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In order to grow, immature insects must
periodically synthesize a new cuticle and
shed the old one (a process of molting and
ecdysis) until they have reached a stage
permitting metamorphosis to the repro-
ductive adult. Each molt is induced by a
pulse of ecdysteroids, but the nature of the
molt is determined by the juvenile hor-
mones (JHs) [1]. These are sesquiterpe-
noids, synthesized from three isoprene
units via the mevalonate pathway and
decorated by an epoxide group on one end
and a methyl ester on the other [1]. The
JHs maintain larval characters, a status
quo effect that is lifted when the level of
JH drops. A threshold size must be
attained for each molt and for metamor-
phosis to occur, and this size may relate to
the limit of oxygen supply by the tracheal
system [2,3]. The number of molts varies
among and sometimes within species; it is
influenced by nutrition and by environ-
mental and genetic signals. Yet, the
mechanisms that “measure size” or
“count the larval instars” are overridden
by the experimental depletion of JHs. It
has long been a tenet of insect endocri-
nology that removal of the corpora allata
(CA), the endocrine glands that produce
the JHs, causes precocious metamorphosis
[1]. However, bringing the JH titer down
experimentally is not as trivial as it may
seem.

In this issue, Daimon et al. [4] utilize
the genetic resources of the silkworm
Bombyx mori to explore why larvae of the
dimolting  (mod) mutant strain undergo
metamorphosis early, giving miniature
pupae and adults after just three instars
rather than the normal five (Figure 1).
They identified this mod trait as a gene for
a cytochrome P450 enzyme, CYP15CI1,
the silkworm ortholog of a previously
identified JH epoxidase of the cockroach
CA [5]. Daimon et al. show that the mod
mutant is a null caused by a deletion that
truncates CYP15C1. The mutation can be
rescued by transgenic production of the
wild type enzyme in the CA using the
GAL4-UAS system, or by topical applica-
tion of a JH agonist. Biochemical exper-
iments confirm that CYP15C1 is a stereo-
specific epoxidase expressed specifically in
the CA throughout postembryonic devel-
opment.
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The work of Daimon et al. is forceful in
its elegance, and it brings a surprise: the
CA of mod mutants do not produce the JHs
normally needed for the status quo of
larval development, yet the mod larvae do
not commit to become pupae until the
third larval instar (Figure 1). Might this
work break the status quo of insect
endocrinology? Daimon et al. propose
that authentic (epoxidized) JHs are essen-
tial for the classic status quo but not in
early larval stages (I and 2) in Bombyx. It
turns out that previous work corroborates
this statement, and that the morphogenet-
ic function of JHs in early larval instars of
insects now requires closer attention.

There are different ways to remove JHs.
Removal of the CA (“allatectomy™) is
possible in some insects when there is a
conjunction of skilled microsurgery with
favorable size and anatomy of the glands.
Thus, the steady hands and patience of
Bounbhiol [6] and Fukuda [7] succeeded in
obtaining miniature pupae of the silkworm
after operating on third-instar larvae, but
they could not operate on earlier instars
with smaller heads. The discovery of
precocenes, plant compounds causing
precocious metamorphosis [8], enabled
“chemical allatectomy”. However, these
compounds are blunt instruments [9] that
work well in some insects, but are too toxic
or too quickly metabolized in others to
elicit precocious metamorphosis. Tarrant
and Cupp [10] noted that the first-instar
larvae of the true bug Rhodnius prolixus were
“quite refractory” to chemical allatectomy
with precocene. Pener and his colleagues
treated late embryos or newly hatched
first-instar larvae of locusts and cockroach-
es with precocene and saw precocious
appearance of adult features after the

second larval molt, but not -earlier
((11,12] and papers cited therein). Yet,
the early-larval instar CA secrete JH as
shown by transplantation experiments or
direct measurements [13]. Significantly,
constitutive overexpression of a JH ester-
ase using an actin-Gal4 driver caused
precocious metamorphosis in the silkworm
[14]. The excess JH esterase specifically
inactivates circulating JH. Similar to the
loss of CYP15C1 in mod mutants, however,
overproduction of JH esterase alone was
msufficient to force Bombyx to enter
metamorphosis before they underwent
three larval instars [14].

The observations of Daimon et al. are
therefore not unprecedented, but their
evidence is compelling. The question of
the role of JH during early larval instars
and the reason for its status quo function
at the organismal level becoming appar-
ent only in later instars is now open. A
“competence for metamorphosis” requir-
ing some amount of postembryonic
growth has been advanced, but this
sounds much like a “dormitive virtue”,
and needs to be dissected with current
molecular tools. Early experiments such
as parabiosis and tissue transplantation
indicated an immediate competence for
metamorphosis (cited by Wigglesworth
[15]), a conflict with the results showing
delayed competence that was attributed
to the persistence of circulating JH. This
is not the case in the silkworm, where
either loss of JH production [4] or
elimination of active JH [14] both result
in precocious metamorphosis, but only
after it undergoes a minimum of two
larval molts. Clearly, factors other than
JHs must be at play during the earliest
larval instars.
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Figure 1. Development of the silkworm without juvenile hormones (JHs). Maintenance of larval characters before the larval-pupal and
pupal-adult molts is the classical status quo role of JH. This JH effect is carried out through its receptor Met and the transcription factor Kr-h1. The
mod mutants studied by Daimon et al. [4] lack a P450 enzyme (epoxidase) and cannot make functional JH, yet they do not enter metamorphosis until
after two larval molts, producing precocious pupae instead of the normal fourth larval instar. This unexpected result suggests that the early larval
instars might be insensitive to the lack of JH. lllustration: Martina Hajduskova.

doi:10.1371/journal.pgen.1002591.g001

The silkworm appears to be a good
model to study this apparent JH-indepen-
dent growth of the early larval stages,
because in this species JH is essential
neither during pupal and adult develop-
ment, nor for reproduction, as evidenced
by the wviability of the mod mutants.
Additional loci are known to control the
number of larval molts in Bombyx [16] and
require identification in order to separate
JH-dependent from JH-independent ef-
fects. Further manipulation of JH synthe-
sis and/or signaling is now possible in
Bombyx. Inactivation of another enzyme of
JH synthesis, the methyl transferase
JHAMT [17], should confirm the results
obtained with CYP15C1 and prove that
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the larval JHs cannot be substituted by
their non-epoxidized methyl esters.
JHAMT RNAIi knockdown causes preco-
cious metamorphosis in the beetle 77ibo-
lium  castaneum, clearly establishing this
enzyme as essential for the maintenance
of larval status [18]. It may also become
possible to genetically ablate the CA in
the silkworm as was done in Drosophila
[19,20]. Manipulation of JH signaling
also becomes feasible, as it has recently
been shown that insects use a “‘common
core” JH signaling pathway [21] consist-
ing of the bHLH-PAS protein Met [22—
24] and the transcription factor Kr-hl
[25,26]. Met emerges as the long-sought
JH receptor [27] that controls expression

of Kr-hl to prevent metamorphosis.
Responsiveness of Met and Kr-hl to JH
during the earliest larval instars should
now be tested. Furthermore, CA cells
along with JH appear at or close to dorsal
closure in insects, and the role of JH in
the transition from embryogenesis to
larval stages needs reexamination [28].
With a size propitious for physiological
experimentation, a complete genome
[29], a thousand races including over
500 mutants, and the tools for targeted
gene expression [30] and disruption [31],
Bombyx mori brings answers to the open
questions within reach. The silkworm as a
genetic model for insect physiology has
truly come of age.

March 2012 | Volume 8 | Issue 3 | 1002591



References

1.

@ PLoS Genetics | www.plosgenetics.org

Goodman WG, Cusson M (2012) The juvenile
hormones. In: Gilbert LI, ed. Insect endocrinol-
ogy. Amsterdam: Elsevier. pp 310-365.

Nijhout HF (1975) A threshold size for metamor-
phosis in the tobacco hornworm, Manduca sexta
(L.). Biological Bulletin 149: 214-225.

Callier V, Nijhout HF (2011) Control of body size
by oxygen supply reveals size-dependent and size-
independent mechanisms of molting and meta-
morphosis. Proc Natl Acad Sci U S A 108:
14664-14669.

Daimon T, Kozaki T, Niwa R, Kobayashi I,
Furuta K, et al. (2012) Precocious metamorphosis
in the juvenile hormone-deficient mutant of the
silkworm, Bombyx mori. PLoS Genet 8: ¢1002486.
doi:10.1371/journal.pgen.1002486.

Helvig C, Koener JF, Unnithan GC, Feyereisen R
(2004) CYPI5A1, the cytochrome P450 that
catalyzes epoxidation of methyl farnesoate to

Juvenile Hormone III in cockroach corpora

allata. Proc Natl Acad Sci U S A 101: 4024-4029.
Bounhiol JJ (1938) Recherches expérimentales sur
le déterminisme de la métamorphose chez les
Lépidopteres. Bulletin Biologique de France et de
Belgique 24: 1-199.

Fukuda S (1944) The hormonal mechanism of
larval molting and metamorphosis in the silk-
worm. J Fac Sci Tokyo Univ Sect IV 6: 477-532.
Bowers WS, Ohta T, Cleere JS, Marsella PA
(1976) Discovery of insect anti-juvenile hormones
in plants. Science 193: 542-547.

Feyereisen R, Johnson G, Koener JF, Stay B,
Tobe SS (1981) Precocenes as pro-allatocidins in
adult female Diploptera punctata: a functional and
ultrastructural study. J Insect Physiol 27:
855-868.

Tarrant CA, Cupp EW (1978) Morphogenetic
effects of precocene II on the immature stages of
Rhodnius prolixus. Trans R Soc Trop Med Hyg 72:
666-668.

. Aboulafia-Baginsky N, Pener MP, Staal GB

(1984) Chemical allatectomy of late Locusta
embryos by a synthetic precocene and its effect
on hopper morphogenesis. J Insect Physiol 30:
839-852.

Pener MP, Desberg D, Lazarovici P, Reuter CC,
Tsai LW, et al. (1986) The effect of a synthetic

20.

21.

22.

precocene on juvenile hormone III titre in late
Locusta eggs. ] Insect Physiol 32: 853-857.
Kikukawa S, Tobe SS (1986) Juvenile hormone
biosynthesis in female larvae of Diploptera punctata
and the effect of allatectomy on haemolymph
ecdysteroid titre. ] Insect Physiol 32: 981-986.
Tan A, Tanaka H, Tamura T, Shiotsuki T (2005)
Precocious metamorphosis in  transgenic  silk-
worms overexpressing juvenile hormone esterase.

Proc Natl Acad Sci U S A 102: 11751-11756.

. Wigglesworth VB (1952) Hormone balance and

the control of metamorphosis in Rhodnius prolixus
(Hemiptera). ] Exp Biol 29: 620-631.

. Wang HB, Ali SM, Moriyama M, Iwanaga M,

Kawasaki H (2012) 20-hydroxyecdysone and
juvenile hormone analog prevent precocious
metamorphosis in recessive trimolter mutants of
Bombyx mori. Insect Biochem Mol Biol 42:
102-108.

Shinoda T, Itoyama K (2003) Juvenile hormone
acid methyltransferase: a key regulatory enzyme
for insect metamorphosis. Proc Natl Acad
Sci U S A 100: 11986-11991.

Minakuchi C, Namiki T, Yoshiyama M,
Shinoda T (2008) RNAi-mediated knockdown
of juvenile hormone acid O-methyltransferase
gene causes precocious metamorphosis in the red
flour beetle Tribolium castaneum. FEBS J 275:
2919-2931.

Liu Y, Sheng Z, Liu H, Wen D, He Q, et al.
(2009) Juvenile hormone counteracts the bHLH-
PAS transcription factors MET and GCE to
prevent caspase-dependent programmed cell
death in  Drosophila. Development 136: 2015—
2025.

Riddiford LM, Truman JW, Mirth CK, Shen YC
(2010) A role for juvenile hormone in the
prepupal development of Drosophila melanogaster.
Development 137: 1117-1126.

Konopova B, Smykal V, Jindra M (2011)
Common and distinct roles of juvenile hormone
signaling genes in metamorphosis of holometab-
olous and hemimetabolous insects. PLoS ONE 6:
€28728. doi:10.1371/journal.pone.0028728.
Ashok M, Turner C, Wilson TG (1998) Insect

juvenile hormone resistance gene homology with

23.

24.

26.

29.

30.

31.

the bHLH-PAS family of transcriptional regula-
tors. Proc Natl Acad Sci U S A 95: 2761-2766.
Konopova B, Jindra M (2007) Juvenile hormone
resistance gene Methoprene-tolerant controls
entry into metamorphosis in the beetle Tribolium
castaneum. Proc Natl Acad Sci U S A 104:
10488-10493.

Parthasarathy R, Tan A, Palli SR (2008) bHLH-
PAS family transcription factor methoprene-
tolerant plays a key role in JH action in
preventing the premature development of adult
structures during larval-pupal metamorphosis.
Mech Dev 125: 601-616.

Minakuchi C, Namiki T, Shinoda T (2009)
Kriippel homolog 1, an early juvenile hormone-
response gene downstream of Methoprene-toler-
ant, mediates its anti-metamorphic action in the
red flour beetle Tribolium castaneum. Dev Biol 325:
341-350.

Minakuchi C, Zhou X, Riddiford LM (2008)
Kriippel homolog 1 (Kr-hl) mediates juvenile
hormone action during metamorphosis of Dro-
sophila melanogaster. Mech Dev 125: 91-105.
Charles J-P, Iwema T, Epa VC, Takaki K,
Rynes J, et al. (2011) Ligand-binding properties of
a juvenile hormone receptor, Methoprene-toler-
ant. Proc Natl Acad Sci U S A 108: 21128
21133.

Konopova B, Zrzavy J (2005) Ultrastructure,
development, and homology of insect embryonic
cuticles. ] Morphol 264: 339-362.

The International Silkworm Genome Consor-
tium (2008) The genome of a lepidopteran model
insect, the silkworm Bombyx mori. Insect Biochem
Mol Biol 38: 1036-1045.

Uchino K, Sezutsu H, Imamura M, Kobayashi I,
Tatematsu K, et al. (2008) Construction of a
piggyBac-based enhancer trap system for the
analysis of gene function in silkworm Bombyx mori.
Insect Biochem Mol Biol 38: 1165-1173.
Takasu Y, Kobayashi I, Beumer K, Uchino K,
Sezutsu H, et al. (2010) Targeted mutagenesis in
the silkworm Bombyx mori using zinc finger
nuclease mRNA injection. Insect Biochem Mol
Biol 40: 759-765.

March 2012 | Volume 8 | Issue 3 | 1002591



