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Juvenile hormone–dependent Kazal-type serine
protease inhibitor Greglin safeguards insect
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ABSTRACT: In addition to preventing insect metamorphosis, juvenile hormone (JH) is known to stimulate aspects of
insect reproduction. However, the molecular mechanisms of JH action in insect reproduction remain largely unknown. By reanalyzing the transcriptomic data from adults and other developmental stages of the migratory locust
Locusta migratoria, we identified a gene coding for Kazal-type protease inhibitor, previously named Greglin.
Greglin is specifically expressed in adult females and most abundant in the fat body and ovaries. Interestingly,
Greglin is among the top 3 of highly expressed genes in adult female locusts, after 2 vitellogenin (Vg) genes. Greglin is
induced by JH and expressed at remarkably high levels in the vitellogenic stage. Knockdown of Greglin in adult
female locusts results in accelerated degradation of serine protease substrate and significantly reduced levels of
Greglin protein in hemolymph and ovaries. The consequent phenotypes include blocked oocyte maturation,
arrested ovarian growth and shrunken follicular epithelium, as well as declines in egg number and hatchability. The
data provide the first evidence, to our knowledge, that JH-dependent Greglin is involved in locust vitellogenesis and
oocyte maturation likely by protecting vitellogenesis and other forms of yolk precursors from proteolysis. The result
offers new insights into the regulation of JH and function of protease inhibitors in insect vitellogenesis, oocyte
maturation and fecundity.—Guo, W., Wu, Z., Yang, L., Cai, Z., Zhao, L., Zhou, S. Juvenile hormone–dependent
Kazal-type serine protease inhibitor Greglin safeguards insect vitellogenesis and egg production. FASEB J.
33, 000–000 (2019). www.fasebj.org
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Juvenile hormone (JH), the sesquiterpenoid hormone
found only in arthropods, is secreted by corpora allata
glands and has a critical role in insect development,
metamorphosis, and reproduction (1, 2). In the premetamorphic stage, JH maintains the larval or nymphal
characteristics of insects by repressing the metamorphic
action of ecdysteroid [20-hydroxyecdysone (20E)] at each
molting. At the final instar, JH titer drops to undetectable
levels, which brings about 20E-induced metamorphosis
for larva–pupa or larva–adult transition (1, 3). After adult
ABBREVIATIONS: 20E, 20-hydroxyecdysone; dsRNA, double-stranded

RNA; FC, fold change; GFP, green fluorescent protein; JH, juvenile hormone; JHA, juvenile hormone analogue; KSPI, Kazal-type serine protease
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ecdysis, however, JH is resynthesized and stimulates aspects of reproduction, including the previtellogenic development, vitellogenesis, and oocyte maturation (2, 4).
Recent studies have demonstrated that JH induces the
heterodimerization of methoprene-tolerant (Met) with
Taiman (Tai) to form an active receptor complex that
regulates the transcription of Krüppel homolog 1 (Kr-h1) to
exert its antimetamorphic effect (5–12). Kr-h1 represses the
transcription of Broad-complex (Br-C), which triggers
pupal commitment in holometabolous insects (13–15). Krh1 also inhibits the transcription of Ecdysone induced
protein 93F (E93) (16), which is defined as an adult specifier promoting adult metamorphosis in both hemimetabolous and holometabolous insects (16–20).
Vitellogenesis, vitellogenin (Vg) synthesized in the fat
body, transported by hemolymph, and taken up by maturing oocytes, is a prerequisite to egg production of many
insects. In hemimetabolous insects, including the migratory locust Locusta migratoria, the linden bug Pyrrhocoris
apterus, and the cockroach Blattella germanica, JH acts independent of 20E to promote vitellogenesis and oocyte
maturation (4, 8, 21–24). In some of the basal orders of
1
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holometabolous insects, such as the red flour beetle
Tribolium castaneum, the tobacco hornworm Manduca sexta,
and the cotton bollworm Helicoverpa armigera, JH is the
primary hormone stimulating vitellogenesis (21, 25, 26). In
more advanced dipteran insects, such as the fruit fly Drosophila melanogaster, JH is required for Vg uptake into oocytes (27, 28). In the mosquito Aedes aegypti, JH controls the
previtellogenic development of the fat body that is competent for Vg synthesis after a blood meal (4, 22). Although
extensive studies have been conducted to elucidate the
mechanisms of JH suppression on 20E-initated metamorphosis, the molecular basis of JH in stimulating insect
reproduction is less well understood.
Protease inhibitors, including serine, cysteine, aspartic,
and metalloproteinase inhibitors are widely distributed in
living organisms and have crucial roles in many biologic
processes by regulating the protease activity (29–31). At
least 23 different families of serine protease inhibitors have
been reported; of which, 12 families are found in insects,
including the Kazal, Kunitz, a-macroglobulin, and serpin
families (29, 30, 32, 33). The Kazal-type serine protease
inhibitors (KSPIs) comprise a large family of protease inhibitors present in mammals, birds, crayfish, and insects.
This type of protease inhibitor normally possesses one or
multiple Kazal domains. Each Kazal domain is composed
of 40–60 aa that contain 6 conserved cysteine residues
forming 3 intradisulfide linkages with the patterns 1–5,
2–4, and 3–6 (29, 34, 35). Invertebrate KSPIs are strong
protease inhibitors with high inhibition constants at the
nanomolar or subnanomolar range and are involved in
many important physiologic processes, such as blood
feeding, prevention of excessive autophagy, and immune
responses (32, 36, 37). KSPIs from blood-feeding insects,
such as A. aegypti and the kissing bug Rhodnius prolixus,
can function as anticoagulants to inhibit trypsin, thrombin,
elastase, and chymotrypsin (29, 38, 39). In many other insects, KSPIs help protect insects from microbial proteases
or the host digestive proteases (36, 40–42). Although
studies on insect KSPIs have been focused on the involvement of KSPIs in food digestion and innate immunity, little is known about the role of KSPIs in insect
reproduction.
The migratory locust has been a model for studying the
mechanisms of JH-dependent female reproduction because JH controls locust Vg synthesis in the fat body, secretion into the hemolymph, and uptake by the maturing
oocytes (2, 43–45). In the vitellogenic phase of adult locusts, nascent protein synthesis by the fat body elevates
about 20-fold and Vg makes up 60% of the secreted proteins (2, 46). Considering the synthesis of massive Vg and
other form of yolk precursors in vitellogenic adult females,
as well as the existence of proteases, we hypothesized that
JH may act on proteolytic cascades to protect newly synthesized proteins from proteolysis during vitellogenesis.
In our RNA sequencing–based gene expression profiling
(43), a Kazal-type protease inhibitor is found to be induced
synchronously with Vg by JH. The gene coding for this
Kazal-type protease inhibitor is orthologous to Greglin
identified in the desert locust Schistocerca gregaria. Greglin
purified from S. gregaria ovaries acts as a strong inhibitor
of subtilisin and human neutrophil elastase, as well as an
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effective inhibitor of neutrophil cathepsin G, a-chymotrypsin
and porcine pancreatic elastase (47, 48). However, the
physiologic function of Greglin has not been previously
defined. In the present study, we observed that Greglin is
specifically expressed in adult females and most abundant in the fat body and ovary. Knockdown of Greglin
causes a significant reduction of Vg protein levels, impaired oocyte maturation and reduced fecundity. We
demonstrated that Greglin stabilizes Vg by inhibiting
serine protease activity.
MATERIALS AND METHODS
Experimental animals
The colony of migratory locusts in the gregarious phase was
reared under a photoperiod of 14-h/10-h light/dark and at 30 6
2°C. The diet included a continuous supply of wheat bran with
fresh wheat seedlings provided once daily. JH-deprived adult
female locusts were obtained by topical application of 500 mg
(100 mg/ml dissolved in acetone) ethoxyprecocene (MilliporeSigma,
Burlington, MA, USA) per locust to inactivate the corpora allata
within 12 h after adult eclosion. To restore JH activity, an active JH
analog, s-(+)-methoprene (Santa Cruz Biotechnology, Dallas, TX,
USA) was topically applied at 150 mg (30 mg/ml dissolved in acetone) per locust 10 d after precocene treatment.
Gene profiling and data processing
Multiple tests between adult and other developmental stages
were performed according to the reads per kilobase of transcript
per million mapped read values, as previously described (49).
P values were further corrected by the false-discovery rate
(50). Fold change (FC) was measured between adult and average values of other developmental stages. FC $2 and corrected
P , 0.01 were used to determine differentially expressed
transcripts.
Rapid amplification of cDNA ends PCR
The ClontechSmart Rapid Amplification of cDNA Ends (RACE)
cDNA Amplification Kit (Takara Bio, Kusatsu, Japan) was used
to prepare 59-RACE and 39-RACE cDNA template and the
Advantage 2 PCR Kit (BD, Franklin Lakes, NJ, USA) was used for
PCR amplification, following the manufacturer’s protocol. RACE
primers were designed from the PCR-confirmed locust transcriptomic sequence (MC71987). Primers used for RACE PCR are
listed in Table 1.
RNA isolation and real-time quantitative PCR
Total RNA was extracted from the whole body and selected tissues of the locusts using Trizol reagent (Thermo Fisher Scientific,
Waltham, MA, USA). cDNA was reverse-transcribed from 2 mg
of DNase-treated total RNA by Moloney murine leukemia virus
reverse transcriptase (Promega, Madison, WI, USA). Real-time
quantitative PCR (qPCR) amplifications were conducted with an
MX3000P Spectrofluorometric Thermal Cycler (Stratagene, La
Jolla, CA, USA) and RealMasterMix (SYBR Green) Kit (Tiangen
Biotech, Beijing, China), initiated at 95°C for 2 min, followed by
40 cycles of 95°C for 20 s, 58°C for 20 s, and 68°C for 20 s. The
relative expression levels were calculated using the cycle
threshold 22ΔΔCt method, with Rp49 as the internal controls.
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TABLE 1. Primers used for RACE PCR, real-time qPCR, and RNAi
Primer, 59–39
PCR

Real-time qPCR

RNAi
59-RACE
39-RACE

Gene

Greglin
VgA
VgB
Met
Rp49
Greglin
Met
GFP
Greglin
Greglin

Forward

CGTCTACCGCAAGTTCAGC
CCCACAAGAAGCACAGAACG
CTCTTGGGTGGAAGGTGAGC
GTGCCTGAAGAAGAAGAAC
AATTACCATTGGTAACGAGCGATT
TGTAAACTCGTCTACGACCCTGT
TTAGGGCAGCATCAGAAAG
CACAAGTTCAGCGTGTCCG
AAGATCTCGAGGGCCGTGGGCATTC
GAAGACCTCGACGTAGCTGACTCTG

Melting curve analysis was conducted to verify the specificity of
amplification. Primers used for real-time qPCR are included in
Table 1.
Protein extraction and Western blot
Total proteins from the fat body, hemolymph, and ovary of 8-dold, adult, female locusts were collected using the ice-cold lysis
buffer containing 50 mM Tris-HCl, 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 (F. Hoffmann-La Roche, Basel, Switzerland). Lysates were cleared by centrifugation at 14,000 g for
10 min, fractionated on 8% SDS-PAGE, and transferred to PVDF
membranes (MilliporeSigma). Extracted proteins were quantified with a BCA protein assay kit (Thermo Fisher Scientific).
Western blots were performed with the pAb anti-Vg (45) or
the anti-Greglin antibody (Beijing Protein Innovation, Beijing,
China), the corresponding horseradish peroxidase–conjugated
secondary antibodies (CWBio, Beijing, China), and an enhanced
chemiluminescent reagent (CWBio). The anti–glyceraldehyde-3phosphate dehydrogenase (GAPDH) antibody (MBL International, Woburn, MA, USA) was used as the loading control.
Bands were imaged by ChemiDoc XRS System (Bio-Rad Laboratories, Hercules, CA, USA) and analyzed by ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Quantification of hemolymph JH
The procedure was modified from that previously described (51,
52). Briefly, the hemolymph collected from individual adult females was mixed with 70% methanol and hexane, followed by
centrifugation at 4500 g for 10 min. The upper hexane layer was
then dried with nitrogen, dissolved in 50% methanol, and sonicated for 10 min. After centrifugation twice at 14,000 g for 10 min,
the supernatant was collected for liquid chromatography (LC)
analysis using Nexera Ultra-High Performance LC LC-30A
(Shimadzu, Kyoto, Japan) equipped with 2 LC-30AD pumps,
a SIL-30AC autosampler, a CTO-30A thermostatted column
compartment, and a DGU-20A5 degasser. An Acquity UltraPerformance LC BEH (ethylene bridged hybrid) C18 Column
(Waters, Milford, MA, USA) was used for LC separation. Mass
spectrometric detection (MS/MS/MS; multistage tandem mass
spectrometry) was then performed with AB Sciex Triple Quad
4500 (Thermo Fisher Scientific) with an electrospray ionization
source (TurboIonspray; Thermo Fisher Scientific) in a positive
electrospray ionization mode. Three major JH III–specific ions
(m/z = 235.3, 189.0, and 147.0) were monitored. Data acquisition
and processing were performed with Applied Biosystem Sciex
Analyst 1.6 software (Thermo Fisher Scientific).

Reverse

GCATTCCGGCAGGTCGTT
TTGGTCGCCATCAACAGAAG
GTCTTATTACTTTGCGAAATGGT
GGAGGTGATGAAGGAGAG
TGCTTCCATACCCAGGAATGA
GCCAGAAACTAGGGAAGTAAAACA
TCGTCGGGAGGAAGTGTAT
GTTCACCTTGATGCCGTTC

RNA interference
cDNA templates were amplified by PCR, cloned into pGM-T
easy vector (Tiangen) and confirmed by sequencing. Doublestranded RNA (dsRNA) was then synthesized by in vitro transcription with T7 RiboMax Express System (Promega), following
the manufacturer’s instruction. Adult, female locusts, within 12 h
after eclosion, were intra-abdominally injected with 15 mg dsRNA
and boosted on d 5. In JH rescue experiments, 150 mg methoprene
(dissolved in 5 ml acetone) or 5 ml acetone (solvent control) was
applied to dsGreglin-treated locusts on d 6, and the effects were
examined on d 8. Green fluorescent protein (GFP) dsRNA was
used as the mock control. Primers for dsRNA synthesis are included in Table 1.
Tissue imaging and confocal microscopy
The ovary and ovariole were photographed with an EOS550D
camera (Canon, Tokyo, Japan) and an M205C stereomicroscope
(Leica Microsystems, Wetzlar, Germany), respectively. The
length and width of primary oocytes were measured with ImagePro Plus software (Media Cybernetics, Rockville, MD, USA). For
cell staining, sheath-free ovarioles were fixed in 4% paraformaldehyde and then permeabilized in 0.3% Triton X-100.
F-actin and nuclei were stained with 0.165 mM Phalloidin-Alexa
Fluor 488 (Thermo Fisher Scientific) and 5 mM Hoechst 33342
(MilliporeSigma), respectively. The images were captured with
an LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany) and processed with Zen2012 software (Carl Zeiss).
ELISA analysis
Total proteins were extracted from the fat body, hemolymph,
and ovary of 8-d-old, adult, female locusts subjected to
dsGFP, dsGreglin, or dsGreglin + JG analogue (JHA) treatment. Tissues were lysed in the ice-cold 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 (F. Hoffmann-La Roche). After incubation for 30 min
at 4°C, lysates were cleared by centrifugation at 14,000 g for
10 min. Extracted proteins were quantified with a BCA protein assay kit (Thermo Fisher Scientific). For ELISA, protein
extracts were serially diluted at concentrations of 200, 100, 50,
25, and 12.5 mg/ml. The buffer alone was used as the control.
The inhibitory activity of Greglin was indicated by enzyme
catalysis between the protease, subtilisin (MilliporeSigma)
and the substrate, N‑succinyl‑Ala‑Ala‑Pro‑Phe‑p‑nitroanilide
(MilliporeSigma). The final concentrations of subtilisin and
substrate were 1.3 3 1028 and 1.3 3 1024 M, respectively, in a
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reaction volume of 150 ml. Protein extracts with gradient dilution were mixed with subtilisin to incubate for 20 min,
followed by addition of substrate and further incubation for
5 min at room temperature. The absorbance values of released p‑nitroanilide were measured at 412 nm wavelength
with a microplate reader (Molecular Devices, Sunnyvale,
CA, USA).

Real-time qRT-PCR validation with total RNA isolated
from the whole body demonstrated that Greglin appeared
to be specifically expressed in the adult, with .720-fold
more abundance of mRNA compared with that in the egg
and nymphs (Fig. 1B). At 8 d after adult eclosion, the expression levels of Greglin in females were 686-fold higher
than it was in males (Fig. 1C). The data indicate that
Greglin is likely to have an important role in adult
females of L. migratoria.
By using transcriptomic sequences and RACE PCR, we
cloned the full-length sequence of Greglin cDNA, which is
composed of 924 bp nucleotides. The deduced protein has
159 aa, containing a 49-aa Kazal domain and a 17-aa secretory signal peptide (Supplemental Fig. S1). In addition
to Greglin reported in S. gregaria, Basic Local Alignment
Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi)
search in the NCBI database with L. migratoria Greglin
hints at 16 orthologous sequences, including 10 sequences
from insects and 6 sequences from other invertebrates. All
sequences had the secretory signal peptides, except
that of Aplysia californica, Pediculus humanus corporis,
and S. gregaria (Supplemental Table S2). Multiple sequence alignment demonstrated that a Kazal domain
with 6 cysteine residues (C1–C6), presumably forming
3 intradisulfide bridges, was conserved, although the
total cysteine residues ranged from 6 to 12 (Fig. 2 and
Supplemental Table S2).

Data analysis
The online version of Multiple Alignment using Fast Fourier
Transform (MAFFT) software (Computational Biology Research
Center, National Institute of Advanced Industrial Science and
Technology, Tokyo, Japan) was used for multiple sequence
alignments (FFT-NS-i with BLOSUM30 matrix). Statistical
analyses were performed with Student’s t test or 1-way
ANOVA in SPSS software (v.20.0; IBM, Armonk, NY, USA),
followed by a Tukey’s test for multiple comparisons. Significant difference was considered at P , 0.05. Values were reported as means 6 SE.

RESULTS
Identification of Greglin in L. migratoria
To explore the transition of gene expression patterns after
adult eclosion, we compared the RNA sequencing data
between adult and other developmental stages by reanalyzing the previous transcriptomes (49). Based on the
cutoff criteria (FC $2 and P , 0.01), 5592 up-regulated and
966 down-regulated unigenes were identified in adults; of
which, 67 up-regulated and 27 down-regulated unigenes
had change .100 folds (Supplemental Table S1). Among
67 highly up-regulated unigenes, 7 genes were annotated
with functions by NCBI blastx, including genes coding for
VgA (MC71031), VgB (MC71000), a serine protease inhibitor orthologous to Greglin identified in S. gregaria
(MC71987), hexamerin (MC71270), and 3 lipoproteinrelated proteins (MC12835, MC22609, and MC71112) (Fig.
1A). Intriguingly, Greglin (GenBank accession KU529967;
https://www.ncbi.nlm.nih.gov/genbank/) was among the 3
most highly expressed genes, following VgA and VgB.
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The first gonadotropic cycle of adult, female locusts was
;10 d under our rearing conditions, and vitellogenesis
started at ;5 d after adult eclosion. To explore the spatial
and sexual expression patterns of Greglin in L. migratoria,
real-time qPCR was conducted with total RNA from the
fat body, ovary, testis, hemolymph, and midgut of adults
collected at 8 d after adult eclosion, when the progress of
vitellogenesis naturally reached its peak. As shown in Fig.
3A, the mRNA levels of Greglin were 376- and 181‑fold
higher in the female fat body and ovary, respectively, than
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Figure 1. Identiﬁcation and characterization of speciﬁcally expressed genes in adult, female locust. A) Seven highly upregulated unigenes in adult, female locusts with annotated functions identiﬁed from transcriptome analysis. LDLR-related
protein, low-density lipoprotein receptor-related protein; SRR, sortilin-related protein. B) The developmental expression
proﬁle of Greglin in the whole body of locusts. Means labeled with different letters (a, b) are signiﬁcantly different at P , 0.05;
n = 6. C ) Relative mRNA levels of Greglin in the whole body of adult females and males at 8 d post-adult eclosion; n = 6. ***P ,
0.001.
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Figure 2. Sequence alignment of Kazal domain of Greglin from 16 invertebrates. FFT-NS-i with BLOSUM30 matrix was applied.
C1–C6 indicates 6 conserved cysteine residues. Lmig, Locusta migratoria; Sgre, Schistocerca gregaria; Phum, Pediculus humanus corpori;
Fchi, Fenneropenaeus chinensis; Dmel, Drosophila melanogaster; Dsim, Drosophila simulans; Dsec, Drosophila sechellia; Dyak, Drosophila
yakuba; Dere, Drosophila erecta; Dvir, Drosophila virilis; Dana, Drosophila ananassae; Mdom, Musca domestica; Aota, Arthroderma otae;
Acal, Aplysia californica; Cint, Ciona intestinalis; Bmor, Bombyx mori; Ttur, Teredinibacter turnerae.

in male testis. In adult female locusts, when compared to
the hemolymph, the levels of Greglin transcript were 503and 242‑fold higher in the fat body and ovary, respectively.
Notably, Greglin was expressed at considerable lower levels in the testis, as well as in the hemolymph and midgut of
both females and males (Fig. 3A). We next conducted
Western blot to compare Greglin protein levels in the fat
body, ovary, hemolymph, and midgut of adult females at
8 d after adult eclosion. Interestingly, Greglin protein levels
were highest in ovaries, followed by fat bodies and hemolymph (Fig. 3B), suggesting that Greglin synthesized in
fat bodies is likely to be transported to ovaries during vitellogenesis. To reveal the temporal abundance of Greglin
during vitellogenesis and oocyte maturation, real-time
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titers in the hemolymph of adult females at 0–8 d after adult
eclosion. As shown in Fig. 3D, the hemolymph JH titer was
extremely low on the day of adult eclosion, increased significantly at 2–4 d after adult eclosion, and rose to peak at
6–8 d after adult eclosion, similar to that previously
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d

Figure 3. Spatiotemporal expression patterns of
Greglin in adult locusts. A) Relative mRNA
levels of Greglin in the selected tissues of adult
female and male locusts at 8 d post-adult
eclosion (PAE). Fb, fat body; He, hemolymph;
Ov, ovary; Ts, testis; Mg, midgut; n = 6. **P ,
0.01. B) The protein levels of Greglin in the
selected tissues of adult females at 8 d PAE. C )
Relative mRNA levels of Greglin in the fat body
(Fb) and ovary (Ov) of adult females from 0 to
10 d PAE. For each tissue, means labeled with a
different letters are signiﬁcantly different at
P , 0.05; n = 6. D) JH titers in the hemolymph
of adult females at 0–8 d PAE. Means labeled
with different letters (a–d; A–D) are signiﬁcantly different at P , 0.05; n = 6.
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reported (53, 54). These data indicate that the increased
levels of Greglin expression in the fat body and ovary appear to correlate with the elevated JH titer.
To evaluate the responsiveness of Greglin to JH, realtime qRT-PCR was performed using total RNA from the
fat body and ovary of JH-deprived adult female locusts
by ablation of corpora allata with ethoxyprecocene treatment as well as those further treated with methoprene for
6–48 h. In the fat body, Greglin expression was dramatically induced 483- and 667-fold by further methoprene
treatment for 24 and 48 h, respectively (Fig. 4A). Application of methoprene on JH-deprived ovaries caused
344-fold increase of Greglin transcripts at 12 h and further
to 1928-fold at 48 h (Fig. 4B), indicating the earlier and
greater response of ovary to JH analog. We next performed
Met (GenBank accession KF471131) RNA interference
(RNAi) to determine the requirement of JH receptor for the
JH-dependent expression of Greglin. Real-time qPCR
demonstrated that 82 and 78% of Met knockdown efficiency was obtained in the fat body and ovary, respectively, of dsMet-injected adult females at 8 d after
adult eclosion (Fig. 4C, D). When Met was depleted, the
mRNA levels of Greglin were reduced by 99% in both fat
body and ovary (Fig. 4C, D). These results indicate that
Greglin expression depends on JH and Met.

A

Knockdown of Greglin blocks locust
vitellogenesis and oocyte maturation
To explore the function of Greglin in locust vitellogenesis
and oocyte maturation, Greglin RNAi was conducted via
injection of dsRNA within 12 h of adult eclosion and
boosted on d 5. As shown in Fig. 5A, B, Greglin mRNA
levels were reduced to 0.9 and 0.2% of its normal levels,
respectively, in the fat body and ovary of adult females at
8 d after adult eclosion. Knockdown of Greglin resulted in
severely impaired oocyte maturation and arrested ovarian
growth. Consequently, the primary oocytes and ovaries of
Greglin-depleted adult females remained small on d 8 (Fig.
5C). In contrast, the primary oocytes and ovaries of dsGFP
controls were remarkably enlarged (Fig. 5C). Statistical
analysis of the length 3 width index of primary oocytes
showed a 7.5-fold difference between Greglin-depleted
locusts and dsGFP controls (Fig. 5D). Because the follicular
epithelium determines the size of ovarian follicle and facilitates the transport of Vg from the hemolymph to the
developing oocytes via the intercellular spaces or patency
(1, 2), we further examined the morphologic change of
follicular epithelium after Greglin knockdown. Depletion
of Greglin resulted in smaller follicle cells and intercellular
spaces compared with the dsGFP controls (Fig. 5E). We
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also examined the effect of Greglin on female fertility
and egg hatchability. Greglin knockdown has no significant effect on the survival rate of adult females (Fig. 6A),
but the egg number, weight, and hatchability from Greglindepleted adult females were significantly decreased by
36.2, 11.9, and 15.7%, respectively, compared with the
dsGFP controls (Fig. 6B–D). These observations indicate
that Greglin has a critical role in JH-dependent locust vitellogenesis, oocyte maturation, and fecundity.
Previous studies have shown that exogenous treatment
of methoprene mimics the JH function and restores the
inhibited progression of vitellogenesis caused by chemical
ablation of endogenous JH synthesis (2, 43). We, thus,
treated Greglin RNAi locusts with methoprene to examine
whether the defective phenotypes could be rescued.
Locusta migratoria has 2 coordinately expressed Vg genes,
VgA and VgB (55, 56). Depletion of Greglin had no significant effect on the Vg mRNA levels as documented by
real-time qRT-PCR (Supplemental Fig. S2). As shown in
Fig. 5A, Greglin expression was not induced in Greglindepleted fat body or ovary further treated with methoprene. However, additional applications of methoprene
on Greglin-depleted adult females restored the defective

oocyte maturation, ovarian growth, follicular epithelium development, female fertility, and egg hatchability
resulting from Greglin knockdown (Figs. 5C–E and 6B–D).
Interestingly, ectopic administration of methoprene on
Greglin-depleted locusts significantly increased the levels
of Vg mRNA by about 4-fold, as observed for dsGFPtreated adult females further treated with methoprene
(Supplemental Fig. S2). Collectively, the data suggest that
the rescued phenotypes could be due to the more-massive
production of Vg induced by methoprene, which would
counteract the absence of the protective effects of Greglin.

Greglin protects Vg from proteolysis
Previous studies have reported that Greglin purified from
S. gregaria ovaries is a powerful inhibitor of subtilisin, with
an inhibition constant of 0.68 nM (47, 48). To further uncover the function of Greglin in locust reproduction, we
performed Western blot and ELISA with total proteins
extracted from the fat body, hemolymph, and ovary of 8-dold, adult, female locusts subjected to Greglin RNAi
and dsGFP treatment. Western blots and subsequent
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quantification of band intensity demonstrated that Greglin
RNAi was highly efficient, as detected by .99% reduction
in Greglin proteins in all 3 tissues (Fig. 7A). Additional
methoprene treatment failed to enhance the levels of
Greglin protein (Fig. 7A). We next performed equilibrium titration experiments to measure the inhibitory
activity of Greglin by ELISA using subtilisin and the
substrate N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide incubated with protein extracts from Greglin-depleted vs.
dsGFP-treated fat bodies, hemolymph, and ovaries. As
illustrated in Fig. 7B, the proteolytic activity of subtilisin
to its substrate declined gradually with the addition
of increased concentrations of protein extracts from
dsGFP-treated fat bodies and hemolymph. When
Greglin-depleted protein extracts were incubated with
the reaction mixture, the degradation of substrate was
accelerated compared with their respective dsGFP controls (Fig. 7B), indicating the attenuated inhibition to
subtilisin because of the loss of Greglin. Application of
methoprene on Greglin-depleted adult females only partially restored the inhibitory activity at high concentrations (.50 mg/ml) of hemolymph proteins (Fig. 7B).
Strikingly, although the absorbance was sharply dropped
to the bottom line at the concentration of 12.5 mg/ml
protein extracts from dsGFP-treated ovaries, incubation of
the same amount of protein extracts from Greglin-depleted
ovaries led to significant increase of absorbance to 0.32
(Fig. 7B). Furthermore, knockdown of Greglin had no
significant effect on Vg protein levels in the fat body but
reduced Vg proteins to 62 and 51% of the control levels in
the hemolymph and ovary, respectively (Fig. 7C). The
data suggest a larger amount and/or greater activity of
Greglin in the ovary is required for protease inhibitors at
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methoprene for 48 h (iGreglin+JHA) before egg
production. B) Clutch size of iGFP, iGreglin, and
iGreglin+JHA individuals. C ) Egg weight of iGFP,
iGreglin, and iGreglin+JHA individuals. D) Egg
hatchability of iGFP, iGreglin, and iGreglin+JHA
individuals. Means labeled with different letters
(a–c) in each panel are signiﬁcantly different at
P , 0.05; n = 6.
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the peak of Vg transportation and accumulation in the
vitellogenic phase.

DISCUSSION
Greglin, initially named for an antielastase protein isolated
from S. gregaria ovaries (47), represents a novel member of
nonclassic Kazal-type serine protease inhibitors targeting
elastase and chymotrypsin. Previously, the function of
Greglin has only been reported in S. gregaria, and its inhibitory activities have solely been determined by structural and biochemical analyses of purified Greglin protein
(47, 48). In the present study, we demonstrated that Greglin
appeared to be specifically expressed in adult female locusts and was the third of the 3 most highly expressed
genes, after 2 Vg genes. We also showed that Greglin was
most abundant in the fat body and ovary. Those observations raised the hypothesis that Greglin is involved in
locust vitellogenesis and oocyte maturation via protecting
Vg and other forms of yolk protein precursors from proteolysis. Indeed, depletion of Greglin significantly facilitated the degradation of substrate by subtilisin in the
presence of protein extracts and led to an ;50% reduction
of Vg proteins in the hemolymph and ovary. Thus, it is
likely that loss of Greglin accelerates the degradation of Vg
released in the hemolymph and accumulated in the ovary.
In the vas deferens of the prawn Macrobrachium rosenbergii,
a Kazal-type protease inhibitor, MrPink, is expressed and
involved in the male reproductive process by targeting
chymotrypsin and inhibiting gelatinolytic activity of sperm
catalyzed by gelatinase (57, 58). Our results, therefore, extend the view of the function of Kazal-type protease
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inhibitor in inhibiting serine proteases and protecting Vg
from proteolysis in insects.
We demonstrated in this study that application of JHA
on JH-deprived adult female locusts induced Greglin expression dramatically in both fat body and ovary. Moreover, Greglin mRNA levels in the fat body and ovary were
remarkably increased at 6–10 d after adult eclosion, which
coincided with the high JH titer in the vitellogenic stage
(53, 54). In addition, Met RNAi caused 99% reduction in
Greglin expression. These results together indicate that
Greglin expression in the fat body and ovary of adult female locusts is dependent on JH and its receptor Met.
Knocking down Greglin in adult female locusts resulted in
significantly reduced levels of Vg protein in both hemolymph and ovary, accompanied by blocked oocyte maturation, arrested ovarian growth, and shrunken follicular
epithelium. Because locust ovaries are panoistic, Vg and
other yolk protein precursors are synthesized in the fat
body, released into hemolymph, and transported to maturing oocytes through the intercellular spaces in the follicular epithelium (2, 8, 24, 43, 45). The reduced Vg proteins
from Greglin-depleted locusts might consequently result
in impaired follicular epithelium development, ovarian growth, and oocyte maturation as well as decreased

female fertility and egg hatchability. In other words, the
failure of follicle cells to enlarge intercellular spaces and
oocytes to uptake yolk protein precursors is likely an indirect effect of reduced Vg proteins resulting from Greglin
knockdown. These observations, therefore, address the
importance of Greglin in locust vitellogenesis, egg production, and fecundity.
In summary, we demonstrated that Greglin is the predominant protease inhibitor in the fat body and ovary of
L. migratoria during vitellogenesis and oocyte maturation.
Like Vg genes, Greglin expression is induced at high levels
by JH. Our present study provides the first evidence, to our
knowledge, that knockdown of Greglin results in significantly reduced Vg proteins presumably because of alleviated inhibition of proteases targeted by Greglin. We
propose that JH-dependent high expression of Greglin
during vitellogenesis is likely to protect Vg and possibly
other yolk protein precursors from proteolysis. Currently, the proteolytic cascades potentially involved
in Vg degradation are unclear. Further identification
and characterization of molecules downstream of JH
and Met in the regulation of Greglin expression and
function should help unveil the role of protease inhibitors in insect reproduction.

JUVENILE HORMONE INDUCES SERINE PROTEASE INHIBITOR TO SAFEGUARD INSECT VITELLOGENESIS

9

w.fasebj.org by Univ of So Dakota Lommen Hlth Sci Library (192.236.36.29) on August 01, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNum

ACKNOWLEDGMENTS
This work was supported by National Natural Science
Foundation of China Grants 31201748 and 31630070. It was
also partially supported by the Youth Innovation Promotion
Association, Chinese Academy of Sciences (to W.G.) (Grant
2016080). The authors declare no conﬂicts of interest.

18.

AUTHOR CONTRIBUTIONS

20.

W. Guo, Z. Wu, and S. Zhou designed the research;
W. Guo, Z. Wu, L. Yang, Z. Cai, and L. Zhao performed the
research; W. Guo, Z. Wu, and L. Yang analyzed the data;
and W. Guo, Z. Wu, and S. Zhou wrote the paper.
REFERENCES

Vol. 33 January 2019

21.
22.

23.

1. Riddiford, L. M. (1994) Cellular and molecular actions of juvenile
hormone, I; general considerations and premetamorphic actions.
Adv. In Insect Phys. 24, 213–274
2. Wyatt, G. R., and Davey, K. G. (1996) Cellular and molecular actions
of juvenile hormone, II: roles of juvenile hormone in adult insects.
Adv. In Insect Phys. 26, 1–155
3. Jindra, M., Palli, S. R., and Riddiford, L. M. (2013) The juvenile
hormone signaling pathway in insect development. Annu. Rev.
Entomol. 58, 181–204
4. Roy, S., Saha, T. T., Zou, Z., and Raikhel, A. S. (2018) Regulatory
pathways controlling female insect reproduction. Annu. Rev. Entomol.
63, 489–511
5. Charles, J. P., Iwema, T., Epa, V. C., Takaki, K., Rynes, J., and Jindra, M.
(2011) Ligand-binding properties of a juvenile hormone receptor,
methoprene-tolerant. Proc. Natl. Acad. Sci. USA 108, 21128–21133
6. Kayukawa, T., Minakuchi, C., Namiki, T., Togawa, T., Yoshiyama, M.,
Kamimura, M., Mita, K., Imanishi, S., Kiuchi, M., Ishikawa, Y., and
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