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Abstract

Control mechanisms that regulate body size and tissue size have been sought at both the cellular and organismal level. Cell-level studies
have revealed much about the control of cell growth and cell division, and how these processes are regulated by nutrition. Insulin signaling
is the key mediator between nutrition and the growth of internal organs, such asimaginal disks, and is required for the normal proportional
growth of the body and its various parts. The insulin-related peptides of insects do not appear to control growth by themselves, but act in
conjunction with other hormones and signaling molecules, such as ecdysone and IDGFs. Size regulation cannot be understood solely on the
basis of the mechanisms that control cell size and cell number. Size regulation requires mechanisms that gather information on a scale
appropriate to the tissue or organ being regulated. A new model mechanism, using autocrine signaling, is outlined by which tissue and organ
size regulation can be achieved. Body size regulation likewise requires a mechanism that integrates information at an appropriate scale. In
insects, this mechanism operates by controlling the secretion of ecdysone, which is the signal that terminates the growth phase of
development. The mechanisms for size assessment and the pathways by which they trigger ecdysone secretion are diverse and can be
complex. The ways in which these higher-level regulatory mechanisms interact with cell- and molecular- level mechanisms are beginning
to be elucidated.
© 2003 Elsevier Inc. All rights reserved.
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Introduction mechanisms that terminate the growth phase of develop-

ment. The present review focuses on the mechanisms of

The regulation of body size and of the sizes of body parts
in animals continue to be formidably vexing problems in
developmental biology. The size to which an individual and
its body parts grow is affected by both genetic and envi-
ronmental factors that operate through complex molecular
and physiological mechanisms. Much of the recent research
on the regulation of growth and size has focused on the
molecular mechanisms that control the growth of cells and
tissues. This work has revealed much about how cytoplas-
mic growth and cell division are regulated, but has not yet
been successful at uncovering how the final size of acell or
a tissue is established. The control of overall body size is
somewhat better understood. Experimental work on the
endocrine physiology of growth has revealed some of the
mechanisms by which body size is assessed, as well as the
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body size regulation that have been uncovered in various
species of insects and attempts to link these findings to the
molecular mechanisms that control cellular growth.

Growth, cell size, and cell number

Many authors have noted that the size of an organ, or a
body, is determined by the size of the component cells, and
their number (Robertson, 1959; Partridge et a., 1994; De
Moed et d., 1997; Azevedo et al., 2002). The view that body
(or organ) size is functionally the smple product of cell size
and cdl number would seem to reduce the problem of size
regulation to two distinct and possibly independent problems,
namely the control of cell size and the control of cell number.

The belief that the control of size may be a simple
function of the control of cell size and cell number emerges
from a series of experiments by Alpatov (1930) and Rob-
ertson (1955, 1959). Robertson showed that genetic differ-
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ences in wing size in different strains of Drosophila mela-
nogaster were mainly due to genetic differences in cell
number, cell size remaining constant or nearly so. By con-
trast, when a given inbred strain was reared at an elevated
temperature, the adults had smaller body and wing sizes,
and this difference was due to adecrease in cell size, not cell
number. Thus, it appears (1) that cell size and cell number
are regulated by separable mechanisms, (2) that cell sizeand
cell number can respond independently to genetic and en-
vironmental variation, and (3) that changes in wing size can
be caused by changes in either cell size or cell number.
These observations have been confirmed and expanded by
many subsequent studies in different laboratories. This sub-
sequent work consists of two largely nonoverlapping ap-
proaches. studies of the molecular genetic mechanisms that
regulate growth and size, and analyses of the evolutionary
genetics of growth, size and reaction norms. | will briefly
outline the results of each of these approaches in turn.

Molecular mechanisms

Molecular genetic approaches have focused largely on
the roles of cell cycle regulators, insulin signaling, and
morphogens (such as diffusible transcription factors) in the
regulation of growth and size. This work has been the
subject of anumber of excellent recent reviews (Conlon and
Raff, 1999; Edgar, 1999; Day and Lawrence, 2000; Oldham
et a., 2000; Weinkove and Leevers, 2000; Leevers, 2001;
Potter and Xu, 2001; Stern, 2001; Johnston and Gallant,
2002), so | will deal with it here only in summary.

It has become increasingly clear that insulin signding is
essentia for normal growth, and that it functions as the medi-
aor between nutrition and cell growth (Britton and Edgar,
1998; Edgar, 1999; Weinkove et d., 1999; Edger et d., 2001,
Britton et a., 2002; lkeya et d., 2002; Rulifson et a., 2002).
Pertial loss-of-function mutations in the insulin receptor or in
genes of the insulin signal transduction pathway in Drosophila
cause a severe delay in development and a reduction in body
size, resulting in a normally proportioned but small adult fly.
Overexpression of one of the Drosophila insulin-like proteins
(DILPs) causes an increase in body size associated with an
increase in both cell size and cell number (Brogiolo et a.,
2001; Oldham et d., 2002; Rulifson et d., 2002). It has been
shown that insulin-like molecules function as growth factors
for a Drosophila imagind disk-derived cdll line and for intact
butterfly wing imaginal disks grown invitro (Kawamuraet d.,
1999; Nijhout and Grunert, 2002). In each of these cases, the
insulins (DILPs or bombyxins) act together with an additional
factor to stimulate growth and cdll division: the Drosophila cell
line requires chitinase-derived proteins named Imagina Disk
Growth Factors (IDGFs; Kawamura et d., 1998; Bryant,
2001), whereas the butterfly wing disks require the steroid
hormone ecdysone (Nijhout and Grunert, 2002).

Many of the insulin-like peptides in insects are neurose-
cretory hormones (Mizoguchi et al., 1987, 1990; Nogueira
et a., 1997; Brogiolo et a., 1998; Rulifson et a., 2002).

Their secretion istherefore controlled by the central nervous
system. This is important, because it implies that growth,
and size, must ultimately be controlled by mechanisms that
include the neurosecretory system of the brain. In Drosoph-
ila, both the central nervous system and the fat body appear
to be able to respond to the level of nutrients in the hemo-
lymph and can adjust the secretion of growth regulators
(Britton et al., 1998; Edgar, 1999; Ikeya et al., 2002). The
factors produced by the fat body have not yet been identified
but are most likely to be either IDGFs or Drosophila insu-
lin-like peptides (DILPs). The expression of three neurose-
cretory DILPs in Drosophila vary with nutrition (Ikeya et
al., 2002), and may therefore act as the mediators between
nutrition and growth, as the results of Britton et al. (2002)
indicate.

Additiona evidence that growth modulation is mediated by
insulin signaling comes from experiments with Precis coenia.
In this lepidopteran, the growth of wing imagind disks is
tightly coordinated with somatic growth. When larvae of Pre-
cis are starved, their wing imaginal disks cease to grow within
about 4-6 h (Miner et d., 2000). When wing disks from starved
larvae are put into an optimal tissue culture medium, they do
not grow, unless ecdysone and bombyxin (the lepidopteran
insulin-like growth factor) are added to the culture medium
(Nijhout and Grunert, 2002). This suggests that the growth of
disks does not respond directly to the level of nutrient in the
medium, but that insulin (and possibly ecdysone) signaling is
involved in the regulation of growth in response to nutritional
variation. In Manduca sexta, the level of glucose and trehal ose
in the hemolymph declines sharply when the larva is starved
(Dahlman, 1973). Hemolymph carbohydrates may thus be
accurate indicators of the nutritiona state of the larva This
hypothesis finds circumstantial support from recent experi-
ments done with Bombyx mori. Starvation of Bombyx larvae
causes a decrease in the titer of bombyxin, and injection of
glucose gimulates bombyxin secretion (Satake et d., 1997;
Masumura et a., 2000). In addition, injection of bombyxin
causes a lowering of the carbohydrate level in the hemolymph
of Bombyx (Satake et al., 1997). These results have been taken
to indicate that bombyxin plays a role in carbohydrate metab-
olism, but they are also congistent with the idea that bombyxin
level is a reflection of the nutritiona state of the larva. It is
possible, therefore, that bombyxin may have an important role
in the regulation of metabolism, in addition to its effect as a
growth factor for wing imagina disks, as is the case with
DILPsin Drosophila (Ikeyaet d., 2002; Rulifson et a., 2002).

In addition to these systemic endocrine growth regula-
tors, insects also use local autocrine and paracrine growth
regulators. The secreted transcription factors wingless (Wg)
and decapentaplegic (Dpp) appear at present to be the most
promising candidates for a local mechanism of growth regu-
lation. Localized overexpression of Dpp or Wg protein stim-
ulateslocal cell proliferation, but the mechanism by which this
simulation occurs is not yet understood (Day and Lawrence,
2000). Although these factors are involved in the regulation of
locd cdl proliferation, it is not clear whether they play arole
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in size regulation. Indeed, Day and Lawrence (2000) cite
evidence that suggests such arole is unlikely.

Proportional growth

Enhanced or diminished insulin signding yields adults of
larger or smaller body sizes, respectively, but these animals are
of normal shape and proportions (Brogiolo et a., 2001; lkeya
et a 2002; Oldham et d., 2002; Rulifson et al., 2002). This
indicates that the insulin signaling pathway somehow affects
the growth of each body part in a proportional fashion. Pro-
portional growth occurs if each tissue grows at a characterigtic
rate relative to that of other tissues. How this proportiondlity is
achieved is not known, but because the growth signals are
systemic al tissues probably experience identical concentra-
tions of these signals, so that correct relative growth must
emerge from differences at the level of the target tissues. This
could be achieved either by tissue-specific levels of expression
of receptors, or by tissue-specific differences in the activity of
the signaling pathway downstream of the receptor.

The finding that in several species of insects the growth
of one tissue can be altered by the presence or absence of
another tissue suggests that different internal organs are in
competition for some kind of limiting resource for growth
(Nijhout and Wheeler, 1996; Nijhout and Emlen, 1998;
Klingenberg and Nijhout, 1998; Stern and Emlen, 1999). It
is possible that this competition is mediated by one of the
circulating growth regulators (DILP, bombyxin, ecdysone,
IDGF). It is not known whether these regulators occur at
sufficiently low concentrations to be limiting, but insofar as
normal growth can be sensitively modulated by variation in
insulin-like molecules, it is possible that these may typically
occur at limiting concentrations. If this is the case, then
tissue-specific receptor activity could play a dominant role
in controlling relative growth. Evolutionary changesin spa-
tially patterned receptor activity then account for the evo-
lution of body proportions and allometry. It is not clear,
however, how such a mechanism could be used to control
the absolute size of atissue, or a body.

Evolutionary genetics and reaction norms

Recent statistical approaches to the genetics of growth
and size have largely focused on the interaction between
genetic and environmental effects. The roles of genes and
environmentsin the determination of body size have been of
particular interest to evolutionary geneticists, because of the
profound effect that size has on fithess (Calder, 1984;
Stearns, 1992; Roff, 1992; Schlichting and Pigliucci, 1998).
That the environment can have a profound effect on body
size (al other things being equal) is well known: adult
insects generaly are of smaller body size when larvae are
reared at higher temperatures, or on lower quality diets
(Atkinson, 1994; Partridge et al., 1994; Chapman, 1998).
The function that describes the dependence of a phenotype
(such as body size or wing size) on a particular environ-

mental variable (such astemperature), for a given genotype,
is called a reaction norm.

Simply rearing Drosophila at different temperaturesfor a
number of years resulted in a heritable change in body size
(Partridge et al., 1994). Lines reared at a high temperature
had a significantly smaller body size (measured as thorax
length and wing area) than linesreared at alow temperature.
That these differences were due to genetic differentiation
was demonstrated by rearing each strain at a common tem-
perature, showing that the lines maintained at lower tem-
peratures were genetically larger than the lines maintained
at higher temperatures. Evidently small-bodied flies had
higher fitness at high temperatures, and large-bodied flies at
low temperatures. Interestingly, this fitness cline coincides
with the reaction norm for temperature, suggesting that the
reaction norm may be adaptive (Partridge et al., 1994;
Morin et al., 1997). The increase in wing area at lower
temperatures was largely due to an increase in cell size, so
that in this regard the genetic response to selection by
different temperatures mirrors the direct effect of tempera-
ture on cell size and body size observed by Alpatov, (1930),
Robertson (1955, 1959), De Moed et a. (1997), and Aze-
vedo et al. (2002). De Moed et a. (1997) have shown that
different genetic lines of Drosophila can have significantly
different reaction norms for a given environmental variable.
Genetic changes in size can aso be obtained by active
artificial selection. McCabe et a. (1997) selected different
lines of Drosophila for large or smal wing areas. They
found that the evolutionary responses in wing size were
entirely due to changes in cell number, not in cell size.

Although few studies have been done on the cellular
makeup of other tissues (e.g., Azevedo et a., 2002), these
indicate that the cell size and cell number in other tissues
generally follow the same pattern of association with body
size as those of the wing. At lower rearing temperatures the
increase in the size of body parts is consistently due to a
change in cell size, not cell humber, but evolutionary (ge-
netic) changes in body size can be associated with both
changesin cell size or cell number, depending on the tissue
and on the genetic strain of Drosophila (Zwaan et al., 2000;
Azevedo et al., 2002).

A matter of scale

The results of developmental and evolutionary studies on
size regulation in Drosophila demonstrate that the size of
thewing islargely independent of the number of cellsor the
size of cells that make up the wing (Neufeld et al., 1998;
Vervoort et a., 1999; Azevedo et d., 2002). These findings
suggest that it is not possible to understand the determination
of overal organ size exclusively in terms of the control of cell
growth, or of cel size, or of cell number. Mechanisms that
operate at the level of the cell or below cannot be used to
address questions about the regulation of organ size or body
size, because they do not operate at the appropriate scale.
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The mechanisms that regulate organ size (or body
size) somehow incorporate information about the physi-
cal dimensions or mass of the organ (e.g., Potter and Xu,
2001). Although any mechanism that regulates organ or
body size must ultimately exert its effect by altering cell
growth or cell division, the locus of control cannot reside
at the cellular level. Thus, although genetic or experi-
mental alterations of a cellular mechanisms that controls
cell division, or cell size, can alter organ or body size,
this does not imply that this mechanism controls organ or
body size, as is often suggested. Such a cellular mecha-
nism must be a downstream component of a regulatory
cascade whose control (that is, the origin of the differ-
ence that determines whether to grow or stop growing)
resides at a higher level.

The locus of this control has never been investigated, but
a number of models have been proposed of how this might
be done. The “entelechia’ model of Garcia-Bellido and
Garcia-Bellido (1998) proposes a system of local interac-
tions and an activating mechanism that arises from com-
partment boundaries, in which cell division is controlled by
a balance among interacting transcription factors that affect
the expression level of ahypothetical regulatory gene. Com-
puter simulations show that this model can account for
many of the growth and regeneration properties of imaginal
discs that have been surgically or genetically manipulated.
Other local models that attempt to explain the control of
tissue size in terms of a changing balance between the rate
of cell growth and the rate of cell differentiation have been
proposed by Van der Have and De Jong (1996) and Arendt
(2000).

A higher-level mechanism of size regulation that gathers
information over a scale that approximates the size of the
structure that is regulated has been proposed by Day and
Lawrence (2000). These authors suggest that gradients of
morphogens, emanating from compartment borders, could
be used as a size-sensing mechanism. If the two ends of
such a gradient were maintained at fixed levels, and if the
gradient was linear, then the slope of the gradient would be
inversely proportional to its length, and the slope would
therefore be a measure of the distance between the two ends
of the gradient. They proposed that size regulation could
occur if cells could sense the steepness of such a gradient
and stop growing (or dividing) when the steepness of the
gradient dropped below some critical level. Day and Law-
rence (2000) cite several lines of evidence that support such
a mechanism, and several kinds of experimental evidence
that are inconsistent with it, and conclude that the evidence
is equivocal. One of the counterarguments to a gradient
hypothesis is that no morphogen has yet been identified that
has the requisite range. The Dpp signal, for instance, ex-
tends only over 5-10 cell diameters (Nellen et a., 1996;
Lecuit et a., 1996; Burke and Bader, 1996), which is too
short for it to act asaregulator of overall wing size. The Wg
signal may range somewhat farther, but still not over the
several hundred (in Drosophila) or several thousand (in

larger insects) cell diameters that would be required to span
a substantial portion of the wing. Another difficulty with a
gradient-sensing mechanism is that cells must be able to
sense and respond to very small concentration differences
acrosstheir diameter, and that cells at all locations along the
gradient must be able to sense its steepness, independent of
its actual concentration. Finally, such a model would be
sensitive to cell size, since, for a given gradient, alarge cell
would sense a greater difference across its diameter than a
small cell.

An dternative mechanism that circumvents these prob-
lems is suggested by the observation that many cells and
tissues secrete their own growth regulators (Kawamura et
a., 1999; Casci and Freeman, 1999; Mesnier et al., 2000).
Although autocrine/paracrine regulatory loops usualy act
locally, in the open circulatory systems of insects these
secreted regulators can become blood-borne and could cir-
culate throughout the body. On the surface, it would seem a
bad idea for cells to produce their own growth stimulators,
because this would constitute a positive feedback system
and would result in runaway growth (as indeed happens in
some cancers), unless there exists an additional mechanism
that curtails such growth. If a tissue that produces its own
growth stimulator also produces a growth inhibitor, then the
interaction between stimulation and inhibition can lead to
limited growth. The operation of such an autoregulation
mechanism, in which the inhibitor simply inactivates the
growth activator (by catabolism or sequestration), is shown
in Box 1. With this mechanism, a cell only needs to be able
to respond to the concentration of a growth factor, as most
cells do. We see that the concentration of growth factor
gradually declines as the tissue grows and the level of
inhibitor rises. The tissue initially grows exponentially, but
the growth rate rapidly diminishes as the inhibitor elimi-
nates an increasing fraction of the secreted activator. The
final size of the tissue is determined by the relative rates of
activator and inhibitor production and breakdown, and by
the rate of growth activator-stimulated growth. Differences
in the growth rate and final sizes of different tissues can be
due to tissue-specific differences in the rates of synthesis or
breakdown of the growth activator and inhibitor.

This simple mechanism can aso account for the ob-
served competition between different imaginal disks
(Nijhout and Emlen, 1999), if those disks share the same
growth regulatory mechanism, and will also reproduce the
size regulation of disk fragments, when parts of a disk are
removed during its growth phase. This autoregulatory
mechanism can, however, not account for allometry (the
differences in the relative sizes of body parts with variation
in overall body size; Nijhout and Wheeler, 1996), because
the model contains no term for overall body size. In order to
account for proportional growth and alometry (which in
developmental terms can be defined as a systematic viola-
tion of proportional growth), it is necessary either to have a
mechanism that makes one or more of the parameters sen-
sitive to body size, or to have an additional control mech-
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Box 1.

A simple model for size regulation by coupled autoacti-
vation and autoinhibition. Assume an imaginal disk pro-
duces its own secreted growth stimulator, and also se-
cretes a product that destroys or sequesters this activator
(an inhibitor). Cell division and growth are entirely due
to the activator, and can be described by the equation for
exponential growth,

dN

o = kAN,
where N is cell nhumber, A is the concentration of the
growth activator, and k; is a rate constant. If we assume
that all cells of the disk produce the activator at a con-
stant rate, and that the activator is removed at a rate
proportional to its current concentration and that of the
inhibitor, this can be
expressed by the fol-
lowing equation:
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Figure 1 illustration of the concentration profiles for
activator (A) and inhibitor (B), and the size trajectory
(C) of the disk for the following parameter values and
initial conditions: k; = 1.0, k, = 0.9, k3 = 0.0001, k, =
0.5, ks = 800, N, = 10, Ay = 100, I, = 1. The unitsare
arbitrary in thisillustration, but they can be interpreted
as. concentration = nM, and time = days, for instance.
The graph in (D) is a semilogarithmic plot of the same
data as (C) and shows that growth is exponential during
most of the growth period.
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anism that is sensitive to body size and that can modify the
autoregulatory mechanism. As noted above, it appears that
some tissues in insects require the simultaneous action of
two different growth regulators. If the second growth reg-
ulator is independently controlled, it could provide a mech-
anism that can adjust the final size of atissue to the overall
body size of the insect.

Body size

Just as the control of the size of atissue or organ cannot
be explained solely in terms of the control of cell size and
cell number, the mechanism that regulates body sizeis more
than simply the sum of the mechanisms that regulate the
sizes of internal organs and appendages. The regulation of
body size must either contain a mechanism that responds to
information that is generated all over the body, or it must be
sensitive to the size of a particular body part that acts as a
proxy for the body as a whole.

Several authors have pointed out that the control of size
is not so much a control of growth but a control of when to
stop growing (Nijhout, 1994; Conlon and Raff, 1999; Stern
and Emlen, 1999). This is particularly so for the many
insects whose size increases exponentially with time. Under
exponential growth, small errors in the timing of cessation
of growth can have large conseguences for the fina size
because the decision to stop growing is made at the time the
animal has achieved its highest growth rate. Thus, it islikely
that whatever size-monitoring mechanism is used, it must
be sensitively connected to the mechanism that controls the
cessation of growth.

In insects, the immediate cause of the cessation of
growth has long been known. Growth stops episodically
whenever alarva molts, and it stops finally when metamor-
phosis begins. In both cases, the cessation of growth is
caused by the secretion of ecdysteroids, the steroid hor-
mones that initiate the molting cycle (Nijhout, 1994), and
can be artificially induced by injection or infusion of ecdy-
sone. Adult insects do not grow, so the size of an adult
insect is determined entirely by the size at which the last-
instar larva secretes ecdysteroids and begins metamorpho-
sis. Thus, the mechanism that controls the timing of ecdys-
teroid secretion in effect controls body size.

The secretion of ecdysteroids is itself the culmination of
a cascade of events. The immediate cause is the secretion of
abrain neurosecretory hormone, the prothoraci cotropic hor-
mone (PTTH). PTTH activates the prothoracic glands viaa
calcium/calmodulin -cAMP/protein kinase signaling path-
way (Smith and Gilbert, 1989), and causes them to secrete
ecdysteroids. The control of PTTH secretion is complex and
diverse. The actual stimulus for PTTH secretion is known
only for severa species of the order Hemiptera (the true
bugs). In these insects, PTTH secretion is controlled by
stretch receptors in the abdomen that are activated when the
animal reaches a particular critical size (Nijhout, 1979,

1981). In Oncopeltus fasciatus, the milkweed bug, this size-
monitoring mechanism can be fooled by artificially expand-
ing the abdomen with an injection of saline (Nijhout, 1979).
In the last-instar larva, such an injection causes the animal
to secrete ecdysteroids and initiate a premature metamor-
phosis, resulting in a miniature adult. Thus, in this species,
we have complete control over the first step in the mecha-
nism that regulates adult size. Under normal growth, the
abdominal stretch receptor is not activated until the larva
has accumulated a critical amount of body mass and is thus
determined by the quantity and quality of nutrition. In
bloodsucking Hemiptera, like Rhodnius prolixus and Dipe-
talogaster maximus, the requisite abdomina stretch is
achieved by asingle large blood meal (Wigglesworth, 1934;
Nijhout, 1984; Chiang and Davey, 1988). Larvae of these
species feed only once during each instar, and molt (or
metamorphose) a characteristic number of days after ameal.

Abdominal stretch reception does not appear to control
PTTH secretion in any group of insects outside the
Hemiptera, so it is not a general mechanism for size assess-
ment. In the beetle Onthophagus taurus, for instance, PTTH
and ecdysone secretion are induced by removal of the larva
from its food supply (Shafiel et al., 2001). In nature, this
would occur when a larva exhausts the ball of food provi-
sioned by its mother. In other holometabolous insects, the
secretion of PTTH is controlled by a much more complex
mechanism. In M. sexta, the tobacco hornworm, the secre-
tion of PTTH and ecdysteroids in the last larval instar are
under inhibition by the juvenile hormone (JH). If the cor-
pora alata (the glands that secrete JH) are removed early in
the instar, the larvae secretes PTTH and ecdysone prema-
turely and metamorphoses into a miniature adult. Con-
versedly, if additiona JH is injected, PTTH secretion is
delayed in a dose-dependent manner and metamorphosis
begins at a much larger body size than normal (Nijhout and
Williams, 1974; Rountree and Bollenbacher 1986). The
inhibition of PTTH by JH only occurs in the last larval
instar and appears to be part of a safety mechanism that
prevents the secretion of these molt-stimulating hormones
until al JH has been cleared from the hemolymph. The
reason for having such a mechanism is obvious, because if
a metamorphic molt occurs in the presence of JH, it results
in an animal that is amosaic of larval/pupal or larval/adult
traits (Wigglesworth, 1940; Williams, 1961; Nijhout, 1983,
1994). The disappearance of JH during the middle of the last
larval instar thus disinhibits the secretion of the molt-stim-
ulating hormones.

These findings reduce the problem of the control of
PTTH secretion to two independent questions, namely, what
causes JH secretion to stop, and what finally stimulates
PTTH secretion? The cessation of JH secretion is tightly
associated with the attainment of a critical weight. This
critical weight is determined by the weight of the larva at
the outset of the last larval instar (Nijhout, 1981). Circulat-
ing JH is broken down by JH esterase (Hammock, 1985).
The activity of this enzyme in the hemolymph increases
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gradually in the course of the last larval instar, and this
increase in activity has been shown to be essential for the
effective clearance of JH (Hammock, 1985; De Kort and
Granger, 1996; Browder et a., 2001). The level of JH
esterase is strongly affected by nutrition, and its activity
drops to zero amost immediately if a larva is starved
(Browder et al., 2001). It is likely that, in normal life,
variation in nutrition modulates JH esterase activity as well
as the secretion of JH, and the consequent persistence of JH
accounts for the delay in PTTH secretion in animals that
grow slowly or are periodically starved.

Once disinhibited by the disappearance of JH, the timing
of secretion of PTTH is controlled by a photoperiodic clock
(Truman, 1972; Truman and Riddiford, 1974). PTTH secre-
tion can only occur during arelatively brief “photoperiodic
gate” that recurs daily. If the secretion of PTTH becomes
disinhibited while this photoperiodic gate is open, PTTH
secretion begins immediately, followed by ecdysone secre-
tion and the cessation of growth. Otherwise, PTTH secre-
tionis delayed until the next day’ s photoperiodic gate opens
(Truman and Riddiford, 1974), and during this delay period,
the larva continues to feed and grow, and can gain a sig-
nificant amount of extra size.

The size of a Manduca larva at metamorphosis, and
therefore the size of the adult insect, is determined by five
factors: (1) the critical weight, which initiates the disappear-
ance of JH, (2) the PTTH delay time, which is the time
required for JH to disappear and for PTTH secretion to be
disinhibited, (3) the timing of the photoperiodic gate for
PTTH secretion, (4) the (exponential) growth rate during the
last larval instar, and (5) the initial size of the final instar.
Quantitative genetics have shown that there is additive ge-
netic variance for each of these factors (Davidowitz et dl.,
2003). Evolution of body size in Manduca has been shown
to be due to genetic changes in three of these five factors:
the critical weight, the PTTH delay time, and the growth
rate (D’ Amico et a., 2001).

Each of the five factors in this size-regulating cascade
has complex genetic underpinnings that are still far from
being fully elucidated. The PTTH delay time, for instance,
is determined in large part by the expression level of JH
esterase, a product of the fat body. The expression of JH
esterase may be under feedback control by JH and is aso
affected by neurosecretory factors from the brain that may,
in turn, be influenced by nutrition, but the details of this
regulation are still not fully worked out. The growth rate is
aso controlled by nutrition (Davidowitz et al., 2003) and is
most likely mediated by insulin signaling as it is in Dro-
sophila, and in a Lepidopteran epidermal cell line (Mesnier
et al., 2000), although this still needs to be critically dem-
onstrated in intact Manduca. The manner in which the
circadian clock stimulates PTTH secretion likewise remains
unknown. The critical weight is afunction of theinitial size
of the instar, so it appears to involve an internal relative
measure, but what exactly is being measured is unclear.

Although we know that these five factors completely

account for the regulation of body size in Manduca, much
works remains to be done to elucidate the exact physiolog-
ical and molecular mechanism that underlie each of them.
We aso do not know whether the mechanism that operates
in Manduca occurs in other species. The inhibitory role of
JH on PTTH and/or ecdysteroid secretion appears to be
widespread in the holometabola, and the circadian control of
hormone secretion is also a fairly general feature of insect
life cycles.

But just as the Hemiptera have evolved what may be a
unique stretch reception mechanism to adjust their develop-
mental timing to body size, it is not unreasonable to assume
that the holometabol ous insects have evolved many varia
tions on the much more complex theme we observe in
Manduca. In Drosophila and in certain moths, for instance,
metamorphosis can be delayed by partial ablation of the
wing imaginal disks (Madhavan and Schneiderman, 1969;
Rahn, 1972, Simpson and Schneiderman, 1975; Simpson &t
al., 1980). It appears that, in these species, growing and
regenerating imaginal disks somehow inhibit PTTH secre-
tion (Sehnal and Bryant, 1993; Zitnan et ., 1993), and it is
the normal cessation of imaginal disk growth that signals
the onset of metamorphosis. Exactly how the neurosecre-
tory system of the brain becomes aware that the imaginal
disks have stopped growing is not known, but the size
control model described above (Box 1) suggests that this
could be readily achieved by monitoring the disappearance
of growth activator in the hemolymph (Edgar and Nijhout,
2003).
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