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Insect juvenile hormones (JHs) prevent precocious metamorphosis
and allow larvae to undergo multiple rounds of status quo molts.
However, the roles of JHs during the embryonic and very early
larval stages have not been fully understood. We generated and
characterized knockout silkworms (Bombyx mori) with null muta-
tions in JH biosynthesis or JH receptor genes using genome-editing
tools. We found that embryonic growth and morphogenesis are
largely independent of JHs in Bombyx and that, even in the ab-
sence of JHs or JH signaling, pupal characters are not formed in
first- or second-instar larvae, and precocious metamorphosis is in-
duced after the second instar at the earliest. We also show by
mosaic analysis that a pupal specifier gene broad,which is dramat-
ically up-regulated in the late stage of the last larval instar, is
essential for pupal commitment in the epidermis. Importantly,
the mRNA expression level of broad, which is thought to be re-
pressed by JHs, remained at very low basal levels during the early
larval instars of JH-deficient or JH signaling-deficient knockouts.
Therefore, our study suggests that the long-accepted paradigm
that JHs maintain the juvenile status throughout larval life should
be revised because the larval status can be maintained by a JH-
independent mechanism in very early larval instars. We propose
that the lack of competence for metamorphosis during the early
larval stages may result from the absence of an unidentified broad-
inducing factor, i.e., a competence factor.
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Insect molting and metamorphosis are intricately governed by
two hormones, ecdysteroids and juvenile hormones (JHs) (1–

3). Ecdysteroids, which are produced in the prothoracic gland,
trigger each larval–larval and metamorphic molt, whereas JHs,
which are produced in the corpora allata (CA), prevent pre-
cocious metamorphosis and allow the larva to undergo multiple
rounds of molting until it reaches the appropriate size for
metamorphosis (1–5). It is widely considered that this “status
quo” action of JH is required to maintain the larval status
throughout the larval stage. Interestingly, however, several at-
tempts to deplete JHs using classic and modern techniques have
failed to induce precocious metamorphosis during the very early
larval instars (6–12).
In the classic experiments by Bounhiol (11) and Fukuda (12),

allatectomy (surgical removal of the CA) or neck ligation (sep-
aration of the head containing the CA from the posterior part of
the body) in lepidopteran larvae induced precocious meta-
morphosis; however, the earliest instar that exhibited the signs of
metamorphosis was the third. Chemical allatectomy, i.e., the
application of compounds that inhibit the biosynthesis of JHs,
also can induce precocious metamorphosis, but larvae that re-
ceive chemical allatectomy during the embryonic or first larval
instar stages do not undergo metamorphosis until after the sec-
ond instar (in the locust) (13) or the third instar (in the silkworm
Bombyx mori) (14). Recent genetic studies also have shown that
deprivation of JHs cannot induce precocious metamorphosis
during the early larval instars. For example, overexpression of a
JH-degrading enzyme JH esterase (JHE) in transgenic Bombyx

resulted in precocious metamorphosis after three instars (8). In
addition, the dimolting (mod) mutant larvae of Bombyx with a
null mutation in a JH biosynthetic enzyme, JH epoxidase
CYP15C1, metamorphosed into miniature pupae after the third
or fourth instar (7). Similarly, RNAi of a JH receptorMethoprene
tolerant (Met) or Krüppel-homolog 1 (Kr-h1), a repressor of pupal
metamorphosis, in the early instars of a hemimetabolous
Pyrrhocoris bug did not cause precocious metamorphosis until
after the third instar (6). In addition, in the fruit fly Drosophila
melanogaster, deprivation of the CA or double mutation of two
paralogous JH receptor genes, Met and germ cell expressed (gce),
did not reduce the number of molts (9, 10). These results con-
sistently suggest that the development of early larval instars is
largely independent of JHs and that the antimetamorphic action
of JHs is required only in the later larval stages to prolong these
larval stages until the larvae attain an appropriate threshold size
for metamorphosis.
This hypothesis is not fully supported, however, because there

were some weaknesses or problems in the aforementioned ex-
periments; for example, (i) it is still possible that residual JHs
suppress precocious metamorphosis in larvae that have been
subjected to surgical or chemical allatectomy; (ii) degradation of
JHs may not be complete in JHE-overexpressing Bombyx larvae;
(iii) gene silencing using RNAi is transient and incomplete; (iv)
the antimetamorphic action of JHs in Drosophila, in which the
number of larval instars appears to be firmly fixed at three, is not
as obvious as that in most other insects; and (v) mod mutant
larvae of Bombyx actually lack JHs in the hemolymph, but their
CA may produce a JH precursor, methyl farnesoate (MF) (7),
which has a very weak JH activity [i.e., 1,000-fold lower activity
compared with the authentic epoxidized JH I in the induction of
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the Kr-h1 gene in cultured cells (15)], and thus MF may partially
rescue the absence of JHs in mod mutant larvae.
To avoid these problems and to obtain definitive evidence to

reveal the roles of JHs during the early larval instars, we per-
formed knockout experiments targeted at genes involved in JH
biosynthesis and JH reception in Bombyx, in which a highly ef-
ficient system for targeted mutagenesis mediated by transcrip-
tion activator-like effector nucleases (TALENs) has been
established (16, 17). We generated a knockout mutant of JH acid
methyltransferase (JHAMT) (18), which catalyzes the last step of
JH biosynthesis in lepidopteran insects, as well as the two JH
receptor genes in Bombyx, Met1, and Met2 (15). Our results
demonstrated that JHs or JH signaling does not play important
roles in embryogenesis in Bombyx, and even in the absence of
JHs or JH signaling pupal characters (i.e., pupal cuticles, de-
generation of larval abdominal legs, and metamorphic growth of
imaginal primordia) are not observed in the first- or second-in-
star larvae; these results strongly support the hypothesis that
development in early larval instars is independent of JHs. We
also showed, based on a TALEN-mediated somatic mosaic
analysis, that a pupal-specifier gene broad, which is dramatically
up-regulated in the late stage of the last larval instar (19–22), is
essential for pupal commitment in the epidermis of Bombyx.
Importantly, the mRNA expression level of broad, which is
considered to be repressed by JHs until the late stage of the last
larval instar (19–22), remained at very low basal levels during the
first and second larval instars of JH-deficient or JH signaling-
deficient knockouts. Therefore, the results of our study suggest
that the lack of competence for metamorphosis during the early
larval stages may be attributable to the absence in the very early
stages of an unidentified broad-inducing factor, i.e., a compe-
tence factor, that is required for the metamorphic induction
of broad.

Results
TALEN-Mediated Knockout of JHAMT, Met1, and Met2 Genes. In the
last step of the JH biosynthetic pathway in Bombyx (Fig. 1A), a
JH precursor, farnesoic acid, is epoxidized to JH acid by
CYP15C1 and then is methylated to the final product JH by
JHAMT (5, 7). It should be noted that Bombyx has two paral-
ogous JH receptor genes, Met1 and Met2 (15), which may have
been duplicated independently after the divergence of the order
Lepidoptera (moths and butterflies) and Diptera (flies and
mosquitoes) (23–25). Therefore, by using TALENs, we used two
approaches to generate JH-deficient or JH signaling-deficient
mutants (Fig. 1B): first, we knocked out the JHAMT gene, and
second, we knocked out the Met1 and Met2 genes. We injected
TALEN mRNAs, which specifically target the first or second
exons of these genes, into early embryos of Bombyx and estab-
lished single-knockout lines for each gene. Deletions in these
lines (88 bp for JHAMT, 44 bp for Met2, and 67 bp for Met1)
introduce premature stop codons into domains that are essential
for their functions (i.e., the methyltransferase domain in JHAMT
and a DNA-binding basic helix–loop–helix domain in Met1 and
Met2). Therefore these knockout alleles should be null alleles
(Fig. 1B and Fig. S1). Next, double-mutant lines for JHAMT mod
and Met2 Met1 were established after crossing JHAMT hetero-
zygous mutants with mod mutants (7, 26) and Met2 homozygous
mutants with Met1 heterozygous mutants. Because homozygous
mutations of JHAMT and Met1 are lethal (as described below),
the JHAMT- and Met1-mutant alleles were maintained as het-
erozygous stocks (Materials and Methods).

Effects of JH Deprivation or JH Signaling Deprivation During the
Embryonic Stages. It has been suggested that JHs are not im-
portant for embryogenesis in holometabolous insects because the
application of JHs to the fertilized eggs of wild silkmoths cannot
block embryonic development before the completion of a rec-

ognizable first instar, although treatment of early embryos with
JH results in abnormal blastokinesis (27). We observed the same
phenomenon in JH-treated Bombyx embryos (Fig. S2A). How-
ever, the effects of JH deprivation during the embryonic stages
have not been clarified in holometabolous insects because sur-
gical allatectomy is virtually impossible in embryos and alla-
tocidal chemicals that are active in holometabolous insects have
not yet been identified. Therefore, we first examined the embryo
phenotypes of JH-deficient or JH signaling-deficient mutants.
We found that the hatchability of embryos was reduced (Fig. 2A)
and the day of hatching was delayed by a few days in homozygous
mutants of JHAMT, JHAMT mod, Met1, and Met2 Met1 as
compared with a control strain (Fig. 2B). In these mutant em-
bryos, pigmentation of the trachea, which occurred on day 7 in
the control, was delayed for ∼1 d. These results indicate that
deprivation of JH or JH signaling causes high or partial lethality
in embryos and delays embryonic development. Therefore, we
next examined the expression profiles of the genes involved in
JH biosynthesis and JH signaling during the embryonic stages
(Fig. 2C). In the tobacco hornworm, Manduca sexta, it has been
suggested that JH titers in embryos peak at about 50% of em-
bryonic development and then decrease gradually (28, 29).
Similarly, in Bombyx, we found that the expression of JHAMT
increased sharply from 108 h after oviposition (AO) and
remained high at 134 and 168 h AO before decreasing gradually.
It was notable the timing of the increase in the two isoforms of
Kr-h1 mRNA (Kr-h1α and Kr-h1β) (15) was the same as that of
JHAMT, thus suggesting that JHs are synthesized de novo from
this time. Large amounts of Met1 and Met2 mRNA appeared to
be maternally deposited in embryos, but they decreased gradu-
ally to basal levels by 84 h AO and then increased from 96 h AO
and peaked at 108 h AO, the time when the expression levels of
JHAMT and Kr-h1 mRNA started to increase. Whole-mount in
situ hybridization showed that the JHAMT mRNAs localized
specifically to the CA (Fig. 2D), thereby demonstrating that JHs
are produced in the CA during the embryonic (Fig. 2D) and
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Fig. 1. TALEN-mediated gene disruption. (A) JH biosynthetic pathways in
wild-type and mutant Bombyx. In the CA of wild-type Bombyx, farnesoic acid
(FA) is epoxidized to JH acid by CYP15C1 and JH acid then is methylated to
the JH by JHAMT (5). In the CA ofmod and JHAMT mutants and JHAMT mod
double mutants the presumed products are MF, JH acid, and FA, respectively
(underlined). Note that the major JHs and their precursors (not illustrated in
the figure) are ethyl-branched in lepidopteran insects (5, 7). (B) Schematic
representations of mutant alleles used in this study. For JHAMT, Met2, and
Met1mutants, we fixed 88-, 44-, and 67-bp deletion alleles, respectively, and
used them in further experiments. Gray and white bars indicate the coding
regions and UTRs, respectively. Horizontal lines flanked by exons indicate
introns. Red lines below the exons indicate deleted regions, and red arrows
indicate the positions of premature stop codons caused by deletions. Chro-
mosomal localizations of each gene are shown in parentheses. The nucleo-
tide sequence of each allele is shown in Fig. S1. bHLH, basic helix–loop–helix
domain; MTase, methyltransferase domain; PAC, PAC domain (24); PASA,
Per-ARNT-Sim A domain; PASB, Per-ARNT-Sim B domain. (Scale bar: 1 kb.)
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larval stages (7, 18). To determine the effects of JH deprivation
on the expression of Kr-h1, we examined Kr-h1 expression in the
JHAMT mutants, which exhibited the most severe defects in
hatchability (Fig. 2A). When embryos from a sibling cross of
JHAMT+/− adults were examined on day 5, at the peak of the
Kr-h1 mRNA levels in the control (Fig. 2C), about one-fourth of
the embryos, which probably were JHAMT homozygous mutants
(assuming a 1:2:1 segregation ratio via Mendelian inheritance),
did not exhibit Kr-h1 mRNA signals (Fig. 2E). This finding
suggests that, as in the larval stages, JHs induce the expression of
Kr-h1 in the embryonic stages. Notably, these unstained (pre-
sumable JHAMT−/−) embryos were similar in size to the stained
(JHAMT+/+ or JHAMT+/−) embryos.

Development of JH-Deficient Mutants. To test whether the reduced
hatchability in JHAMT mutant embryos resulted from the loss of
JHs, we performed rescue experiments by topically applying JHs
to embryos (Fig. 3 A and B). First, we applied selected doses of
JH III to embryos on day 4, 1 d before the presumed peak in the
JH titers (Fig. 2C). As shown in Fig. 3A, the unhatched pheno-
type of JHAMT−/− embryos was rescued by the application of JH
III in a dose-dependent manner. The most effective dose of JH
III was 0.1 μg (∼90% of treated embryos hatched), and reducing
or increasing this dose lowered the rate of hatching, suggesting
that the presence of an appropriate amount of JHs is important

during embryogenesis. The application of a JH analog, metho-
prene, also rescued the unhatched phenotype of JHAMT−/−, but
the most efficient dose was <0.001 μg (Fig. 3A). This result may
appear puzzling, because methoprene generally has a much
weaker JH activity than JH III [i.e., ∼500-fold less activity than
JH III in cultured cells (15)]; however, we believe this result
probably was caused by differences in the biodegradability and/or
permeability of JH III and methoprene. Treatment with MF,
which has very weak JH activity [i.e., comparable with that of
methoprene (15)], also rescued the phenotype, but its efficiency
was much lower than that of JH III or methoprene. Next, we
examined the temporal effect of JH III treatment and identified
clear time-dependent effects (Fig. 3B). When JH III (0.1 μg,
which had the highest rescue activity on day 4; Fig. 3A) was
applied on day 4 or day 5, >90% of the JHAMT−/− embryos were
rescued, but application after day 7 appeared to be too late.
These results suggest that JHs should be present in the appro-
priate amounts and at the appropriate times during embryo-
genesis. Surprisingly, we found that embryogenesis appeared to
be completed in the “unhatched” JHAMT−/− embryos, and they
were alive within their eggshells. When we removed their egg-
shells with a knife (dechorionation), the dechorionated embryos
(or now larvae) began to exhibit locomotory behaviors (Fig. 3C
and Movie S1), and they fed and grew (Fig. 3D). This finding
indicates that JH deprivation during the embryonic stages has

C D
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Fig. 2. Effects of knockouts on embryogenesis. (A and B)
Hatchability (A) and day of hatching (B) by mutant strains.
Hatched larvae or unhatched embryos (stage ≥25) (67)
were counted, and their individual genotypes were de-
termined by PCR if necessary. Mutated lines are shown
below the bars. Bars indicate mean + SD for hatchability (A)
or the hatching day AO (B) for each genotype (n = 4–15
batches). The numbers above bars indicate the number of
hatched/total embryos, and the numbers within bars in-
dicate the number of batches used in the analysis. Asterisks
indicate significant differences compared with the control.
*P < 0.05, ***P < 0.001, ****P < 0.0001, Dunn’s non-
parametric multiple comparisons test. (C) qRT-PCR of genes
in the control strain. Data represent the mean + SD ex-
pression level of each gene (n = 4 biological replicates). The
numbers below the x axis indicate hours AO. The presumed
JH titer shown at the top is inferred from that in Manduca
(28). Timings of the onset of blastokinesis (b) and completion
of dorsal closure (DC) are based on Takami and Kitazawa
(67). (D) Whole-mount in situ hybridization of JHAMT and
Kr-h1 in the control strain. Arrows indicate the CA-specific
signals of JHAMT. Signals in the head and thoracic legs
are caused by nonspecific staining. Stages (days AO) of
samples are shown at the top right of each panel. (i, ii, v,
and vi ) Lateral view. (iii and vi ) Dorsal view. (Scale bars:
1 mm.) (E) Whole-mount in situ hybridization of Kr-h1 in
JHAMT-knockout embryos. Embryos obtained from the sib-
ling cross of JHAMT+/− were subjected to analysis. About
one-fourth of the embryos were not stained, as indicated by
the white arrows. These unstained embryos were probably
JHAMT homozygous mutants, as supported by the results of
qRT-PCR (Fig. S6). (Scale bars: 1 mm.)
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only a minor effect and that embryonic growth and morpho-
genesis can proceed normally even without JHs. Indeed,
dechorionated neonate larvae did not possess any specific ex-
ternal phenotypes when examined by scanning electron micros-
copy (SEM) (Fig. S3). It is unclear why JH deprivation leads to a
hatching deficiency because the hormones or neurons re-
sponsible for hatching behaviors have not been clarified (30, 31).
It is possible that JHs play roles in some parts of embryonic
neurogenesis that are involved in hatching behavior. To elu-
cidate the development of JH-deficient mutants, we reared
JHAMT−/− larvae rescued by JH III application or dechoriona-
tion and found that about half of the hatched JHAMT−/− larvae
grew well (Fig. 3 D and E) and eventually underwent precocious
metamorphosis after the third larval instar (L3) at the earliest
(Fig. 3F and Fig. S2B). Similarly, when unhatched JHAMT mod
double-mutant embryos were dechorionated, about half of them
grew and metamorphosed after L3 (Fig. 3F). Importantly, pre-
cocious metamorphosis was not observed at L1 or L2, and the
larvae that died during L1 or L2 did not exhibit any specific
external phenotypes. These results strongly suggest that larval
status is maintained independently of JHs in L1 and L2.

Development of JH Signaling-Deficient Mutants. Next, we per-
formed phenotypic analyses of Met mutants. Met1 mutant larvae
exhibited retarded growth (Fig. 4A), and their development was
arrested predominantly during molting from L2 to L3. Most of
them failed to shed their old L2 cuticles completely or partially
(Fig. 4B), and all died without feeding. When the L2 cuticles of
the arrested larvae were removed with forceps, the L3 Met1−/−

larvae had the overall appearance of larvae (Fig. 4C). In-
terestingly, we found that small patches of pupal cuticle, which
were not present in the L1 or L2 cuticle, had formed in the L3
cuticles (Fig. S4). The formation of these pupal patches was
observed only in specific regions around the “bulge” (32) of the
second and the third thoracic segments (T2 and T3) and the

dorsolateral side of the first abdominal segment (A1) (Fig. 4 C
and D). In contrast, Met2 mutants were viable and fertile, and
they did not exhibit any apparent phenotypes. We also analyzed
Met2 Met1 double mutants and found that they phenocopied the
Met1 mutants (Fig. 4 E and F). These results suggest that Met1 is
the predominant JH receptor and that Met2 plays a very minor
role, if any, during the larval stages in Bombyx.

Mosaic Analysis of Met1. We also performed a mosaic analysis of
Met1 using the hereditary mosaic strain (mo) of Bombyx (Fig. 5).
In this mosaic strain, the polar body nuclei do not degenerate in
some eggs of mo/mo females, and the two nuclei from the egg
and polar body are fertilized independently by sperm in a single
egg, thereby yielding a single mosaic animal, not a twin (33–35).
In severe cases, mosaic animals become half-and-half mosaics. In
the mosaic analysis of Met1, we introduced the Met1-mutant al-
lele into the mo strain and eventually established a Met1 mosaic
strain (Materials and Methods). In the progeny of this strain,Met1
mosaic animals were segregated at a low frequency (<10%).
Among 191 mosaic eggs that exhibited mosaic pigmentation
patterns in amnioserosa, which is caused by another marker
gene, w-2, 21 were Met1 mosaic animals, according to their lar-
val–pupal mosaic phenotypes. Importantly, 81% (17 of 21) of the
Met1 mosaic L3 larvae reached L4, allowing us to investigate the
phenotypes of Met1 mosaics at L4, i.e., one instar later than
the Met1 knockouts, which arrested during their L2–L3 molts
(Fig. 4). As expected, some animals eventually became severe
larval–pupal mosaics with pupal cuticles that covered about half
of the body (individuals #96, 152, and 174 in Fig. 5A), thereby
providing strong evidence that Met1 is the cell-autonomous JH
receptor. To determine when the pupal characteristics are first
formed during development, we carefully checked for the pres-
ence of pupal features in L1–L3 larvae. We found that the ear-
liest formation of pupal features was represented by patches of
pupal cuticles (Fig. 5B), which were induced during the molt
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Fig. 3. Phenotypes of JH-deficient Bombyx. (A) Rescue experiments of JHAMT−/− embryos. Bars indicate the hatchability of JHAMT−/− embryos treated with
selected amounts (0.001–10 μg) of JH III, methoprene, and MF on day 4 AO. Acetone was used as a solvent control. n = 7–16 individuals for each bar. (B) Time-
dependent effects of JH III application. JH III (0.1 μg) was applied to JHAMT−/− embryos at selected time points, and their hatchability was recorded. n = 7–17
individuals for each bar. (C) Dechorionation of unhatched eggs from the sibling cross of JHAMT+/− moths. The image shows unhatched eggs on day 12 AO.
After dechorionation, JHAMT−/− larvae (individuals #1, 3, and 4) commenced locomotory behaviors, but a JHAMT+/+ larva (individual #2) was dead. Genotypes
of the larvae shown in C′ were determined by genomic PCR (C′′). (Scale bars: 1 mm.) (D) Development of JHAMT−/− larvae treated with JH III (0.1 μg) on day 4
AO. JHAMT−/− larvae started wandering and spinning from L3, whereas the JHAMT+/+ and JHAMT+/− larvae reached L4. (Scale bar: 1 cm.) (E) Dechorionated
JHAMT−/− larvae (L4) became small larval and pupal intermediates. (Scale bar: 1 cm.) (F) Development of JH-deficient mutants, which underwent precocious
metamorphosis after L3 at the earliest. No larvae reached L5.
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from L2 to L3 (individual #152 in Fig. 5A). This observation was
very similar to our observation in Met1 mutants in terms of
timing and the region where the patches formed (Fig. 3C).
However, the formation of the pupal patches in Met1 mosaics
was limited to the side on which drastic pupal metamorphosis
was induced in the next molt (from L3 to L4). In Met1 mosaics,
the metamorphic growth of imaginal discs and primordia (i.e.,
wing discs, antennae, eyes, and legs), as well as the degeneration
of larval abdominal legs, was induced after molting from L3 to
L4 (Fig. 5 C and D) and not at molting from L2 to L3. In
lepidopteran and coleopteran insects, the epidermal cells se-
quentially produce larval, pupal, and adult cuticles through
development, but in higher Diptera such as Drosophila, the
adult epidermis is derived from imaginal discs or histoblast cells
(36). Therefore, our mosaic analysis showed that, except for very
limited regions of the epidermal cells, the metamorphic molt and
growth of imaginal discs was not induced in Met1 mutant cells
until molting from L3 to L4. This analysis provides evidence
that larval status is maintained independently of JH signaling
during L1 and L2. As proposed by Smykal et al. (6), our results
may suggest that the competence for metamorphosis is ac-
quired gradually during larval development, given that L3 tis-
sues were much more sensitive than L2 tissues to the absence of
JH signaling (Fig. S5).

Gene-Expression Analysis. Next, we investigated the expression of
Kr-h1 mRNA in the mutants generated in this study during their
embryonic (Fig. S6) and larval stages (Fig. 6). As expected, the
expression levels of Kr-h1 mRNAs were reduced dramatically in
both JH biosynthesis and JH receptor mutants during the em-
bryonic (Fig. S6 A and B) and larval stages (Fig. 6B). Notably,
the expression levels in Met2 mutants were comparable with
those in the control strain, supporting the notion that Met2 plays
almost no role in JH signaling during these stages. To determine
whether the reduced expression levels were caused by the loss of
JH biosynthesis or JH signaling, we tested the effect of metho-
prene treatment on the expression of Kr-h1 mRNA (Fig. 6C and
Fig. S6C). We found that Kr-h1 expression was strongly induced
by methoprene in JH biosynthesis mutants but not in Met1 mu-
tants orMet2 Met1 double mutants, indicating that the knockouts
generated in this study actually lacked JHs or JH signaling.
These results demonstrate that the JH–Met–Kr-h1 signaling
pathway (37–39) is functional during both the embryonic and
early larval stages.

broad Is Essential for the Juvenile–Adult Transition in Bombyx. We
further examined the roles of a pupal specifier gene, broad, in
Bombyx, which is induced dramatically from the middle stage of
the last instar (Fig. 6A) and signifies pupal commitment (1, 3,
20–22, 40). We injected TALEN mRNAs that targeted the core

A

C D

E
F

B

Fig. 4. Phenotypes of JH receptor mutants. (A) Image of L2 larvae obtained from the sibling cross of Met1+/− adults. Met1-mutant larvae exhibited retarded
growth (red arrows). (Scale bar: 1 cm.) (B) Most of the Met1-mutant larvae were developmentally arrested when molting from L2 to L3. (Scale bar: 2 mm.)
(C) Formation of patched pupal cuticles in L3 Met1 mutants. The old L2 cuticles of arrested Met1 larvae were removed with forceps (asterisk). Pupal patches
were found around the T2 and T3 bulges (32) and the dorsolateral region of A1. (Scale bar: 1 mm.) (Inset) Magnified view of the area around the T3 bulge
with pupal patches (arrowheads) (Scale bar: 0.2 mm). (D) SEM analysis of patches of pupal cuticles of L3 Met1 larvae. Cuticles with pupal characteristics are
indicated by dotted lines. A magnified view is shown on the right. (Scale bars: 500 μm, Left and 50 μm, Right). (E) Image of Met2 Met1 double mutants, which
were developmentally arrested during the molt from L2 to L3. The positions of the pupal patches were very similar to those in Met1 mutants. (Scale bar:
2 mm.) (F) Lethal stages in the control, Met2, Met1, and Met2 Met1 mutants.
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region of broad (22) into early embryos, and we investigated the
phenotypes of the hatched larvae (Fig. 7 and Fig. S7). Among
192 injected eggs, 114 (59%) hatched, and 87 became pupae
without apparent abnormalities during the larval stages. How-
ever, 53 of these 87 pupae had white patches on their pupal
cuticles (Fig. 7A). SEM analysis showed that these white patches
possessed the characteristic structures of larval cuticles, sug-
gesting that the epidermal cells in the broad mutants were not
pupally committed during L5, and these cells underwent larval–
larval molt at the time of larval–pupal metamorphosis by the
host. Surprisingly, 35 of the 53 larval–pupal mosaic pupae sur-
vived and emerged as larval–adult mosaic moths (Fig. 7B).
Therefore, our mosaic analysis of broad suggests that the larval
epidermal cells are not pupally committed in the absence of

broad, and thus they repeat larval–larval molts, although the
hosts metamorphosed into pupae and adults. These results
clearly indicate that broad is essential for the juvenile–adult
transition in Bombyx, as found in other holometabolous insects
(19, 21, 41–45).
Given the results of mosaic analysis, we further examined the

expression of broad mRNAs in JH-deficient and JH signaling-
deficient mutant Bombyx (Fig. 6 and Fig. S6). In Manduca, it has
been shown that 20-hydroxyecdysone (20E) acting in the absence
of JH is sufficient to induce broad expression at pupal commitment
(19, 21, 45). Therefore, we consider that broad may be induced
prematurely in JH-deficient or JH signaling-deficient mutant
Bombyx larvae. However, the broad expression levels remained
very low during the embryonic (Fig. S6) and early larval stages
(Fig. 6), irrespective of the presence or absence of JHs or JH
signaling. This result indicates that, in contrast to the proposed
model of pupal commitment, which is based mainly on the data
obtained from penultimate and last-instar larvae (19–21, 45),
the absence of JHs is not sufficient to allow 20E-mediated in-
duction of broad. Therefore, our results suggest that, in addition
to the clearance of JHs from the body, another unidentified
factor or signal is required for the 20E-induced expression
of broad.

Discussion
The data presented here have two significant implications. First,
we provide definitive evidence that JHs or the JH-signaling
pathway is not necessary to maintain larval status during the
early larval stages (Fig. S5), and this evidence suggests that
successive larval instars are not iterations of the same program.
Second, our results suggest that the inability of early-instar larvae
to undergo metamorphosis, irrespective of the presence or ab-
sence of JHs, may be attributable to the regulatory mechanisms
of broad, which is essential for pupal commitment.
A key finding of our study was that even in the absence of JHs

or JH receptors, pupal characteristics were not observed in L1 or
L2 in Bombyx. A small proportion of the epidermal cells were
pupally committed during L2, but most other parts of the epi-
dermis or imaginal primordia were not pupally committed until
L3, and they metamorphosed at the molt from L3 to L4. This
clear difference between L2 and L3 larvae may reflect a physi-
ological difference between the two instars. In this study, we
obtained definitive evidence supporting the hypothesis that there
are two phases in the life of both holometabolous and hemi-
metabolous larvae (6–8): (i) a JH-independent phase (L1 and
L2) in which JH does not have an important function and (ii) a
JH-dependent phase (L3 and thereafter) in which the anti-
metamorphic action of JH is required to prolong the larval stage
until the attainment of appropriate size for metamorphosis.
It has been shown that there are extensive differences in the

roles of JHs during embryogenesis in holometabolous and
hemimetabolous insects (27, 29, 46). Exogenous applications of
JHs to the embryos of holometabolous insects elicit minor effects
(27), whereas the application of JHs to the embryos of hemi-
metabolous (46) and ametabolous insects (47) has dramatic ef-
fects and disrupts normal embryogenesis. The knockout Bombyx
lines generated in this study allowed us to test the effects of JH
deprivation or JH signaling deprivation during the embryonic
stages in lepidopteran insects. Our results provide genetic
evidence that embryonic growth and morphogenesis in Bombyx
are largely independent of JHs. Depriving Bombyx embryos of
JHs or JH signaling decreased their hatchability and delayed
hatching, but embryonic growth and morphogenesis were com-
pleted within their eggshells. The “unhatched” phenotype of
JH-deficient mutants is unique because it can be rescued by
dechorionation, and the rescued larvae are viable. Clearly, the
hatching behaviors of lepidopteran embryos are under the control
of circadian rhythms, and it has been suggested that they are
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Fig. 5. Mosaic analysis of Met1. (A) Representative images of mosaic larvae.
The larvae were reared individually and photographed at each larval instar.
Individual numbers are shown on the left, and larval instars are shown at the
top. Met1 mosaics (#96, 174, and 152) did not exhibit pupal characters
during L1 or L2, but small pupal patches were formed in L3 (see the mag-
nified view of #152). Many of the L3 Met1 mosaics molted to L4 and became
severe larval–pupal mosaics. (Scale bars: 2 mm, L1 and L2 and 5 mm, L3–L5).
(B) SEM analyses of the cuticles of Met1 mosaic larvae. Pupal patches in the
A1 of an L3 larva and the dorsal region of an L4 mosaic larva are shown.
Magnified views are shown on the right. Note the presence of characteristic
pupal cuticles. The anterior (a) and posterior (p) axes are indicated also.
(Scale bars: 500 μm, Left and 50 μm, Right). (C) The most severe example of a
Met1 mosaic L4 larva. In this L4 larva, imaginal primordia grew considerably.
Note the everted wing discs and the growth of imaginal compound eyes,
antennae, and legs. an, antennae; eye, compound eyes; fw, forewings; hw,
hindwings; leg, thoracic legs. (Scale bars: 2 mm.) (D) A mosaic larva whose
abdominal prolegs were degenerated. Black and white arrowheads in-
dicate degenerate and normal larval abdominal legs, respectively. (Scale
bar: 1 mm.)
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controlled by brain-derived factors (30, 31). However, these factors
or hormones have not yet been identified. We suggest that JHs
may be involved in some aspects of embryonic neurogenesis, and
thus the loss of JHs affects hatching behavior. It should be noted
that almost all the mutant lines used in this study had a white-1
(w-1) mutant background, which lacked the ommochrome pig-
ments in the eyes and eggs (48). The w-1 mutant background
may have affected the hatchability of the mutants, because
Drosophila cinnabar (cn) mutants, a counterpart of Bombyx w-1,
and Drosophila white mutants exhibit some neural defects (49).
Truman and Riddiford (29) have proposed that the ancestral
role of JH was controlling aspects of embryogenesis and that a

shift in the timing of JH secretion during embryonic and post-
embryonic development may have led to evolutionary changes
from ametabolous to hemimetabolous and holometabolous in-
sects. Thus it is of interest to compare the effects of JH deprivation
and JH signaling deprivation on embryogenesis in diverse insect
groups, including ametabolous and hemimetabolous insects.
During the diversification of various insect groups, Met genes

have been duplicated independently at least two times, because
two paralogs are present in Drosophila (Met and gce) and Bombyx
(Met1 and Met2) (23–25). In Drosophila, single mutants of Met or
gce are viable and fertile, but their double mutants die during the
late prepupal stages without reducing the number of larval molts

A

B

C

Fig. 6. qRT-PCR of Kr-h1 and broad. (A) Expression levels of Kr-h1α, Kr-h1β, and broad mRNAs in the control strain during L1–L3 (whole body), L5, and pupa
(epidermis, fat body, and midgut). The relative mRNA expression levels normalized against rp49 are shown. The stages of the samples are shown below.
Results represent mean + SD values (n = 4 biological replicates). HCS, head capsule slippage; P, pupation; sp, onset of spinning. (B) Expression levels of Kr-h1α,
Kr-h1β, and broad mRNAs during the early larval instars of mutants. Total RNA was extracted from the whole body using individually genotyped samples
(Materials and Methods). Relative mRNA expression levels normalized against rp49 are shown. As shown in a previous study (6), the Kr-h1 expression levels
were lower in the mod strain than in the control. Note the very low levels of Kr-h1 mRNA in JHAMT, JHAMT mod, Met1, and Met2 Met1 mutants. In the
mutants used in this study, broad expression was comparable with that in the control, but it remained at a very low level. Note that the y-axis scales differ in A
and B. The data represent the mean + SD (n = 3–5 biological replicates). (C) Effects of methoprene treatment on gene expression levels. L1 larvae (24 h after
hatching) were treated topically with 0.1 μg of methoprene (+) or solvent alone (acetone) (−), and total RNA was extracted from the whole body of each
individual 24 h after the treatment. Values represent the mean + SD (n = 3–5) normalized against the value of the control strain treated with acetone (set to 1).
The values of fold changes are indicated above the bars. Asterisks indicate significant differences compared with the control values according to the Student’s
t test: *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant.
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(23, 24). This observation suggests that the functions of the two
JH receptors largely overlap in Drosophila. In contrast, our re-
sults demonstrated the nonoverlapping functions of the two re-
ceptors in Bombyx. We observed no specific phenotypes in Met2
mutants with respect to their morphology, viability, fertility, or
Kr-h1 mRNA expression levels. Importantly, the Met2 Met1
double mutants almost completely phenocopied Met1 mutants,
and the JH-mediated induction of Kr-h1 was totally dependent
on the presence of a functional Met1 during the embryonic and
larval stages. This finding demonstrates that Met1 is the pre-
dominant JH receptor, at least during the embryonic and larval
stages. Previously, based on in vitro experiments (15), we pro-
posed that Met2 forms a complex with its partner Taiman/SRC
and binds to a JH-responsible element of Kr-h1, thereby acti-
vating its transcription in a JH-dependent manner, but the in
vivo role of Met2 is still unclear. The Met2 mRNA expression
levels are very low compared with those of Met1 throughout
embryonic and larval development, but they increase greatly
from the late pupal stage and are maintained at very high levels
during the adult stages (50). Therefore, it is possible that the two
receptors control different developmental programs in lepidop-
teran insects, so that Met1 is required for the antimetamorphic
actions of JHs, and Met2 is required for the JH-mediated re-
productive maturation of adults. We anticipate that the role of
Met2 may be demonstrated clearly in studies using other lepi-
dopteran species because, unlike many moth species, newly
emerged Bombyx adults are reproductively mature, even though
their CA is removed during the larval stages.
The results of the present study also are important in meth-

odological terms. We used two approaches for mosaic analyses.
In the mosaic analysis of Met1, we first established a mutant line,
and then the mutant allele was introduced into a hereditary
mosaic strain by crossing. In the mosaic analysis of broad, we
injected TALEN mRNAs into embryos, and the hatched larvae
were subjected to direct phenotypic analysis. Given that a
number of genes have been targeted in Bombyx since the recent
development of genome-editing tools (16, 17), the former ap-
proach is very useful and could become a standard technique for
functional studies of Bombyx genes. The latter approach facili-

tates the more rapid characterization of genes and in principle
can be applied to a wide variety of animals. In particular, we
found that the severity of the mosaic phenotypes could be con-
trolled to some extent by changing the injected doses of TALEN
mRNAs (Materials and Methods). Therefore, mosaic analysis
using the latter approach will facilitate functional studies of
genes in nonmodel insects and other arthropods, because RNAi
has been almost the only method used for the in vivo charac-
terization of target genes in these species.
We showed that broad is essential for pupal commitment and

morphogenesis, at least in the epidermis of Bombyx. Previous
RNAi analyses of Bombyx broad using a recombinant Sindbis
virus vector showed that the loss of broad function disrupted the
formation of adult eyes, legs, and wings, and programmed cell
death was induced in the larval silk glands (40). However, be-
cause this virus did not appear to infect the epidermal cells, it
was not clear whether pupal metamorphosis in the epidermis is
also dependent on broad (40). Our results clearly demonstrate
that broad is essential for pupal commitment in the epidermis.
Surprisingly, epidermal cells without a functional broad gene
exhibited repeated larval–larval molts at the time of host meta-
morphosis to produce larval–pupal and larval–adult mosaics. It is
not clear why broad-mutant larval epidermal cells did not pro-
duce adult cuticles directly (i.e., direct metamorphosis from larva
to adult) at the time of pupal–adult metamorphosis by hosts.
One explanation is that the Bombyx epidermis will not commit to
becoming an adult unless it already has been pupally committed.
Recently, it was shown that an ecdysone-inducible gene, E93,
acts as an adult specifier in both holometabolous and hemi-
metabolous insects (39, 51). Therefore, future studies should
investigate the regulatory mechanisms of the adult specifier E93
and the genetic interactions between broad and E93. It also is
noteworthy that, in imaginal tissues, direct metamorphosis from
larva to adult can be induced in some insect species. For ex-
ample, in the cecropia moth (Hyalophora cecropia) and in the red
flour beetle (Tribolium castaneum), last-instar larvae that receive
allatectomy or RNAi of Met transform into pupae with extensive
adult characters such as compound eyes, antennae, and wings
(52, 53). However, the allatectomized or knockout Bombyx larvae

A A’ A”

B B’ B”

C

Fig. 7. broad is essential for pupal metamorphosis in the epidermis. (A) Representative image of a mosaic pupa with patches of larval cuticles. TALEN
mRNAs that targeted broad were injected into embryos, and the hatched larvae were subjected to the phenotypic analysis. (B) The animal shown in A.
This pupa metamorphosed into a moth with larval–adult mosaic cuticles. Arrows in A and B indicate the positions of larval patches. Magnified views
of mosaic cuticles are shown in A′ and B′. SEM analyses showed that the “white” cuticles actually exhibited the characteristic structures of larval cuticles
(A′′ and B′′ ). s, scale; sc, socket cells (indicated by white arrows). (Scale bars: 2 mm in A, B, and B′, 0.2 mm in A′, and 0.1 mm in A′′ and B′′). (C) Hypothetical
model of the regulatory mechanism of broad. We assume that the presence of a broad-inducing factor, or competence factor, is required for the up-
regulation of broad that leads to pupal commitment (Discussion). Tissues in L1 larvae and most tissues in L2 larvae are not pupally committed, irre-
spective of the presence or absence of JH, because of the absence or very low levels of this competence factor. After L3, larvae can be pupally committed
because of the presence or high levels of this factor, but its action is repressed by JHs, as demonstrated in the later stages in Manduca and Bombyx (19–
21, 45). In the last instar, the JH titer decreases to a very low level, and thus broad can be strongly induced by the putative factor and 20E, thereby leading
to pupal metamorphosis.
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used in this study did not exhibit such an adult overshoot. It has
been proposed that this difference is caused by the different timing
of the decisions for pupal versus adult fates in imaginal tissues, i.e.,
before or after the prepupal ecdysteroid peak (54).
A final question raised by our results is what factors or signals

confer competence for pupal metamorphosis in larvae, because the
absence of JHs or JH signaling alone did not render insect larvae
competent for metamorphosis. In contrast to the previously pro-
posed model, in which JH inhibits the 20E-mediated up-regulation
of broad (19–21, 45), we showed that the loss of JH is not sufficient
to induce broad during L1 or L2 in Bombyx. Thus, given that broad
is essential for pupal commitment in the epidermis of Bombyx and
that broad overexpression is sufficient to induce precocious meta-
morphosis in Drosophila (19, 44), we suggest that the lack of com-
petence in early-instar larvae may be attributable to the absence of
factors or signals required to induce broad. According to the classic
experiments by Piepho (55, 56), the epidermis of L1 larvae of the
greater wax moth Galleria mellonella can pupate directly when
implanted into the last-instar larvae. This finding suggests that L1
epidermis can be pupally committed if some blood-borne factors
are provided by the hosts during the last instar. Therefore, we
consider that the broad-inducing factor, or competence factor, may
be a humoral factor. The absence or very low levels of this com-
petence factor may explain why L1 larvae and most tissues of L2
larvae are incompetent to metamorphose (Fig. 7C).
It has been suggested that JHs and their homologs (e.g., MF in

crustaceans) originated more than 500 million years ago (57) at an
early stage of arthropod evolution and that their ancestral roles
were in reproduction (58). Subsequently, the roles of JHs di-
versified extensively in insect lineages, and JHs now play key roles
in regulating development, metamorphosis, reproduction, dia-
pause, behavior, and polyphenism in insects (59, 60). Recent rapid
advances in genome-editing tools facilitate the efficient editing of
genes or genomes in both model and nonmodel organisms (61–63).
Thus, we are hopeful that the present study will encourage further
research into the molecular mechanisms of JH actions in diverse
insect groups and other arthropods, thereby yielding a better un-
derstanding of how JHs have acquired antimetamorphic actions as
well as other pleiotropic actions during the evolution of insects.

Materials and Methods
Strains. Silkworms were reared on an artificial diet at 25–27 °C under stan-
dard conditions as described previously (64). Knockout Bombyx were gen-
erated using TALENs, as described previously (16, 17). Briefly, TALEN mRNAs
(400 ng/μL) were injected into pnd w-1 embryos (65). Established knockout
lines of JHAMT, Met2, Met1, and Met2 Met1 were not outcrossed to other
standard strains so that we could compare the phenotypes and gene-
expression levels in the same genetic background (i.e., pnd w-1). JHAMT
mod double mutants were established after crossing JHAMT+/− adults with
the w-1 mod strain (6, 7) in the w-1 pnd+ background. Eggs of JHAMT mod
double mutants and Met1 mosaic strain were treated with HCl at ∼20 h AO
to cancel the diapause of eggs (66); eggs in other strains were not treated.
Mutant lines with JHAMT- or Met1-mutant alleles were maintained as het-
erozygous stocks: adults were genotyped at each generation to obtain egg
batches from sibling crosses of heterozygous adults. The parental pnd w-1
strain was used as a control strain throughout this study. Note that Met2
gene is located on the Z chromosome. In some cases, we abbreviate Met2
homozygous or hemizygous mutants as Met2−/−, but this abbreviation does
not indicate that they are males. The nucleotide sequences of the generated
knockout alleles and TALEN target sites are shown in Fig. S1.

Genotyping and Phenotypic Analysis. For genotyping, samples were crushed
in alkaline buffer (50 mM NaOH, 0.2 mM EDTA) and then heated at 95 °C for

10–15 min. After neutralization with the same volume of 0.2 M Tris·HCl
(pH 8.0), the supernatants were used as templates for PCR. If genotyping
of RNA samples was necessary, samples from individual animals were
homogenized in Buffer RLT Plus (Qiagen) or TRIzol (Invitrogen). Next, 10-
μL aliquots were used for genomic DNA (gDNA) extraction. To precipitate
gDNAs from the aliquots, a 0.3× volume of 3 M sodium acetate (pH 5.2)
and a 10× volume of ethanol were added and vortexed. After centrifu-
gation at 20,000 × g for 20 min at 4 °C, the pellets were rinsed once with
70% (vol/vol) ethanol, dissolved in 20 μL of distilled water, and used as
templates for PCR. The primers used in this study are listed in Table S1. All
(for control and mutants of mod and Met2) or about one-fourth (for the
other mutant strains) of the eggs from each batch (n = 4–15 batches for
each genotype) were used to determine the hatchability and day of
hatching. Hatched larvae were collected daily in individual 96-well plates,
and unhatched eggs were collected on day 17 AO (most of the larvae
hatched on day 10). Because we often failed to genotype embryos before
stage 25 (pigmentation of trachea; day 7 after AO) (66), which comprised
less than 10% of the total eggs, we examined unhatched embryos only at
stage 25 or later. We diluted JH III (Sigma-Aldrich), methoprene (a kind
gift from S. Sakurai, Kanazawa University, Japan), and MF (SDS Biotech)
with acetone and then applied selected doses. In the dechorionation
experiments, the chorions of eggs were removed with a sharp knife on
day 12 AO. SEM analyses were performed using a low-vacuum scanning
electron microscopye (MiniScope TM1000; Hitachi High Technologies).
Specimens were fixed in 70% (vol/vol) ethanol and stored at 4 °C. The
specimens were air dried for several minutes and mounted directly on the
stage without further treatment.

Quantitative RT-PCR and Whole-Mount in Situ Hybridization. Total RNA was
extracted using an RNeasy Plus mini kit (Qiagen) or TRIzol reagent and was
used to synthesize cDNA with a PrimeScript RT reagent kit (TaKaRa) or
ReverTra Ace qPCR RT Master Mix with a gDNA Remover kit (ToYoBo).
Quantitative PCR (qPCR) was performed as described previously (15). The
expression levels of the target genes were normalized against that of
rp49. Whole-mount in situ hybridization in embryos was performed as
described previously (68).

Mosaic Analysis ofMet1 and broad. To establish a mosaic strain ofMet1,Met1
heterozygote males were crossed with females of a hereditary mosaic strain,
m042 (Kyushu University) (69). After several generations, the Met1 mosaic
strain was genetically fixed and maintained by the following cross: T(W;2)pSa/Z;
mo/mo; Met1+/−; w-2+/− ♀ × ♂ Z/Z; mo/mo or mo/+; Met1+/−; w-2−/−. In this
strain, the fertilization of polar body nuclei, which yields mosaic animals,
could be detected by the mosaic pigmentation patterns on the amnioserosa
of eggs (mosaics of w-2+/− and w-2−/−, which were black and white, re-
spectively) and pigmentation of the larval cuticles [mosaics of T(W;2)pSa/Z
and Z/Z with pigmented and nonpigmented larval cuticles, respectively; see
individual #1 in Fig. 5A]. In the mosaic analysis of Met1, eggs with mosaic
color patterns were collected, and the hatched larvae were individually
reared. When a standard dose (400 ng/μL) (16, 17) of TALEN mRNAs that
targeted the core region of broad was injected into embryos, all the hatched
larvae died by the pharate pupal stages. Because this phenotype appeared
to be too strong for mosaic analysis, we greatly reduced the dose of injected
TALEN mRNAs. When 100-fold lower doses (4 ng/μL) were injected, many
larvae survived until they became pupae and adults, thereby allowing ob-
servation of the mosaic phenotypes in the pupal and adult stages. A sum-
mary of the mosaic analysis of broad is shown in Fig. S7.
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