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Juvenile hormone (JH) prevents insect larval metamorphosis and stimulates processes for adult reproduction. Krüppel-homolog 1 (Kr-h1), a zinc ﬁnger transcription factor, is shown to mediate the antimetamorphic effect of JH in both holometabolous and hemimetabolous insects. However, the role of
Kr-h1 in JH-mediated reproduction has not been determined. Using the migratory locust, Locusta
migratoria, we showed here that Kr-h1 was expressed in response to JH in female adults, and Kr-h1
transcription was directly regulated by the JH-receptor complex comprised of Methoprene-tolerant (Met)
and steroid receptor co-activator. We demonstrated that Kr-h1 RNAi phenocopied Met RNAi and JHdeprived condition during post-eclosion development and vitellogenesis of female locusts. Knockdown of Kr-h1 resulted in substantial reduction of Vg expression in the fat body and lipid accumulation in
the primary oocytes, accompanied by blocked follicular epithelium development, oocyte maturation and
ovarian growth. Our data therefore reveal a crucial role of Kr-h1 in insect vitellogenesis and egg production. This study suggests that JH-Met-Kr-h1 signaling pathway is also functional in insect
reproduction.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Juvenile hormone (JH), the sesquiterpenoid hormone secreted
from insect corpus allatum, plays a critical role in repressing
metamorphosis and in stimulating aspects of reproduction. In the
pre-metamorphic stages, JH maintains the larval state of insects by
modulating the cellular responses to the steroid hormone, 20hydroxyecdysone (20E) during each molting. In the ﬁnal larval
instar, the low level or the absence of JH and a peak of 20E initiate
the metamorphosis for larvaleadult transition (Riddiford, 1994,
2012).
The molecular basis of JH action in preventing 20E-induced
metamorphosis has been subjected to extensive studies.
Methoprene-tolerant (Met), a basic helix-loop-helix Per-Arnt-Sim
(bHLH-PAS) transcription factor which was ﬁrst described in
Drosophila melanogaster (Ashok et al., 1998; Wilson and Fabian,
1986) has been recently identiﬁed as the JH receptor (Jindra et al.,
2013). Met binds to JH III at nanomolar levels (Charles et al.,
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2011; Miura et al., 2005). JH binding to Met induces the heterodimerization of Met with steroid receptor co-activator (SRC) (also
called Taiman or FISC), which consequently regulates the expression of JH response genes (Charles et al., 2011; Kayukawa et al.,
2012; Li et al., 2011; Zhang et al., 2011). Flies carrying the double
mutation of Met and its paralogue gene, germ cell-expressed (gce)
are lethal during the larvalepupal transition (Abdou et al., 2011).
Disruption of Met via RNA interference (RNAi) in the pre-ﬁnal instar
larvae of the red ﬂour beetle Tribolium castaneum leads to precocious metamorphosis, and restrains the response of beetles to
exogenous application of JH analog (Konopova and Jindra, 2007).
Krüppel-homolog 1 (Kr-h1), a C2H2-type zinc ﬁnger transcription
factor, is shown to be the direct target of Met (Kayukawa et al.,
2012; Shin et al., 2012). Knockdown of Kr-h1 in the penultimateinstar larvae of Tribolium results in precocious metamorphosis,
similar to that caused by the depletion of Met or gene coding for
juvenile hormone acid methyltransferase (JHAMT) known to be
involved in JH biosynthesis (Minakuchi et al., 2009, 2008a). It has
become evident that JH exerts its anti-metamorphic effect through
Met to induce Kr-h1 transcription. Kr-h1 blocks the expression of
broad gene which, induced by 20E and its receptor complex, triggers the onset of metamorphosis in holometabolous insects
(Konopova and Jindra, 2008; Parthasarathy et al., 2008; Riddiford
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et al., 2003). Kr-h1 is also shown to mediate the anti-metamorphic
action of JH in hemimetabolous insects such as the linden bug
Pyrrhocoris apterus and the German cockroach Blattella germanica
(Konopova et al., 2011; Lozano and Belles, 2011), though broad gene
appears to be speciﬁc for the holometabolous pupa (Konopova
et al., 2011).
In adult insects, JH stimulates various processes including previtellogenic development, vitellogenesis and oogenesis (Raikhel
et al., 2005; Wyatt and Davey, 1996). However, little is known
about the JH signaling pathways during insect reproduction, and
the role of Kr-h1 in insect reproduction has not been clearly
determined. During JH-mediated previtellogenic development of
the mosquito Aedes aegypti, the transcription of Kr-h1 is regulated
by Met and Cycle complex, but the exact function of Kr-h1 in this
process has not been revealed (Shin et al., 2012; Zhu et al., 2010). In
the beetle T. castaneum in which JH is required for vitellogenin (Vg)
synthesis in the fat body, knockdown of Met leads to more than 80%
decrease of Vg mRNA levels, whereas Kr-h1 RNAi results in only 30%
reduction of Vg transcripts (Parthasarathy et al., 2010b). Subsequent
study has demonstrated that JH regulates Vg expression in
T. castaneum through the insulin-like peptide pathway (Sheng et al.,
2011). In the bug P. apterus, knockdown of Met or Taiman (SRC), but
not Kr-h1 blocks the ovarian development and Vg synthesis in the
fat body, which phenocopies the condition of allatectomy or the
absence of JH during reproductive diapause (Smykal et al., 2014).
We therefore set out to elucidate the role of Kr-h1 in vitellogenesis, oocyte maturation and ovarian development using the
migratory locust, Locusta migratoria. This insect offers an ideal
system to address these questions, as JH controls locust Vg synthesis in the fat body, secretion into the hemolymph and uptake by
the developing oocytes (Wyatt and Davey, 1996). In addition, robust
RNAi and rapid JH response can be achieved in the fat body of locusts. We found that Kr-h1 mediates the effect of JH in the induction of vitellogenesis. Depletion of Kr-h1 results in unsuccessful egg
production due to drastic reduction of Vg expression in the fat body
and lipid accumulation in the primary oocytes as well as severely
impaired oocyte maturation and ovarian growth, which phenocopies Met RNAi and JH deprival. We also demonstrated that Kr-h1
transcription is activated by the JH-receptor complex. Our data thus
indicate a pivotal role of Kr-h1 in insect vitellogenesis, and suggest
that JH-Met-Kr-h1 signaling is conserved in the repression of
metamorphosis and the stimulation of reproduction.
2. Materials and methods
2.1. Animals
The migratory locusts in the gregarious phase were reared under the 14L:10D photoperiod and at 30 ± 2  C. The diet included a
continuous supply of wheat bran with wheat seedlings provided
once daily. JH-deprived female adult locusts were obtained by
topical application of 500 mg ethoxyprecocene (precocene III)
(SigmaeAldrich) per locust to inactivate the corpora allata within
12 h after adult eclosion. To restore JH activity, an active JH analog,
s-(þ)-methoprene (Santa Cruz Biotech), was topically applied to
the locusts (150 mg per locust in acetone) that were pre-treated
with ethoxyprecocene for 10 d.

PCR) was performed using Mx3005P detection system (Agilent) at
95  C for 2 min, and then 40 cycles at 95  C for 20 s followed by
58  C for 20 s and 68  C for 1 min with b-actin as the internal
control. cDNA equivalent to 20 ng of total RNA, 0.5 mM primer pairs
and SYBR Green Real Master Mix (Tiangen) were included. The
2DDCt method was used to calculate the relative expression levels.
Primers used in QRT-PCR are listed in Table 1.
2.3. RNA interference
Double-stranded RNA (dsRNA) was synthesized using T7 RiboMAX Express System (Promega) according to the manufacturer's
manual. Primers for dsRNA synthesis are summarized in Table 1. For
each gene, 24 female adults were intra-abdominally injected at the
dose of 15 mg dsRNA (5e6 mg/ml H2O) per locust within 12 h after
eclosion and boosted 5 days post eclosion. dsRNA of GFP, which has
no endogenously mRNA target in the migratory locust, was used as
the mock control. In further JH treatment experiments, locusts
injected with dsRNA were treated with methoprene (150 mg per
locust) at day 6 post eclosion for 48 h.
2.4. Tissue images, cell staining and confocal microscopy
Ovary imaging, ovariole imaging and follicular epithelium cell
staining were performed as described previously (Song et al., 2013).
Brieﬂy, sheath-free ovarioles were ﬁxed in 4% paraformaldehyde
and permeabilized with 0.3% Triton X-100. F-actin and nuclei were
stained with 0.165 mM Phalloidin-Alexa Fluor 488 (Invitrogen) and
5 mM Hoechst 33342 (SigmaeAldrich), respectively. For lipid
droplet staining, ovarioles were dissected in LPS buffer and ﬁxed
with 4% paraformaldehyde. Subsequently, ovarioles were
embedded in 4% agarose gel and sectioned by microtome with a
vibrating blade (Leica VT1200). The sections were then permeabilized with 0.3% Triton X-100 for 30 min at room temperature
and washed with PBS for 3 times, followed by incubation with Nile
red (Invitrogen) for 10 min at room temperature. Confocal images
were taken by ZEISS LSM 710 confocal laser scanning microscopy
and processed with ZEN2010 software.
2.5. Triglyceride measurement
Triglyceride in the ovary was measured using Tissue Triglyceride
Assay Kit (Applygen Technologies) following the manufacture's
instruction. Brieﬂy, locust ovaries were dissected and washed 3
times in PBS to remove the contamination of hemolymph and
glycerol. The ovaries were then homogenized in extraction buffer
and incubated at 70  C for 15 min. After centrifugation, the

Table 1
Primers used in QRT-PCR and RNAi.

QRT-PCR

2.2. RNA isolation and QRT-PCR
RNAi

The fat body and ovary of each locust were collected and stored
individually in liquid nitrogen. Total RNA was isolated using TRIzol
(Invitrogen) following the manufacturer's instruction. First strand
cDNA was reverse-transcribed using FastQuant RT Kit (With
gDNase) (Tiangen). Quantitative reverse transcriptase PCR (QRT-
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Gene and primer

Nucleotide sequence (5’ to 3’)

VgA_F
VgA_R
Met_F
Met_R
Kr-h1_F
Kr-h1_R
b-actin_F
b-actin_R
Met_F
Met_R
Kr-h1_F
Kr-h1_R
GFP_F
GFP_R

CCCACAAGAAGCACAGAACG
TTGGTCGCCATCAACAGAAG
CCACTTACAGGCTTGCTA
GCCCTTCTTCACCTTCTT
GGCAATCGGTATAACACTTAG
TCATTCCAGAAGACGAAGT
AATTACCATTGGTAACGAGCGATT
TGCTTCCATACCCAGGAATGA
TTAGGGCAGCATCAGAAAG
TCGTCGGGAGGAAGTGTAT
GTCAAGGAGAACCTGAGCGTGC
TGCTGCTGCTCCGAGTGGCT
CACAAGTTCAGCGTGTCCG
GTTCACCTTGATGCCGTTC

F, forward primer; R, reverse primer.
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supernatant was collected and subjected to triglyceride quantitation. The absorption was determined by a VERSAmax Tunable
Microplate Reader.
2.6. Western blot and immunoprecipitation
Locust Met cDNA (nt 1-3108) and SRC full length cDNA were
ampliﬁed by PCR and subcloned into pAc5.1/Flag and pAc5.1/V5
vectors (Invitrogen), respectively. Drosophila S2 cells were transfected with pAc5.1/Flag-Met and pAc5.1/V5-SRC using Lipofectamine 2000 (Invitrogen) for 48 h, followed by treatment with
10 mM JH III for 6 h. Cells were then lysed in the ice-cold lysis buffer
containing 50 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM
DTT, 1% NP-40, 1 mM PMSF, 1 mM NaF and a protease inhibitor
cocktail (Roche). After incubation for 30 min at 4  C, lysates were
cleared by centrifugation at 14,000 g for 10 min, fractionated on
8% SDS-PAGE and transferred to PVDF membranes (Millipore).
Western blots were performed using anti-Flag antibody or anti-V5
antibody (MBL), the corresponding HRP-conjugated secondary
antibodies (CWBIO) and an enhanced chemiluminescent reagent
(CWBIO). Anti-b-actin antibody (Abmart) was used for the loading
control. For immunoprecipitation, the pre-cleared lysates were
incubated with anti-V5 antibody for 60 min at 4  C. The immunocomplexes were captured with protein-A agarose (SigmaeAldrich),
washed with lysis buffer, and eluted in Laemmli sample buffer,
followed by western blotting with anti-Flag antibody.
2.7. Luciferase reporter assay
Based on the locust genome (Wang et al., 2014), Kr-h1 (GenBank: KJ425482) cDNA was ampliﬁed using 50 RACE-PCR using
SMARTer RACE cDNA Ampliﬁcation Kit (Clontech). The 3-kb upstream of Kr-h1 was also ampliﬁed by RACE-PCR. The sequence
(nt 237 to 6) containing the E-box motif was cloned into pGL4.10
vector (Promega) and conﬁrmed by sequencing. Drosophila S2 cells
were co-transfected with pAc5.1/Flag-Met13108, pAc5.1/V5-SRC
and pGL4.10-Kr-h1237 to 6 using Lipofectamine 2000 (Invitrogen), followed by treatment of 10 mM JH III 48 h post transfection. Luciferase activity was assayed using Dual-Luciferase
Reporter Assay System and a GloMax 96 Microplate Luminometer
(Promega).

Fig. 1. Kr-h1 expression during vitellogenesis and in response to methoprene treatment. (A) Kr-h1 mRNA abundance in the fat body of female locusts from 0 to 8 days
post adult eclosion (PAE). Different letters indicate signiﬁcant difference at P < 0.05;
n ¼ 12e16. (B) Relative Kr-h1 mRNA levels in JH-deprived fat bodies achieved by
precocene treatment for 10 days (P), compared to fat bodies collected from 10-day-old
female adults (10PAE). **, P < 0.01; n ¼ 8. (C) Kr-h1 transcript levels in the fat body of
female adults treated with precocene (0 h) and further treated with methoprene or
acetone (solvent control) for 6, 12, 24 and 48 h **, P < 0.01 compared to precocene
treatment; n ¼ 8.

next investigated whether Kr-h1 was expressed in response to
exogenous JH analog treatment. As shown in Fig. 1C, Kr-h1 transcript levels were induced by 5.7-fold 6 h post methoprene treatment and continued to be high at 48 h. In the parallel experiment,
the acetone control had no signiﬁcant effect on Kr-h1 expression
(Fig. 1C). These data suggest that Kr-h1 expression responds to JH
and the increased levels of Kr-h1 expression in the fat body during
locust vitellogenesis is likely to correlate with the elevated JH titers.

2.8. Statistical analysis
Statistical analyses were performed by Student's t test or oneway analysis of variance (ANOVA) followed by a Tukey's or Tamhane's T2 test for multiple comparisons. Signiﬁcant differences
were considered at P < 0.05. Values were reported as mean ± SE.
3. Results
3.1. Kr-h1 is expressed in response to JH during locust vitellogenesis
During the ﬁrst gonadotrophic cycle of adult female locusts,
hemolymph JH titers are not detectable at eclosion but increase
signiﬁcantly in the previtellogenic phase and rise to a peak in the
vitellogenic stage (Dale and Tobe, 1986; Glinka et al., 1995). Under
our rearing condition, vitellogenesis starts from approximately 5
days post adult eclosion (PAE). We ﬁrst investigated the temporal
expression proﬁles of Kr-h1 in the fat body of female adult locusts
from 0 to 8 days PAE. Our QRT-PCR demonstrated that Kr-h1 mRNA
levels were signiﬁcantly increased by 2.6- to 3.2-fold at 6e8 days
PAE compared to that at the day of eclosion (0 day PAE) (Fig. 1A).
Chemical prevention of endogenous JH synthesis by precocene
treatment caused 51% reduction of Kr-h1 mRNA levels (Fig. 1B). We

3.2. Kr-h1 is downstream of Met and regulated by the JH-receptor
complex in locusts
To determine whether the induction of Kr-h1 expression by JH
requires Met in the fat body of female adult locusts, we ﬁrst
investigated the effect of Met RNAi on Kr-h1 expression. QRT-PCR
demonstrated that Met mRNA levels were depleted by 74%, 79%,
64% and 69% in dsMet-injected fat bodies at 2, 4, 6 and 8 days PAE,
respectively (Fig. 2A). When Met was knocked down via RNAi, the
mRNA levels of Kr-h1 dropped by 75e90% in the fat body at 2e8
days PAE (Fig. 2B), indicating that Met is indispensable for Kr-h1
expression in the fat body. Analysis of 3-kb upstream sequence of
Kr-h1 revealed a canonical motif, CACGTG (i.e., E-box), in the
proximal promoter region (nt 179 to 174) (Fig. 2C). The E-box
with variable nucleotides at its ﬂanking regions has been found in
the upstream of Kr-h1 in other insects and experimentally
demonstrated for binding by the JH-receptor complex in the silkworm Bombyx mori (Kayukawa et al., 2012). To determine whether
Met directly regulates the transcription of locust Kr-h1, we carried
out luciferase reporter assays. cDNAs of locust Met (GenBank:
KF471131) and SRC (GenBank: KF471132) were cloned into pAc5.1/
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Fig. 2. Kr-h1 transcription is regulated by the JHereceptor complex. (A) Met RNAi efﬁciency in the fat body from 2 to 8 days post adult eclosion (PAE). *, P < 0.05 and **, P < 0.01
compared to the respective dsGFP control; n ¼ 5e6. (B) Effect of Met knockdown on Kr-h1 expression in the fat body. *, P < 0.05 compared to the respective dsGFP control; n ¼ 5e6.
(C) Alignment of core sequences containing E-box motif in the upstream of Kr-h1 from Apis mellifera (Am), Tribolium castaneum (Tc), Bombyx mori (Bm), Drosophila melanogaster (Dm)
(Kayukawa et al., 2012) and Locusta migratoria (Lm). (D) Upper panel: western blot showing the expression of Flag-Met13108 and V5-SRC in Drosophila S2 cells. Lower panel:
immuoprecipitation (IP) and western blot (WB) showing the interaction of Flag-Met13108 and V5-SRC at the presence of JH. a-Flag, Flag antibody; a-V5, V5 antibody. (E) Luciferase
reporter assay using S2 cells transfected with pGL4.10/Kr-h1237 to 6 alone (Control), pGL4.10/Kr-h1237 to 6 þ pAc5.1/Flag-Met13108 (Met), pGL4.10/Kr-h1237 to 6 þ pAc5.1/V5SRC (SRC), and pGL4.10/Kr-h1237 to 6 þ pAc5.1/Flag-Met13108 þ pAc5.1/V5-SRC (Met þ SRC). JH III treatment is indicated by þ JH III.

Flag and pAc5.1/V5 vectors, respectively to express Flag-Met and
V5-SRC fusion proteins in Drosophila S2 cells. Western blotting and
immunoprecipitation demonstrated that the expressed Flag-Met
and V5-SRC were heterodimerized at the presence of JH III
(Fig. 2D), indicating that JH is required for locust Met-SRC interaction. In the luciferase assay, Kr-h1 promoter sequence (nt 237
to 6) containing the E-box motif was cloned into pGL4.10 vector
and co-transfected with pAc5.1/Flag-Met and/or pAc5.1/V5-SRC
into S2 cells. Without JH III treatment, the expression of Flag-Met
plus V5-SRC was unable to induce the luciferase activity, similar
to the expression of Flag-Met or V5-SRC alone (Fig. 2E). At the
presence of JH III, co-expression of Flag-Met and V5-SRC resulted in
8.6-fold increase of luciferase activity compared to the control
(Fig. 2E). These data suggest that JH-induced Met-SRC interaction is
required for locust Kr-h1 transcription.
3.3. Kr-h1 is required for locust vitellogenesis and oocyte
maturation
To reveal the role of Kr-h1 in JH-mediated vitellogenesis and
oocyte maturation, we performed Kr-h1 RNAi experiments in the
female adult locusts. Meanwhile, the effects of Met RNAi on JHmediated vitellogenesis and oocyte maturation, which have not
been previously explored in locusts, were also assessed. As locust
ovary is insensitive to RNAi due to inefﬁcient dsRNA uptake into
follicle cells and oocytes (Ren et al., 2014), the knockdown efﬁciency was evaluated solely in the fat body. Injection of Kr-h1
dsRNA reduced Kr-h1 mRNA levels to 35%, 42%, 20% and 29% of its
normal levels in the fat body at day 2, 4, 6 and 8 PAE, respectively
(Fig. 3A). The average survival rates of Kr-h1 RNAi, Met RNAi and

dsGFP control locusts were 91%, 96% and 92%, respectively, and
there was no signiﬁcant difference among these three groups
(Fig. 3B). At day 6e8 PAE when vitellogenesis was in process and
VgA (GenBank: KF171066) expression naturally peaked in the fat
body during the ﬁrst gonadotrophic cycle, an average of 95%
reduction of VgA mRNA levels was observed with the depletion of
Kr-h1, while Met knockdown reduced VgA transcript to about 1% of
the control levels (Fig. 3C). The data indicates that loss of either Met
or Kr-h1 function prevents JH-induced Vg expression in the fat body
of locusts. Similar to Met knockdown, Kr-h1 depletion resulted in
blocked oocyte maturation and arrested ovarian development
(Fig. 3D). Consequently, the primary oocytes and ovaries of either
Met or Kr-h1 knockdown locusts remained small and whitish at day
6e8 PAE (Fig. 3D). In contrast, the primary oocytes and ovaries of
dsGFP controls became considerably enlarged and yellow (Fig. 3D).
Notably, the ovary of Kr-h1 RNAi locusts was a little bigger and
darker compared to that of Met RNAi locusts, presumably due to the
uptake of Vg and other macromolecules in the primary oocytes of
Kr-h1 RNAi locusts. At day 8 PAE, the average length of primary
oocytes of Kr-h1 RNAi and Met RNAi locusts was 1.4 mm and
1.3 mm, respectively, whereas that of dsGFP controls was 4.3 mm
(Fig. 3E). We further examined the morphological changes of
oocyte follicular epithelium among Kr-h1 RNAi, Met RNAi and
control locusts. Silencing of Kr-h1 led to markedly smaller follicle
cells and nuclei, which mimicked the effect of Met depletion
(Fig. 3F). Moreover, the large intercellular spaces, termed “patency”
(Huebner and Injeyan, 1980), which are formed between follicle
cells to promote the transportation and uptake of Vg and other
macromolecules by developing oocytes, were not seen in the
follicular epithelium of Kr-h1 RNAi locusts, matching the effect of
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Fig. 3. Effects of Met RNAi and Kr-h1 RNAi on locust vitellogenesis and oocyte maturation. (A) Kr-h1 RNAi efﬁciency in the fat body from 2 to 8 days post adult eclosion (PAE). *,
P < 0.05 and **, P < 0.01 compared to the respective dsGFP control; n ¼ 6. (B) Survival rates of Met RNAi, Kr-h1 RNAi locusts and dsGFP controls in 3 independent experiments. n.s.,
no signiﬁcant difference. (C) VgA mRNA levels in the fat body after Met RNAi and Kr-h1 RNAi. *, P < 0.05; **, P < 0.01 compared to the respective dsGFP control; n ¼ 6e8. (D)
Comparison of primary oocyte maturation, ovariole development and ovarian growth. Scale bar: ovary, 5 mm; ovariole, 500 mm. (E) Statistical analysis of primary oocyte length. **,
P < 0.01 compared to dsGFP controls at the respective time points; n ¼ 15e20. (F) Morphology change of follicular epithelium. Blue, follicle cell nuclei; green, F-actin. Red arrows
indicate patency. Scale bar ¼ 20 mm. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Met depletion (Fig. 3F). Same to Met RNAi, the defective phenotypes
were consistently observed in all surviving locusts subjected to Krh1 RNAi. These observations indicate that Kr-h1 plays a crucial role
in JH-mediated vitellogenesis and egg production.
It has been previously established that deprival of endogenous
JH by chemical allatectomy blocks locust vitellogenesis, and further
treatment of methoprene restores the process (Wyatt and Davey,
1996). Next, we treated Met RNAi and Kr-h1 RNAi locusts with
methoprene and examined the expression of Vg and the development of follicular epithelium, primary oocyte and ovary at day 8
PAE. As shown in Fig. 4AeC, the capacity of methoprene to induce
VgA expression in the fat body of locusts was completely blocked by
Met RNAi, and the effect of Met RNAi on follicular epithelium
development, oocyte maturation and ovarian growth was maintained. The data indicate that Met indeed conveys JH action in locust vitellogenesis. Similarly, application of methoprene on Kr-h1depleted locusts did not signiﬁcantly increase the levels of VgA
mRNA in the fat body (Fig. 4D), indicating that Kr-h1 is required for
the induction of Vg expression by methoprene in locust fat bodies.
However, the growth of primary oocytes of Kr-h1 RNAi locusts was
partially restored by methoprene treatment (Fig. 4E, F), suggesting
the possible involvement of other factors downstream of Met and
the sensitivity of developing oocytes to Vg uptake.
3.4. Kr-h1 controls lipid accumulation in the maturing oocytes
As lipids are accumulated in maturing oocytes during vitellogenesis to serve as the main source of energy for later embryogenesis (Arrese and Soulages, 2010; Bartz et al., 2007; Canavoso
et al., 2001), we stained lipid droplets in the primary oocytes for
the evaluation of lipid accumulation. A lipid droplet consists of a
core of neutral lipids surrounded by a monolayer of phospholipid
and cholesterol (Arrese and Soulages, 2010; Canavoso et al., 2001).
In JH-deprived locusts, few lipid droplets were observed in the
primary oocytes. Further exposure of methoprene for 24 h induced

the appearance of lipid droplets, and at 48 h post methoprene
treatment, a remarkable number of lipid droplets were evident
(Fig. 5A). As the solvent control, application of acetone alone on JHdeprived locusts had no apparent effect on lipid droplet accumulation (Fig. 5A). As expected, Kr-h1 RNAi blocked lipid accumulation
in the primary oocytes, resembling the effects of Met RNAi and JH
deprival (Fig. 5B). We also measured the amount of triglyceride in
the ovary, as triglyceride is the major component of lipid droplet
core. Ectopic administration of methoprene to JH-deprived locusts
for 48h induced 2.6-fold increase of triglyceride levels in the ovary
(Fig. 5C), while precocene-treated female adults had about 60% of
normal levels (Fig. 5D). Application of acetone alone on JH-deprived
locusts had no signiﬁcant effect on triglyceride content (Fig. 5D).
Signiﬁcantly, knockdown of Kr-h1 resulted in 43% reduction of
triglyceride in the ovary, similar to that caused by Met knockdown
(Fig. 5E). These data indicate that both Kr-h1 and Met are required
for lipid accumulation in the locust ovary.
4. Discussion
Preventing metamorphosis in juveniles and promoting reproduction in adults are two distinct actions of JH (Riddiford, 1994;
Wyatt and Davey, 1996). It has been shown that Kr-h1 acts immediately downstream of JH and Met to prevent metamorphosis in
both holometabolous (Minakuchi et al., 2009, 2008b) and hemimetabolous (Konopova et al., 2011; Lozano and Belles, 2011) insects. Thus, whether Kr-h1 is involved in JH-stimulated
reproduction represents a striking question for comprehensively
deciphering the molecular basis of JH actions. Using the migratory
locust, we demonstrated in this study that Kr-h1 transduces JH
signaling during insect vitellogenesis and controls Vg synthesis,
oocyte maturation and ovarian development.
Our RNAi experiments showed that depletion of Kr-h1 caused
substantial reduction of locust Vg expression in the fat body as well
as arrested follicular epithelium development, oocyte maturation
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Fig. 4. Effects of methoprene treatment on Met- or Kr-h1-depleted female adults. Met, Kr-h1 or GFP dsRNA was injected in female locusts within 12 h post adult eclosion (PAE) and
boosted at day 5 PAE. Methoprene or acetone (solvent control) was applied at day 6 PAE, and the effects were examined at day 8 PAE. (A) Relative VgA expression in the fat body of
locusts injected with dsGFP further treated with acetone (dsGFP þ Acetone), dsMet further treated with acetone (dsMet þ Acetone), and dsMet further treated with methoprene
(dsMet þ JHA). **, P < 0.01; n.s., no signiﬁcant difference; n ¼ 6. (B) Morphology of ovary, ovariole and follicular epithelium with dsGFP þ Acetone, dsMet þ Acetone and
dsMet þ JHA. Follicle cell nuclei and F-actin were stained with Hoechst 33342 (blue) and Phalloidin-Alexa Fluor 488 (green), respectively. Red arrows indicate patency. Scale bar:
ovary, 5 mm; ovariole, 500 mm; follicular epithelium, 20 mm. (C) Statistical analysis of primary oocyte length for dsGFP þ Acetone, dsMet þ Acetone and dsMet þ JHA. **, P < 0.01;
n ¼ 15e18. (D) Relative VgA mRNA levels in the fat body of locusts injected with dsGFP further treated with acetone (dsGFP þ Acetone), dsKr-h1 further treated with acetone (dsKrh1 þ Acetone), and dsKr-h1 further treated with methoprene (dsKr-h1 þ JHA). **, P < 0.01; n.s., no signiﬁcant difference; n ¼ 5. (E) Comparison of ovary, ovariole and follicular
epithelium among dsGFP þ Acetone, dsKr-h1þAcetone and dsKr-h1 þ JHA. Blue, follicle cell nuclei; green, F-actin; red arrows, patency. Scale bar: ovary, 5 mm; ovariole, 500 mm;
follicular epithelium, 20 mm. (F) Statistical analysis of primary oocyte length for dsGFP þ Acetone, dsKr-h1 þ Acetone and dsKr-h1 þ JHA. **, P < 0.01; n ¼ 15e18. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

and ovarian growth. Methoprene treatment on Kr-h1-depleted locusts failed to restore the defective phenotypes to the normal
levels. These results indicate that Kr-h1 mediates the strong induction of Vg expression by methoprene, and that Kr-h1 is essential
for locust vitellogenesis and egg production. Interestingly, our
luciferase reporter assay showed that Kr-h1 was unable to induce
Vg promoter activity (data not shown), suggesting that the transcription of Vg is not directly regulated by Kr-h1. As an early JH
response gene, Kr-h1 is likely to act on downstream genes, which
consequently controls the development and competence of the fat
body for vitellogenesis. It is also likely that Kr-h1 activates other
transcription factors that directly regulate Vg transcription in the
fat body. Locust fat body responds to JH by the synthesis of Vg and
other macromolecules that are released into hemolymph and
transported into maturing oocytes through the patency in the
follicular epithelium (Wyatt and Davey, 1996). Considering that
locust ovary is panoistic, the reduced production of Vg and other
forms of yolk precursor from Kr-h1-depleted fat body might
consequently result in blocked follicular epithelium development,
oocyte maturation and ovarian growth. In other words, the failure
of follicular epithelium to undergo patency and oocyte to uptake
yolk proteins or lipids is likely an indirect effect of blocked Vg
synthesis resulting from Kr-h1 depletion. In the beetle T. castaneum,
JH regulates Vg synthesis in the fat body and 20E controls ovarian
growth and oocyte maturation (Parthasarathy et al., 2010a,b). Kr-h1

RNAi is shown to cause only 30% reduction of Vg expression in the
female adult beetles (Parthasarathy et al., 2010b). In the linden bug
P. apterus, in which vitellogenesis and oogenesis are dependent on
JH, Kr-h1 RNAi has no apparent impact either on Vg expression or
on ovarian development in the reproductive female adults (Smykal
et al., 2014). This might be due to inefﬁcient knockdown of Kr-h1 as
only about 50% of Kr-h1 mRNA could be removed in these two
studies (Parthasarathy et al., 2010b; Smykal et al., 2014). Since the
vitellogenic females of T. castaneum and the reproductive females of
P. apterus have high levels of Kr-h1 transcripts, 50% knockdown of
Kr-h1 expression could leave sufﬁcient molecules to achieve its
natural function.
We showed that disruption of Kr-h1 blocked lipid accumulation
in primary oocytes of locusts, similar to the effect of Met RNAi and
JH deprival. Insect yolk consists of a large portion of lipoproteins
including vitellogenins and lipophorins (Tufail and Takeda, 2009). It
has been demonstrated that JH regulates genes involved in lipogenesis in pre-vitellogenic development of the mosquito A. aegypti
(Zou et al., 2013). In the tsetse ﬂy Glossina spp., JH suppresses
lipolysis during its pregnancy (Baumann et al., 2013). Our data
suggest that while JH induces the deposit of lipids in developing
oocytes for successful egg production and later embryogenesis, Krh1 and Met mediate such an action. Kr-h1 appears to have multiple
functions. In Drosophila, Kr-h1 is shown to play an important role in
the embryonic development, axon morphogenesis and neural
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Fig. 5. Lipid droplet accumulation and triglyceride content in the ovary. (A) Lipid droplets in the primary oocytes of female adults collected at 10 days post eclosion (10 PAE), treated
with precocene for 10 days (P) and further treated with methoprene for 24 h (PM24h) and 48 h (PM48h). Application of acetone alone on JH-deprived locusts for 24 h (Ac24h) and
48 h (Ac48h) was used as the negative solvent control. Follicle cell nuclei were stained with Hoechst 33342 (blue), and lipid droplets were stained with Nile red. DIC, digital
interference contrast image; FECs, follicular epithelium cells; LDs, lipid droplets. Scale bar ¼ 100 mm. (B) Lipid droplets in the primary oocytes of female adults injected with dsGFP,
dsKr-h1 and dsMet, respectively. Scale bar ¼ 50 mm. (C) Triglyceride contents in the ovary of female adults treated with precocene (P) and further treated with methoprene for 24 h
(PM24h) and 48 h (PM48h). **, P < 0.01 compared to precocene treatment; n ¼ 8. (D) Triglyceride contents in the ovary of female adults at 10 days PAE, treated with precocene (P)
for 10 days and further treated with acetone for 24 h (Ac24h) and 48 h (Ac48h). *, P < 0.05; n.s., no signiﬁcant difference; n ¼ 8. (E) Triglyceride contents in the ovary of female adults
injected with dsGFP, dsKr-h1 and dsMet, respectively. *, P < 0.05 compared to the dsGFP control; n ¼ 8. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

maturation (Beck et al., 2004; Fichelson et al., 2012; Pecasse et al.,
2000; Shi et al., 2007). In the honeybee, Kr-h1 is demonstrated to
be associated with the foraging behavior (Fussnecker and
Grozinger, 2008; Moda et al., 2013).
JH-dependent expression of Kr-h1 during vitellogenesis and
oogenesis has been demonstrated in the linden bug (Smykal et al.,
2014). In this insect, Kr-h1 mRNA levels in the reproductive female
adults are 25-fold higher than that in JH-deﬁcient diapausing female adults. Allatectomy of reproductive female adult bugs reduces Kr-h1 mRNA to about 1% of its normal levels (Smykal et al.,
2014). Surprisingly, precocene treatment of female adult locusts
only caused 51% reduction of Kr-h1 mRNA levels in the present
study. It is likely that there was residual JH due to incomplete
inactivation of corpora allata by precocene treatment, as Met RNAi
resulted in 75e90% decrease of Kr-h1 expression. In the present
study, application of methoprene on JH-deprived female adult
locusts induced Kr-h1 expression by about 5-fold. Moreover, Kr-h1
mRNA levels were increased about 3-fold in the vitellogenic phase,
which is in accordance with the high JH titer during this stage
(Dale and Tobe, 1986; Glinka et al., 1995). These results together
suggest that the expression of Kr-h1 in the fat body of female adult
locusts depends on JH and Met. Our luciferase reporter assays
further demonstrated that Kr-h1 transcription was activated by the
JH-receptor complex comprised of Met and SRC at the presence of
JH. Direct regulation of Kr-h1 by Met and SRC on a JH-dependent
manner has been previously reported in the silkworm B. mori

(Kayukawa et al., 2012). In A. aegypti, Kr-h1 transcription is shown
to be regulated by Met and Cycle (Shin et al., 2012). Our result,
therefore, extends the view in Kr-h1 regulation by Met and its
binding partner, SRC in the vitellogenic stage and in a hemimetabolous insect species.
In summary, we demonstrated in this study that Kr-h1 RNAi
phenocopies Met RNAi and JH-deprived condition in locust vitellogenesis. Our present study provides the evidence that JH stimulates the expression of Kr-h1 via Met to promote locust
vitellogenesis and oocyte maturation. Met conveys JH signaling to
promote vitellogenesis by maintaining high expression of Kr-h1.
Thus, the JH-Met-Kr-h1 pathway, which is conserved in antimetamorphic action in both holometabolous and hemimetabolous insects, is also utilized in vitellogenesis and oocyte maturation
of the migratory locust. Currently, the signaling molecules downstream of Kr-h1 in vitellogenesis and oocyte maturation are unclear. Kr-h1 RNAi resembles Met RNAi in the reduction of Vg
expression in the fat body and lipid accumulation in the developing
oocyte, as well as in the arrest of follicular epithelium development,
oocyte maturation and ovarian growth. However, the consequences
of Kr-h1 RNAi seem less severe than that of Met RNAi, suggesting
that the JH-receptor complex may achieve its vitellogenic effects
partially through Kr-h1. Further identiﬁcation and characterization
of molecules downstream of Met and Kr-h1 in the regulation of
insect vitellogenesis and oocyte maturation should help unveil the
pleiotropic actions of JH.
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