data. More importantly, fitting a
two-interval segmented regression to the simulated data (67) indi-
cates a CW = 0.77 mg, statistically indistinguishable from the
observed CW = 0.76 mg (95% CI: 0.72 to 0.80) (36). Thus, the
model can generate a critical-weight phenomenon without a direct
mechanistic correlate for it. In our model, CW is a statistical
epiphenomenon associated with the “speeding up” of the dynam-
ical system as it moves away from the saddle-node bifurcation
point. In contrast, the MVW is a reflection of the saddle-node
bifurcation and therefore does have a mechanistic correlate.

Effects of Mutations on Growth and Ecdysone Levels. Several
groups have studied the effects of down- or up-regulating proteins
involved in ecdysone metabolism and their effects on CW or the
timing of pupation. For example, increasing the expression of
the genes that positively regulate ecdysteroidogenesis via IIS or
PTTH signaling—such as Ras, Raf, and Pi3K—causes precocious
pupation, through a reduction in MVW (44, 46, 47). In contrast,
decreasing the expression of these genes has the opposite effect.
In our model, the effects of IIS and PTTH signaling on ecdys-
teroidogenesis are mediated by the parameters i and C,,y,, respec-
tively. We therefore investigated the effects of changing the value
of either of these parameters on the duration of L3 (Fig. 5). As
expected, increasing either G or C,,, and thus simulating an
increase in ecdysone synthesis, decreases MVW and CW and
advances pupation, whereas decreasing these parameters has the
opposite effect, consistent with experimental data. The timing of
pupation is more sensitive to changes in Cj; than changes in C, 4,
Intriguingly, setting C;; = 0, which simulates the complete inhibi-
tion of IIS, prevents pupation, while setting C,,, = 0, which sim-
ulates the complete inhibition of PTTH signaling, delays pupation
but does not prevent it. This is consistent with experimental data
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Fig. 5. The effect of up- or down-regulating ecdysone production and
clearance on developmental time. A = level of ecdysone auto-regulation, B =
rate of ecdysone clearance, C, = activity of PTTH pathway, C; = activity of
IIS pathway. In this simulation, the nominal values of these parameters for
“wild type” larvae are A = 0.02, B = 0.1, Gy, = 0.02, Cjs = 0.1. See Table 1 for
other parameter values.
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on the suppression of IIS and PTTH signaling in the PG: Strong
suppression of IIS in the PG causes larval death (46), whereas com-
plete elimination of PTTH signaling merely causes developmental
delay (44).

Our model predicts that a reduction in the rate (4) of autoge-
nous production should increase MVW and CW and delay pupa-
tion whereas an increase in A will have the opposite effect (Fig. 5).
A key component of the autogenous production of ecdysone is
the ecdysone receptor, EcR, and experimental data show that,
consistent with our model, knockdown of EcR and its binding
partner Usp causes substantial developmental delay (68). Mutations
that interfere with other aspects of the autogenous production of
ecdysone have similar effects (48, 69). Unexpectedly, the quanti-
tative effect of changing A/Ay, is nearly identical to the effects of
changing the strength of IIS signaling, G,/ G yr-

Finally, our model also predicts that increasing ecdysone clear-
ance, B, should delay pupation. There are, however, little data to
support this prediction. The degradation of ecdysone has not been
so intensely studied as its synthesis. However, loss of CYP18A1,
a key enzyme of Drosophila steroid-hormone inactivation, actually
delays pupation rather than accelerates it (50), an observation that
is difficult to reconcile with our model and that warrants further
investigation.

Discussion

The decision to stop growth regulates adult body size and is fun-
damental to animal form and function. In many animals, the
decision to stop growing is coincident with the release of steroid
hormones that systemically coordinate developmental maturation.
The precise mechanisms that trigger the release of these hormones
remain poorly understood, although they are thought to reflect
attainment of a particular body size or condition, implicating a
size-sensing mechanism in the decision to stop growth. In this
paper, we describe a mathematical model of the mechanisms that
regulate the timely release of the steroid hormone ecdysone in
D. melanogaster, which ultimately causes the cessation of larval
growth, initiates metamorphosis, and determines adult body size
at pupation. Our model precisely captures the relationship
between starvation and the timing of pupation in Drosophila and
predicts a CW statistically indistinguishable from that observed
in experimental data. Our model supports our hypothesis that the
decision to stop growing in Drosophila is regulated by a switch
from exogenous to endogenous regulation of ecdysone synthesis
by the PG. This switch is marked by a saddle-node bifurcation in
the dynamics of the equations that describe ecdysteroidgenesis,
with growth and a correlated increase in nutritional signaling
pushing the system across the bifurcation point. Intriguingly,
however, this switch in ecdysone regulation at Mgy (mass at the
saddle-node bifurcation) occurs well before attainment of CW;
that is, Mgy < CW. Indeed, the switch is reflective of the MVW
for pupation. Thus, the critical-weight phenomenon is an indirect
consequence of the mechanism by which body size—specifically
larval mass at the saddle-node bifurcation point—induces an irre-
versible commitment to metamorphosis. Indeed, the observation
of CW is a consequence of “critical slowing down” of ecdysone
synthesis for larval masses marginally larger than Mjy.

If our model proves correct, it provides an elegant solution to
how Drosophila decides to end growth and pupate at the correct
size: a larva initiates steroid synthesis when IIS signaling in the PG
rises above a threshold and ecdysone synthesis becomes self-
regulating. As long as IIS in the PG is correlated with a larva’s size
and nutritional status, this will reliably ensure that a larva does not
pupate at an inappropriate size. We have explicitly incorporated a
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positive correlation between larval mass and IIS in our model, such
that the IIS increases with larval growth (Eq. 3a). Alternatively, IIS
may be constant but drive correlated growth of the PG and the
body, with ecdysone synthesis increasing linearly with PG size.
Experimental evidence favors the former hypothesis. FOXO, a
negative regulator of I1S, directly interacts with Ultraspiracle (Usp),
part of the ecdysone receptor, and together they suppress ecdys-
teroidogenesis (21). Overexpressing FOXO delays attainment of
CW and the expression of ecdysone biosynthesis genes, which is
partially rescued by disrupting the association between FOXO and
Usp (21). Importantly, FOXO activity is suppressed by IIS (42,
70). This suggests that, as IIS increases during the third larval instar,
FOXO is progressively inactivated and dissociates from the FOXO-
Usp complex to cause an increase in ecdysone synthesis.

Our model challenges a mechanistic basis for CW in Drosophila,
a phenomenon that has been studied for at least 80 y (71). This
does not mean that CW does not exist in fruit flies. Rather, we
argue that the phenomenon is reflective of a decision to pupariate
made earlier in development. This means that we should not nec-
essarily focus on the physiological events occurring around attain-
ment of CW to elucidate the mechanism Drosophila larvae use to
initiate the cessation of growth. For example, several studies have
identified small peaks in ecdysone (21) and 20E (39) 8 to 10 h
after ecdysis to the third instar and coincident with attainment of
CW. Our model suggests that these peaks in E and 20E may be
a consequence of changes in the regulation of ecdysone synthesis
made earlier in the larval instar.

Our model also does not mean that CW is not evolutionarily
or ecologically important. For a fruit fly larva living in an ephem-
eral nutritional environment, the size at which no further nutrition
is necessary to make it to adulthood without substantial delay is
an important milestone. This is a life-history characteristic that
will be subject to selection, even if the mechanisms that regulate
CW are responding to a developmental decision earlier in devel-
opment. Thus, natural selection can affect CW by targeting genes
that underlie the parameters in our model.

The physiology of the CW phenomenon has been best elucidated
in M. sexta, where the term CW was first coined (37). Here, star-
vation before CW retards development but starvation after CW
does not accelerate development, such that fed and starved larvae
initiate metamorphosis at the same time. Attainment of CW is
followed by a rapid decline in circulating juvenile hormone, which
derepresses PTTH secretion from the brain, resulting in an increase
in ecdysone synthesis (72, 73). PTTH secretion is also photoperi-
odically regulated, so that it can only occur during a photoperiod
gate which, for a 12D:12L photoperiod, extends from lights off
until early in the next light phase (74). Further, larvae must achieve
CW at least 24 h before the opening of this photoperiodic gate in
order to release PTTH (5). This is quite different from the CW
phenomenon in Drosophila, which is not dependent on juvenile
hormone (75) and does not appear to be photoperiodically gated.
Thus, an open question is whether the CW phenomenon in M.
sexta has a mechanistic basis that relies on an as yet unresolved
size-assessment signal, or whether, like Drosophila, such a mecha-
nism is not necessary to generate the CW phenomenon.

One possibility is that the ostensibly simple CW mechanism in
Drosophila represents a core system that has been evolutionarily
stripped of peripheral regulators to prioritize rapid development.
Other insects may have additional levels of control, including mech-
anisms that more directly sense body size, such that this core system
is only used redundantly under conditions that restrict growth. For
example, in M. sexta, larvae that are starved or hypoxic never achieve
CW but are nevertheless able to pupate as long as they are above the
MVW (22, 76). The leaky PG hypothesis (22, 77) proposes that
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pupation in these larvae is achieved by the slow and prolonged release
of ecdysone from a “leaky” PG, independent of PTTH. In our
model, Drosophila larvae starved below their CW but above MVW
are able to eventually pupate because the “switch” that initiates
ecdysone synthesis has already occurred. If the same core-system
exists in M. sexta, the leaky PG may be a PG that has already irre-
versibly committed to ecdysone synthesis, albeit with considerable
delay. Under normal growth conditions, however, additional
size-sensing signals that work via PTTH may override this core sys-
tem, causing ecdysone levels to peak and induce metamorphosis on
a normal schedule. The support for this explanation of the leaky PG
comes from the observation that attainment of MVW in both M.
sextaand Drosophilais marked by the initiation of nutrient-independent
growth of the PG cells and by increased expression of ecdysone bio-
synthesis genes, presumably independently of PTTH (76).

Our model is clearly a simplification of the physiological mech-
anisms used to initiate pupation in Drosophila. In particular, it does
not generate the characteristic pulses of ecdysteroids that drive the
developmental changes leading up to pupation—including puffing
of the salivary gland chromosomes and larval wandering—that are
reproduced in myriad insect physiology texts. Importantly, however,
these pulses are in the concentration of 20E, which is derived from
ecdysone by the enzyme Shade in peripheral tissue. The total ecdys-
teroid titer (including metabolic derivatives of E) increases steadily
throughout the third larval instar, before dramatically increasing at
pupation (Fig. 14) (39). This steady increase is, however, punctu-
ated by smaller fluctuations that coincide with the more discrete
pulses of 20E (39) and which appear to reflect the periodicity of
PTTH synthesis that is not included in our model (44). These small
fluctuations do not seem to be temporary deviations from the
low-level homeostatic state predicted by our model (Fig. 3B)
because the pulses occur after the PG has irreversibly committed
to the rapid increase in ecdysteroidogenesis that causes pupation.
Thus, while the increase in ecdysone synthesis may be caused by
pulses of PTTH, some additional mechanism must arrest ecdysone
synthesis to generate a subsequent decline. It is interesting to note
that the timely release of ecdysone is also dependent on a circadian
clock in the PG itself. This clock is regulated not only by
PTTH-producing neurons, which are anatomically closely associate
with clock neurons in the brain (44, 78), but also by IIS (79).
Future iterations of the model could include additional levels of
temporal control to explore whether they are sufficient to generate
fluctuations in ecdysone synthesis. Additional experiments that
explore whether the pulses of ecdysone and 20E are maintained in
larvae that lack PT'TH (44) are also essential.

Nonetheless, while PTTH is clearly important for the timely
release of ecdysone and pupation, experimental data as well as our
model indicate that while larvae without PTTH-signaling can still
metamorphose, albeit with delay, this is not true for IIS. Thus,
the IIS pathway appears primary in the mechanism that controls
the timing of ecdysteroidogenesis, the duration of growth, and
adult body size.

In conclusion, our model provides a simple mechanism to coor-
dinate the timely release of a steroid hormone with attainment of
a particular body size that does not rely on a body size-sensing
mechanism to directly trigger hormone synthesis. Rather, hormone
release is a consequence of the correlation of growth and nutritional
signaling pushing steroid synthesis above a threshold whereby it
autoregulates its own synthesis. Consequently, animals do not nec-
essarily need to be able to assess their own body size to reliably
initiate maturation at a particular size even if they appear to do so.
Steroid hormones drive maturation and stop growth in a wide
diversity of animals, including humans, in which the onset of
puberty has also been proposed to be associated with the attainment
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of CW (9, 80). Further, the IIS pathway is highly conserved and
regulates nutrition-dependent growth in almost all animals. Our
model therefore provides a framework for understanding how
nutritional and steroid signaling regulate maturation and the ces-
sation of growth in animals in general, albeit a framework upon
which additional regulators of developmental timing may be built.

Materials and Methods

All the simulations in this paper were generated using either XPP-Auto (81) or
Simulink/Matlab. Parameter values were estimated by simulating the ecdysone titre
through time, growth curves and the relationship between age and TTP for fed and
starved larvae, and comparing these simulations with the observed experimental
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