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Abstract

The activity of juvenile hormone esterase (JHE) in feeding fifth instar larvae of Manduca sexta increases gradually with larval weight and
rises to apeak after larvae pass the critical weight when juvenile hormone secretion ceases. Starvation of larvae of Manduca sexta (L.)
that had exceeded the critical weight inhibited peak levels of JHE, but did not delay entry into the wandering stage when larvae leave the
plant in search of a pupation site. This suggests that peak levels of JHE may not be essential for the normal timing of metamorphosis.
Starved larvae pupated normally, indicating the peak of JHE was not necessary for a morphologically normal pupation. Treatments of
larvae with the selective JHE inhibitor O-ethyl-S-phenyl phosphoramidothiolate (EPPAT) that began immediately after larvae achieved
the critical weight (6.0 to 6.5 grams for our strain of Manduca) delayed entry into the wandering stage. By contrast, EPPAT treatment of
larvae at weights above 8.0g had no effect on the subsequent timing of the onset of wandering. Therefore, athough the normal timing of
the onset of wandering does not require peak levels of JHE, it requires low to moderate levels of JHE to be present until larvae reach a

weight of about 8.0g.
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Abbreviation:

EPPAT O-ethyl-S-phenyl phosphoramidothiolate, a JH esterase inhibitor
JH juvenile hormone

JHE juvenile hormone esterase

PTTH prothoracicotropic hormone

I ntroduction

The metamorphosis of insects is controlled by juvenile
hormone (JH). In the presence of JH insect tissues maintain their
developmental status quo when exposed to ecdysteroids (the molting
hormones), whereas in the absence of JH (or when the JH titer is
bel ow atissue-specific threshold), tissues change their commitment
to that of the next metamorphic stage upon exposure to ecdysteroids
(Riddiford, 1996; Nijhout, 1994). Regulation of the JH titer thus
playsacritical rolein the control of metamorphosis. Regulation of
JH is accomplished by the independent regulation of its synthesis
by allatotropic and allatostatic factors, and its metabolism by
catabolic enzymes. Juvenile hormone esterase (JHE) plays a key
role in the metabolism of JH, and has long been established as a
negative regulator of the JH titer (Sparks et a., 1983; Hammaock,
1985). The activity of JHE in the hemolymph of the tobacco
hornworm, Manduca sexta, rises dramatically during the latter half
of thefinal larval instar. This so-called pre-wandering peak of JHE
activity is believed to be essential for normal metamorphosis
(Weirich et a., 1973; Sanburg et al., 1974; Vince and Gilbert, 1976;
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Sparks et al., 1983; Jesudason et al., 1990).

The initiation of metamorphosis in Manduca sexta is
stimulated by the disappearance of JH and subsequent secretion of
the prothoracicotropic hormone (PTTH) that stimulates the
production of ecdysteroids, which induce the wandering stage (when
larvae leave the plant and search for a pupation site) and cause the
reprogramming of the epidermis from larval commitment to pupal
commitment (Truman et al., 1974; Nijhout, 1994). During the last
larval instar the secretion of PTTH and ecdysteroidsis inhibited by
JH (Nijhout and Williams, 1974a,b; Rountree and Bollenbacher,
1986). It is believed that JHE plays arole in the clearance of JH
from the hemolymph after secretion of JH ceases (Sparks et al.,
1983; Baker et a., 1987). Treatment of M. sexta larvae with the
JHE inhibitor O -ethyl-S-phenyl phosphoramidothiolate (EPPAT)
early inthefinal instar significantly delaysentry into the wandering
stage, presumably by preventing or delaying the degradation of JH
which, in turn, continues to inhibit the secretion of PTTH and
ecdysteroids (Sparkset al., 1983). Moreover, whenlarvaeare starved
early in thefinal instar, their level of JHE activity is depressed and
such larvae experience a delayed entry into the wandering stage
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(Cymborowski et al., 1982; Sparkset a., 1983). Intheseexperiments
larvae were starved before they reached the critical weight, and this
is believed to prevent cessation of JH secretion and hence prolong
the instar (Cymborowski et al., 1982).

The critical weight defines the time at which the secretion
of JH ceases (Nijhout and Williams, 1974a,b). If alarvais starved
before it reaches the critical weight, it continues to secrete JH for
an abnormally long time and the secretion of PTTH and entry into
the wandering stage are correspondingly delayed. By contrast, if a
larvais starved after it has reached the critical weight, the timing of
the wandering stage and metamorphosis occur at exactly the same
time asin larvae that are allowed to continue to feed (Nijhout and
Williams, 1974a,b). Thecritical weight thus marksatransition point
after which thetime course to metamorphosisis unaffected by further
feeding and growth of the larva (Nijhout, 1994). Exogenous JH,
applied after a larva reaches the critical weight, can greatly delay
PTTH secretion and the onset of wandering (Nijhout and Williams,
1974b). The absence of JH after alarvareachesthe critical weight
isthus essential not only for anormal metamorphosis, but also for a
normal time course to metamorphosis. The pre-wandering peak of
JHE activity presumably servesto clear any remaining traces of JH
from the hemolymph after alarvareachesits critical weight and has
ceased to secrete JH.

Although starvation of a larva before the critical weight
severely depresses JHE activity, it is not clear whether thisis aso
trueafter alarvahasreached the critical weight. Insofar asstarvation
after the critical weight does not affect the timing of entry into the
wandering stage, it appears that starvation does not interfere with
thenormal pattern of JH degradation during that time. Toinvestigate
the role of JHE during the period between achieving the critical
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Figure 1. Thejuvenile hormone esterase (JHE) activity profile of normally
feeding last (5" instar larvae of Manduca sexta. JHE activity was measured
as nmol es of JH-acid produced per minute per ml of hemolymph. Each point
isthe mean of 9 to 11 pre-wandering larvae, or 4 to 6 post-wandering larvae.
Vertical bars are standard errors of the mean (which in some cases do not
exceed the size of the symbol). The abscissaisameasure of the physiological
age of thelarva, which isgiven on two scales: before entry into the wandering
stage the larva's physiological ageis given by its weight, and after entry into
the wandering stage it is given in days. The curve represents the best-fit
polynomial regression (2™ degree polynomial, r? = 0.99), and is extrapolated
to animalsweighing 12 grams (the maximal weight at which larvae entered the
wandering stage).
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weight and the onset of wandering, we starved larvae of M. sexta at
the critical weight and monitored the subsequent profile of JHE
activity. We found that starvation completely eliminated the pre-
wandering peak of JHE activity. We also found, however, that a
low level of JHE activity during a brief period immediately after
the critical weight is essential for a normal time course to PTTH
secretion and wandering.

Materialsand Methods

Larvae of Manduca sexta were reared on an artificial diet
at 27° Con al16:8 L:D photoperiod. All hemolymph samples used
in these experiments were taken between 6 and 12 hours after lights-
on. Thecritical weight of 5" instar larvaein our colony (defined as
theweight at or above which starvation no longer affectsthe normal
time course to metamorphosis) was determined by D’ Amico et al.
(2001) and was found to be 6.0 to 6.5 grams. The final weight of
normally-feeding larvae in our colony is 11 to 12 grams.

In order to test the effect of starvation on JHE activity we
removed larvae from food when they reached aweight between 6.5
and 7.5 grams, that is, shortly after they passed the critical weight.
A single hemolymph sample was taken from each experimental
starved larva and used for determination of JHE activity. Control
starved larvae were monitored daily and the timing of their entry
into the wandering stage was recorded.

Juvenile hormone esterase (JHE) activity in the hemolymph
was determined by means of the partition assay described by
Hammock and Roe (1985), and expressed as nanomoles of JH-acid
produced per minute per ml of hemolymph. °H juvenile hormone
[11 (717.80 GBg/mmol) was purchased from New England Nuclear.
The JHE inhibitor O -ethyl-S-phenyl phosphoramidothiolate
(EPPAT) was kindly provided by Dr. Bruce Hammock (University
of California at Davis). EPPAT treatment consisted of topical
applications of 2 microliters of a solution of 200 nM (in absolute
ethanol) (Sparkset al., 1983). Treatmentswere applied twicedaily,
beginning at various weights and continuing for two days. All
EPPAT-treated larvae continued to feed and grow normally,
suggesting the larvae did not experience any toxicity effects from
the treatment.

Results

The profile of JHE activity in final (5") instar larvae is
shown in Figure 1. The activity profileis similar to that described
previously by Joneset al. (1982) and Jesudason et al. (1990), except
that we obtained a higher temporal resolution than these authors by
measuring the JHE activity at intervals of 1 gram along the entire
growth trgjectory of the 5" instar. During the feeding phase, JHE
activity increased gradually with larval weight. The JHE activity
declined rapidly when larvae purged their gut and entered the
wandering stage, and rose again just prior to pupation. The pre-
wandering peak of JHE activity was not clearly separated from the
gradual rise that occurred with increasing weight.

In order to test the effect of starvation on JHE activity we
removed larvae from food when they reached aweight between 6.5
and 7.5 grams, that is, shortly after they passed the critical weight
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Figure 2. Theeffect of starvation after the critical period on the JHE activity
profileof 5" instar Manduca sexta larvae. JHE activity was measured as nmoles
of JH-acid produced per minute per ml of hemolymph. Each point isthe mean
of 7 to 9 pre-wandering larvae, or 4 to 6 post-wandering larvae. Vertical bars
are standard errors of the mean (which in some cases do not exceed the size of
the symbol). Larvae were starved at weights of 7 + 0.5 grams (dark vertical
bar), and JHE activity was measured at 24-hour intervals thereafter. The
expected JHE activity of normally feeding larvae (from Fig. 1) isindicated by
the dotted line.

(Figure 2). JHE activity declined rapidly after the initiation of
starvation and did not rise to the peak levels characteristic of the
pre-wandering phase of thefinal instar (c.f. Figure 1). The absence
of the pre-wandering peak of JHE had no effect on the timing of
onset of wandering. Feeding larvae entered the wandering stage an
average of 56 + 2.3 (mean * standard error) hours after passing 6.5
to 7.5 grams (n=37), whereaslarvae that were starved in thisweight
range entered the wandering stage an average of 53.4 + 2.0 hours
later (n = 26). Starved larvae metamorphosed into normal pupae,
indicating that the pre-wandering peak of JHE activity was not
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Figure3. Effect of EPPAT treatment on the timing of entry into the wandering
stage of normally feeding Manduca sexta larvae. The abscissaindicates the
weight at which EPPAT treatment began. P-values above each set indicate the
probability that experimental and control values are identical (Wilcoxon's

signed-rankstest; N = 10 for each bar). Vertical lines are standard deviations.
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necessary for amorphologically normal pupation. After entry into
the wandering stage the level of JHE activity rose in the same way
inlarvae that had been starved aswell asthose that had been allowed
to feed normally (Figure 2).

In view of the fact that JHE activity had already risento a
low but appreciable level by the time larvae reached the critical
weight, weinvestigated whether thislow level of JHE activity had a
significant physiological consequence. Feeding larvae were treated
with twicedaily doses of EPPAT, beginning at successivetimes after
they had reached the critical weight. Wefound that EPPAT treatments
that began at weights between 6.0g and 7.5g delayed entry into the
wandering stage by 1to 2 days. By contrast, treatments that began
at weights above 8.0g had no effect on the timing of the onset of
wandering (probability values are shown in Figure 3). Evidently,
inhibiting of JHE during the period immediately after larvae passed
the critical weight delayed entry into the wandering stage, suggesting
that its activity during this period is important for the normal
metabolism of JH.

Discussion

The activity of JHE in normally feeding fifth instar larvae
of M. sexta increased gradually with larval weight. When larvae
were starved soon after reaching the critical weight, the JHE activity
in their hemolymph declined rapidly and the pre-wandering peak of
JHE failed to occur (Figure 2). Inview of the fact that the onset of
wandering was not delayed in these larvae, and that they
metamorphosed into normal pupae, it appears that the high pre-
wandering peak of JHE is not required for the normal timing of
metamorphosis, nor for a morphologically normal metamorphosis.

Although starvation inhibitsthe pre-wandering peak of JHE
activity, it has no effect on the post-wandering rise of JHE activity.
The post-wandering elevation of JHE activity may be important for
metabolizing the brief peak of JH that occurs after entry into the
wandering stage (Kiguchi and Riddiford, 1978; Nijhout, 1994). This
brief peak of JH isimportant for the normal metamorphosis of the
imaginal disks (Nijhout, 1994), but it is not known whether the
reduction or elimination of this post-wandering peak of JHE would
affect the normal time course of metamorphosis.

Initial work on the biology of JHE suggested that it might
play akey role in the regulation of JH titers by modulating the rate
at which thishormoneis metabolized (Hammock, 1985). Thefinding
that the peak of JHE activity in the hemolymph of Manduca occurred
only after the JH titer had already declined led instead to the
suggestion that the primary function of JHE was to “scavenge’
remaining traces of JH in preparation for metamorphosis (Baker et
a., 1987; De Kort and Granger, 1996). Our results support the
view that the pre-wandering peak of JHE has no function related to
metamorphosis, because in its absence metamorphosis occurs
normally.

Our results suggest, however, that the moderate level of
JHE activity at the time the larvae pass the critical weight plays an
important role in controlling the timing of entry into the wandering
stage and hence the timing of metamorphosis. Evidently, larvae up
to a weight of about 8 grams require JHE in order to begin
metamorphosis on a normal time schedule. It seems reasonable to
concludethat insofar as PTTH secretion by the brain isinhibited by
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JH during thelast larval instar, the primary role of JHE at the critical
weight is to enhance the elimination of JH. Thisfunction of JHE is
evidently exercised beforeit risesto itsnormal pre-wandering peak.
Thefunction of the high levels of JHE activity during the remainder
of the pre-wandering peak remain puzzling. It is possible that it
represents a kind of “reserve capacity” to deal with extreme
variations in the JH titer that might be more common in some
environments than in others. Alternatively, it is possible that JHE
has additional, yet undiscovered, functions unrelated the hydrolysis
of JH and the phenomena studied here.
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