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Juvenile hormone (JH) has been revealed to be a critical factor in regulating photoperiod reproductive diapause
in various insect species, however, little information is known about the detailed mechanisms. In this study, we
investigated the roles of JH signaling in photoperiod reproductive diapause in a green lacewing, Chrysoperla
nipponensis (Okamoto), which is a potentially important biological control predator. Our results showed that
the short-day condition induces a diapause state including JH synthesis suppression, ovarian development
arrest, and triglyceride accumulation. The interference of JH response genes, Kriippel homolog 1 (Kr-h1), in
reproductive females exhibited a diapause-related phenotype such as ovarian development arrest and larger
triglyceride storage. Exogenous JH Il suppresses diapause to promote ovarian development and inhibit tri-
glyceride synthesis. However, exogenous JH lll fails to rescue the Kr-h1-silenced phenotype. Accordingly, our
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results demonstrate the critical role of Kr-h1 in regulating JH signaling to promote reproduction.
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Introduction

Short photoperiod signals a harbinger of winter, and insects usu-
ally use day-length to program their diapause for overwintering
(Denlinger 2002). Diapause is a programmed, stage-specific devel-
opmental arrest or delay that is often used to avoid unfavorable
seasons (Denlinger 2022). Reproductive diapause in female adults is
usually characterized by stagnation of vitellogenesis and oocyte de-
velopment, phenotypically as a completely undeveloped ovary with
no vitelline deposition, and finally by suppression of egg-laying be-
havior (Denlinger et al. 2012). Besides, studies on Culex pipiens have
shown that diapause was accompanied by the sequestration of fat
reserves in female, in addition to ovarian development arrest (Sim
and Denlinger 2008). Juvenile hormone (JH) is the primary hormone
that control insect reproduction, and most of the early work on adult
diapause hormonal control mainly focused on JH.

Earlier works on the relationship between JH and diapause were
initiated by applying JHs or juvenile hormone analogues (JHA) to
terminate Leptinotarsa decemlineata adult diapause (de Kort 1990,

Denlinger et al. 2012). Nevertheless, current studies on the repro-
ductive diapause mainly focused more on the role of JH synthesis
(Gao et al. 2022a) and JH response genes (Guo et al. 2021). Kriippel
homolog 1 (Kr-h1), one of the early JH response genes (Minakuchi et
al. 2009), acts downstream of JH signaling (Minakuchi et al. 2008)
and plays a vital role in reproductive diapause (Guo et al. 2021).
Typically, silencing of Kr-h1 leads to the blockage of vitellogenesis
and the cessation of oocyte development during reproduction, such
as studies on Locusta migratoria (Song et al. 2014) and Periplaneta
americana (Zhu et al. 2020). In addition, a previous study had shown
that Kr-h1 controls lipid accumulation and triglyceride content in
summer diapause beetles, Colaphellus bowringi (Guo et al. 2021).
The green lacewing, Chrysoperla nipponensis (Neuroptera:
Chrysopidae), is one of the predominant predatory enemies in the
field throughout China. C. nipponensis larva is commonly known
as an aphid lion to attack numerous agricultural and forest pests,
including aphids, mites, and both eggs and young larvae of many
Lepidoptera pests (Xu et al. 1999). Similar to other Chrysoperla
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predator species that undergo facultative reproductive diapause
under short-day conditions (Chang et al. 1995), C. nipponensis
overwinters as an adult stage (Xu et al. 2002, Chen et al. 2017).
C. nipponensis is a good model for studying the regulation mech-
anism of adult reproductive diapause, since females were repro-
ductive under long-day condition and short-day condition lead to
diapause, and the diapause phenotype is easy to observe, ie, diapause
individuals with yellow body color, and nondiapause individuals
with green body color (Chen et al. 2017, 2023, Liu et al. 2024).
Previous study demonstrated significant accumulation of total lipid
and triglyceride content during diapause in intact C. nipponensis
females, and combined transcriptomic and proteomic analyses have
shown that JH pathway and Kr-h1 may be essential in the mainte-
nance of adult reproductive diapause (Chen et al. 2023). In addition,
manipulating the diapausing stage of C. nipponensis can be used
for storage or long-distance transport (Denlinger 2008). However,
the regulatory mechanisms underlying reproductive diapause of C.
nipponensis remain unexplored.

The purpose of this study was to explore the role of JH and Kr-
b1 in the reproductive diapause of C. nipponensis females. In the
present study, we generated diapaused female C. nipponensis and
characterized its phenotypic effects, and then analyzed the differ-
entially expressed JH-related genes between reproduction and
diapause. Finally, RNA interference (RNAi) and exogenous JH
rescue was used to determine the functions of Kr-h1 on reproduc-
tive females. Our work highlights that Kr-h1 mediates JH action
to suppress photoperiod reproductive diapause in C. nipponensis
females. This study will be beneficial for the potential applications
in mass artificial storage of diapausing predatory insects, such as C.
nipponensis.

Materials and Methods

Insect Rearing

Chrysoperla nipponensis was collected from a plant nursery in Taian,
Shandong Province, China (36°15'N, 116°59’E), and maintained
in an environmental chamber (RSZ intelligent artificial climate
chamber, Changzhou Guohua, Jiangsu province) with 25 =1 °C
temperature, 70 = 5% relative humidity (RH), and long photope-
riod of 15:9 h (L:D). Both eggs and larvae were kept in glass tubes
(1 x 7 cm) and reared on Megoura japonica. Adults were paired in
glass cylinders (18 x 9 cm) and supplied with a dry powdered mix-
ture of yeast—sugar (yeast:sugar = 10:8) and a 10% honey-water so-
lution as food. After two generations, eggs laid within a 24 h were
collected and were randomly divided into two groups. The diapause
population was kept at 25 = 1°C, 70 = 5% RH, and short photope-
riod of 9:15 h (L:D), whereas the reproduction population was kept
under the conditions of long photoperiod of 15:9 h (L:D).

JHTiter Measurement

The female lacewings, reared under long-day photoperiod (LD)
and short-day photoperiod (SD) conditions, were collected for
JH titer measurement at 1, 3, 5, and 10 d after emergence. Seven
individuals as one replicate, 3 biological replicates per treatment.
The lacewings were washed with ddH,0O, and then placed in 1.5 ml
tubes that containing 0.1 ml acetonitrile and 0.1 ml 0.9% (w/v) so-
dium chloride solution. The samples were ground by the electric
pestle for 1 min after frozen in liquid nitrogen. The homogenate was
extracted twice with 1 ml hexane following vigorous vortex and
centrifuged at 2,500 x g for 5 min. The supernatant was transferred
to a new 1.5 ml tube and dried under a stream of N,. The dry extract

was then reconstituted with 25 pl of a solution and injected into the
GC-MS/MS system. The GC parameters and triple-quadrupole MS
parameters were set according to a rapid quantitative assay method,
and the specific selected-reaction monitoring transition of JH III was
85.1 (59.1) under 10 collision energy (Kai et al. 2018). The GC-MS/
MS system consists of Agilent 7890B GC (Agilent, USA) and Agilent
7000D MS (Agilent, USA). Gas chromatographic column was HP-5
MS 5% diphenyl-95% dimethyl polysiloxane capillary column (30.0
m x 250 pm x 0.25 pm, Agilent Technologies). The ion transfer cap-
illary temperature was maintained at 280 °C. The mass spectrometer
operates in EI mode (70 eV) with an injection current of 50 A.

Triglyceride Content Measurements

The adult was washed with ddH,O and placed in a 1.5 ml tube
containing absolute ethyl alcohol (insect weight (g):alcohol
(ml) = 1:9). Eight to 12 individuals as 1 replicate, 3 replicates
per treatment. Then the samples were centrifuged at 6,000 rpm
(3,743 x g) for 10 min after homogenization. Triglyceride content (in
upper layer) was determined using a Triglycerides Assay Kit (Nanjing
Jiancheng Institute, Nanjing, China) according to the manufacturer’s
instructions. The absorbance of the solution at 510 nm was meas-
ured by Molecular Devices SpectraMax I3x (PerkinElmer, USA).

Total RNA Extraction, cDNA Synthesis, and Real-

Time gRT-PCR Analysis

Total RNA was extracted from fat body or intact lacewing using
MiniBEST Universal RNA Extraction Kit (Takara, Japan) following
the manufacturer’s instructions. RNA integrity was estimated by 1%
agarose gel electrophoresis. The concentration and purity of RNA
were examined by NanoDrop One spectrophotometer (Thermo
Scientific, USA). The HiScript IT Q RT SuperMix for qPCR (+gDNA
wipers; Vazyme, Nanjing, China) was used for the first-strand
c¢DNA synthesis following the manufacturer’s instructions. ChamQ
SYBR qPCR Master Mix (Vazyme, Nanjing, China) and the Roche
LightCycler 96 instrument (Bio-Rad, USA) were used for qPCR re-
action. A standard curve was prepared based on a gradient-based
¢DNA dilution, and specific primers with appropriate amplification
efficiency (0.95 to 1.05) were determined (Table 1). Expression of
key genes of JH pathway, JH acid O-methyltransferase (Jhamt), Kr-
b1, and Vitellogenin (Vg),at 1, 3, 5,and 10 d of intact lacewing after
emergence were measured. Expression of Krh1 and Vg on the fat

Table 1. PCR primers used in this study

Primers Primer sequences (5-3")

Jhamt-qF GGTTATCAAACGGTGGTG

Jhamt-qR TCCGTGTGTATTTGGCA

Kr-h1-qF CTGGTGATACACGTCGTGTTGT

Kr-h1-gR TGCACTGATAGGGATCATCTCG

Vg-qF TACAACAGTCCATTCGCTGCTG

Vg-qR GCATAGGTTGATAGTCGTCAGC

Tub-qF CGGAAACCAGATTGGAGCTAAG

Tub-qR CCAAATGGACCAGAACGTACTG

dsKr-h1-F TCGACACATGCGTATACATACA

dsKr-h1-R CAGGTGATGCTTGTTGAGGAT

dsKr-h1-TF taatacgactcactatagg TCGACACATGCGTATACATACA
dsKr-h1-TR taatacgactcactatagg CAGGTGATGCTTGTTGAGGAT
dsGfp-F GCGACGTAAACGGCCACAAGT

dsGfp-R GTACAGCTCGTCCATGCCGAG

dsGfp-TF taatacgactcactatagg GCGACGTAAACGGCCACAAGT
dsGfp-TR taatacgactcactatagg GTACAGCTCGTCCATGCCGAG
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body at 5 and 10 d of lacewing after emergence were measured. The
reference gene, Tubulin (Tub), for qPCR analysis was referenced to
the previous study (Wang et al. 2020). Five individuals as 1 replicate,
3 replicates per treatment. The relative expression levels of target
genes were calculated using the 2-24¢ method.

RNAI

Double-stranded RNA (dsRNA) of Kr-h1 was prepared using the
corresponding primers (Table 1). The dsSRNA was synthesized using
a T7 RiboMAX Express RNAi kit (Promega, USA) following the
manufacturer’s instructions. The dsRNA quality was determined at
1% agarose gel electrophoresis, and the concentration was measured
in a NanoDrop One spectrophotometer (Thermo Scientific, USA).
Then, 1 pg of dsRNA was microinjected into the abdomen of newly
emerged adult females, and the ovary and fat body were collected
10 d later for phenotypes analysis.

Exogenous JH Application

The original racemic JH III solution [Purity (HPLC): >65%, Sigma-
Aldrich, St Louis, MO, USA] was diluted to 10 mg/ml using acetone.
To test the function of JH in the regulation of reproductive diapause
in C. nipponensis, 2 pl of JH III dilution was topically applied onto the
abdomen of newly emergence adults under SD condition using a hand
micro-applicator (Burkard, the United Kingdom). Besides, JH III was
also dropped onto the abdomen of C. nipponensis with dsKr-h1 injected
for 3 d. Meanwhile, 2 pl of acetone was dropped as the solvent control.

Ovarian Size Measurement
Ovaries were carefully removed from the female lacewings. Eight to
12 individuals as 1 replicate, 3 replicates per treatment. The images
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were collected using a stereo microscope equipped with a Nikon
SMZ800 (Nikon, Japan). The images of the ovaries were captured
with a Nikon D5100 digital camera (Nikon, Japan), and the apical
ovarioles length of the ovary was measured with Adobe Photoshop
13.0.1 (Supplementary Fig. S1).

Statistical Analysis

R 4.1.1 and R Studio 1.4.1717 were used for statistical analysis. The
data were first tested for normality of distribution. For 3 or more
groups, Tukey’s HSD test was carried out after one-way analysis of
variance (ANOVA) to analyze the significant differences (P < 0.05).
The significant difference between two groups were analyzed by
Student’s t-test (*P < 0.05, **P <0.01). All data were shown as
mean = standard error (SE).

Results

Short-day Photoperiod Reduced JH Synthesis

and JH-related Gene Expression in Diapause C.
nipponensis

We determined JH titers and the expression of both JH synthesis
genes and response genes in C. nipponensis reared under LD and
SD photoperiod. The results showed that the JH titers exhibited
no significant difference between LD and SD females at 1, 3,
and 5 d of C. nipponensis after emergence (Fig. 1A). JH titers of
LD females increased to 300-fold and significantly higher than
that of SD females at 10 d of C. nipponensis after emergence
(F=7.84;df = 3,16; P < 0.001). A similar tendency (Fig. 1B to D)
toward lower expression of Jhamt, Kr-h1, and Vg was seen in SD
females. Compared with LD females (reproductive), SD females
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Fig. 1. Effects of photoperiod on JH synthesis and JH-related gene expression in C. nipponensis. (A) The JH Il (ng/g female lacewings) in C. nipponensis reared
under LD and SD photoperiod. Expression profiles of Jhamt (B), Kr-h1 (C), and Vg (D) in intact C. nipponensis reared under LD and SD photoperiod. Data are
shown as mean + SE. Student’s t-test was used to analyze the statistical significance of the difference between the means of the two treatment groups (*P < 0.05,
**P < 0.01). *indicates that the gene expression of C. nipponensis is significantly different on the same day under the long and short photoperiods (*P < 0.05;

**P<0.01), LD: long-day (15:9 h light:dark); SD: short-day (9:15 h light: dark).
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Fig. 2. Effects of SD photoperiod on females’ ovarian development and lipid accumulation in C. nipponensis. The morphology of ovarian development (A) and
the ovariole length (B) in C. nipponensis females at 1, 3, 5, and 10 d post-eclosion under LD and SD photoperiod. The triglyceride content in C. nipponensis
females at 10 d post-eclosion under long and short photoperiods (C). Expression patterns of Kr-h7 (D) and Vg (E) in the fat body of C. nipponensis females. Data
are shown as mean + SE. Student’s t-test was used to analyze the statistical significance of difference between the means of the 2 treatment groups. *indicates
that the gene expression of C. nipponensis is significantly different in treatment groups (*P< 0.05; **P < 0.01), LD: long-day (15:9 h light:dark); SD: short-day
(9:15 h light:dark).

(diapause) showed that the expression of Jhamt, Kr-h1, and Vg 10d, P<0.001. Kr-h1: F=97.78; df =3,29; 5d, P <0.001;
was significantly lower at both 5 and 10d of C. nipponensis 10d, P<0.001. Vg: F=59.71, df = 3,29; 5d, P <0.001; 10 d:
after emergence (Jhamt: F=12.81; df=3,27; 5d, P<0.001; P <0.001).
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Fig. 3. Effects of JHIIl on female of C. nipponensis. Under the SD photoperiod, the morphology of the ovary (A), the ovariole length (B), and the triglyceride
content (C) after exogenous JHIII treatment. Expression of Kr-h1 (D) and Vg (E) in the fat body after exogenous JHIIl treatment. Data are shown as mean + SE.
Student’s t-test was used to analyze the statistical significance of the difference between the means of the 2 treatment groups (*P < 0.05, **P < 0.01). LD: long-day

(15:9 h light:dark); SD: short-day (9:15 h light:dark).

SD Photoperiod Suppresses Females’ Ovarian
Development and Promotes Triglyceride

Accumulation in Diapause C. nipponensis

We investigated the development status of ovarioles and ovaries of C.
nipponensis females at 1, 3, 5, and 10 d after emergence under LD and
SD photoperiod (Fig. 2A and B). The results showed that shortening
the day length prevented ovarian development, resulting in signifi-
cantly smaller ovaries (F = 50.97, df = 3,85; P <0.001), but ovarian
maturation of the LD females (reproductive) progressed normally.

We then tested the effects of photoperiod on lipid accumulation of
females at 10 d after emergence (Fig. 2C). The accumulation of tri-
glyceride was significantly higher in diapausing lacewing compared
with reproductive females (¢=3.86; df =22; P <0.001). Finally, we
determined expression profiles of Kr-h1 and Vg in the fat body of fe-
male adult lacewing under LD and SD photoperiod from 5 and 10 d
after emergence (Fig. 2D and E). The results of qPCR revealed that
Kr-h1 expression levels in LD females were significantly increased
by 40-fold at 10 d compared to the SD females (F = 14.18; df = 3,8;
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P =0.001). Compared to LD adult females, the Vg transcription in
the fat body was significantly lower in diapausing lacewing at 10 d
after emergence (5d: F=21.66; df =3,8; P=0.99. 10d: F=21.66;
df = 3,8; P < 0.001), showing developmental patterns similar to Kr-h1.

JH Ill Induces Ovarian Development But Restrains

Lipid Accumulation in Diapause Lacewing

To test the function of JH in the regulation of reproductive diapause in C.
nipponensis, the newly emerged SD females were exposed to exogenous
JH 1L The treatment of synthetic JH Il significantly increased the ovariole
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length (£=-8.20; df =22; P <0.001) (Fig. 3A and B), while the triglyc-
eride content was significantly decreased (¢ = 2.14; df = 16; P = 0.048) (Fig.
3C). The exogenous JH Il increased Kr-h1 and Vg expression 15-fold and
2,000-fold in the fat body, respectively (Kr-h1: t = -4.40; df =4; P = 0.011.
Vg: t = -7.47; df = 2; P = 0.017) (Fig. 3D and E).

The Knockdown of Kr-h1 in Reproductive Females
Exhibits a Diapause-like Phenotype

RNAI were used to investigate the function of Kr-h1 in the repro-
ductive process. Compared with the dsGfp injection, the Kr-h1
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Fig. 4. Effects of Krh1 on diapause-related phenotype of C. nipponensis. Under the LD photoperiod, the effects of Krh1-interfering on the expression of Kr-h1
(A) and Vg (B), the morphology of the ovary (C), the ovarian length (D), and the triglyceride content (E). Student’s t-test was used to analyze the statistical sig-
nificance of the difference between the means of the 2 treatment groups (*P< 0.05, **P< 0.01). LD: long-day (15:9 h light:dark); SD: short-day (9:15 h light:dark).



Journal of Insect Science, 2025, Vol. 25, No. 2

a _is 4
o
B o
= 1
S R
o %
5 b b
205
£ 04
5 o
B =0 ==
Qc hCG SV\
™ o L
» L\%\\‘ G_-;,\"
Treatments

S
»

Length of ovariole(mm)
— [ wd

(=]

dsKr-h1 +Ace

N & Exe
i T o
? &) ’
& &

Treatments

7
b 1.5 a
s
§ 1.0 T
ol T
o
e g
= 0,
ch b b
0.0 —_— = =]
< (o D
B < \xP‘ \\\-‘f\
" U‘l“ r\"'\\ Y"\'/
& o™ &
Treatments

D
fg)
=

N ] B
S & o
T 2 <

1004

Triglyceride content(mmol

(=)

Treatments

Fig. 5. Effect of JH and Kr-h7 on female of C. nipponensis. Under the LD photoperiod, after ds-Kr-h 1 injection, the effects of JHIIl on the expression of Kr-h1 (A) and
Vg (B).The rescue of JHIIl on the morphology of the ovary (C), the ovarian length (D), and the triglyceride content (E). Data are shown as mean + SE. Student’s
t-test was used to analyze the statistical significance of the difference between the means of the two treatment groups (*P < 0.05, **P < 0.01). LD: long-day (15:9 h

light:dark); SD: short-day (9:15 h light:dark).

expression was significantly reduced by 54.21% after dsKr-h1 in-
jection (¢ = 3.95; df = 5; P = 0.01) (Fig. 4A). The injection of dsKr-h1
notably downregulated Vg expression in the fat body (z=3.7;
df = 5; P=0.014) (Fig. 4B). The interference of Kr-h1 exhibits a
diapause-like phenotype, including an increased triglyceride content
and a blocked ovarian growth (ovariole length: ¢ = 5.42; df = 42;
P <0.001. triglyceride content: ¢ =-2.74; df =18; P =0.013) (Fig.
4C to E). Exogenous JH treatment could not enhance the expres-
sion of Kr-h1 after Kr-h1 interfering (F = 25.82; df =2,6; P = 0.001)
(Fig. SA). Exogenous JH treatment on dsKr-h1-injected females also
could not stimulate Vg expression in fat body (F = 14.49; df = 2,6;
P =0.008) (Fig. 5B). The diapause-like phenotype, smaller ovarian
and higher triglyceride content, was maintained after exogenous
JH treatment (Ovariole length: F=25.33, df=2,40; P <0.001.
Triglyceride content: F = 14.02; df = 2,26; P < 0.001) (Fig. 5C to E).

Discussion

In this work, we confirmed the JH represses reproductive diapause
through its responding gene Kr-h1 in the females of C. nipponensis.
Our data revealed that long-photoperiod and exogenous JH induces
Kr-h1, Vg expression, and ovarian growth, but suppresses triglyc-
eride accumulation to inhibit diapause. Furthermore, interference
of Kr-h1 inhibited Vg expression, restrain ovarian development, but
promoted triglyceride storage, thus matching the suppression of JH.
Previous studies have shown that JH signaling performs diverse roles
including in development and reproduction (Jindra et al. 2015, Li et
al. 2019). Compared with reproductive females, we found that JH
titers and the expression of JH-related genes were inhibited in dia-
pause females. This corresponds to the study that lacking JH exhibit
arrested ovarian development, upregulated the lipid storage and then
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Fig. 6. Schematic view of JH signaling and Kr-h 17 regulates reproduction and diapause in C. nipponensis. Under LD conditions, corpora allata (CA) synthesizes JH
in C. nipponensis females, and then JH stimulates Krh1 expression. Thus, Kr-h1 promotes the ovary development but suppresses lipid accumulation in the fat
body. Contrarily, under the SD, JH production is blocked, and Kr-h1-mediated JH signaling is then absent, thereby triggering diapause traits.

enter reproductive diapause as in Colorado potato beetle (de Kort
1990, Denlinger 2002, Denlinger et al. 2012). Similar results have
been demonstrated in C. bowringi and Harmonia axyridis (Tian et
al. 2021, Gao et al. 2022a). On the other hand, applying JHs or JHA
can terminate C. pipiens adult diapause (Kim et al. 2010, Denlinger
et al. 2012). In this study, application of exogenous JH on diapause
female adult lacewings induced ovarian growth and dropped triglyc-
eride store. Likewise, topical treatment with JH analogs to diapause-
destined females of C. bowringi and H. axyridis prompts ovarian
development, and restrains lipid accumulation (Liu et al. 2016, Gao
et al. 2022a, 2022b). The application of synthetic JH to C. pipiens
diapausing females result in oocyte growth (Spielman 1974). Thus,
those evidences indicate that JH is essential to terminate reproduc-
tive diapause.

Kr-h1 has been shown to be associated with prevention of met-
amorphosis (Minakuchi et al. 2009, Konopova et al. 2011) and in-
duction of reproduction (Smykal et al. 2014, Song et al. 2014). Our
study suggested that Kr-h1 may be a key component of JH pathway
in repressing adult diapauses. First, the Kr-h1 expression was
upregulated by long photoperiod and was inhibited by SD condition.
Nevertheless, there was no significant difference in JH titers between
LD and SD individuals on 5 d post-eclosion, whereas there were sig-
nificant differences in the expression of Kr-h1 and Vg. This suggests
that Kr-h1 and Vg are regulated not only by JH but also by other
factors, such as insulin/IGF signaling (Zhu et al. 2020). However,
subsequent application of exogenous JH demonstrated that JH can
indeed affect the expression of Kr-h1 and Vg. Then, interfering Kr-
h1 expression reduced the expression of Vg genes in the fat body,
arrested ovarian development, and also increased the triglyceride
content of C. nipponensis females under long photoperiod. Similar
functions have been studied in several insect species, such as L.

migratoria (Song et al. 2014), Tribolium castaneum (Parthasarathy
etal.2010), Bombyx mori (Zhu et al. 2021), P. americana (Zhu et al.
2020), Helicoverpa armigera (Zhang et al. 2018), Bactrocera dorsalis
(Yue et al. 2018), Nilaparvata Lugens (Jiang et al. 2017), Sogatella
furcifera (Hu et al. 2020), and H. axyridis (Han et al. 2022). The
previous studies have shown that exogenous JH terminates diapause
in Chrysoperla sinica (Huang et al. 2021). We treated Kr-h1-depleted
lacewing with exogenous JH III, but the treatment failed to rescue
the reproductive development phenotypes. Thus, those evidences in-
dicate that Kr-h1 is one of the essential repressors of diapause termi-
nation regulated by JH adult diapause.

In the current research, further work on potential mech-
anism between JH-Kr-h1 signaling and reproductive diapause in
lacewing adults was lacking. In C. bowringi, the complex cross-
talk between JH-Met-Kr-h1 signaling and the lipolysis pathway
is discussed. Kr-h1 promotes triacylglycerol lipase expression (a
gene downregulation of the lipolysis pathway) to suppress the
diapause response (Guo et al. 2021). Our study demonstrated
that, Kr-h1 was identified as a key component of JH pathway in
repressing adult diapauses. The schematic view of JH signaling
in C. nipponensis during reproductive diapause is shown in Fig.
6. Under the LD conditions, corpora allata synthesizes JH in C.
nipponensis females, then JH stimulates Kr-h1 expression. Thus,
Kr-h1 promotes the ovary development but suppresses lipid ac-
cumulation in fat body. Contrarily, under the SD, JH produc-
tion remains inactive, and Kr-h1-mediated JH signaling is then
absent, thereby triggering diapause traits. This work shows the
critical role of Kr-h1 in regulating JH signaling to promote repro-
duction. However, how JH signaling regulates the nutrient met-
abolic switching to lipid storage in reproductive diapause of C.
nipponensis should be examined in future studies.



Journal of Insect Science, 2025, Vol. 25, No. 2

Acknowledgments

We acknowledge the support by Shandong Agricultural University.

Author contributions

Haiyi Huang (Data curation [equal], Formal analysis [equall,
Investigation [equal], Methodology [equal], Project administra-
tion [equal], Visualization [equal], Writing—original draft [equal],
Writing—review & editing [equal]), Dandan Li (Formal anal-
ysis [equal], Visualization [equal], Writing—original draft [equal],
Writing—review & editing [equal]), Minghui Xu (Data curation
lequal], Investigation [equal]), Shaofeng Zhong (Data curation
[equal], Investigation [equal]), Shaoye Liu (Writing—review & ed-
iting [equal]), Xingke Gao (Writing—review & editing [equal]),
Yong-YU Xu (Formal analysis [equal], Funding acquisition [equal],
Methodology [equal], Project administration [equal], Resources
[equal], Supervision [equal], Writing—review & editing [equal]),
and zhen chen (Conceptualization [equal], Formal analysis [equal],
Methodology [equal], Project administration [equal], Resources
[equal], Supervision [equal], Writing—review & editing [equal])

Supplementary material

Supplementary material is available at Journal of Insect Science
online.

Funding

This project is supported by the National Key Research and
Development Program of China (2023YFD1700405), the National
Science Foundation of Shandong Province (ZR2022MC179), and
the National Natural Science Foundation of China (315015904).

Conflicts of interest: The authors declare that they have no known competing
financial interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Ethical approval

The authors approve the ethical guidelines of the journal.

Consent for publication

All authors gave consent to the publication of the study.

References

Chang YF, Tauber MJ, Tauber CA. 1995. Storage of the mass-produced pred-
ator Chrysoperla carnea (Neuroptera: Chrysopidae): influence of photo-
period, temperature, and diet. Environ. Entomol. 24:1365-1374. https:/
doi.org/10.1093/ee/24.5.1365

Chen ZZ, Liu LY, Liu SY, et al. 2017. Response of Chrysoperla nipponensis
(Okamoto) (Neuroptera: Chrysopidae) under long and short photoperiods.
J. Insect Sci. 17:35. https://doi.org/10.1093/jisesa/iex005

Chen ZZ, Wang X, Kong X, et al. 2023. Quantitative transcriptomic and pro-
teomic analyses reveal the potential maintenance mechanism of female
adult reproductive diapause in Chrysoperla nipponensis. Pest Manag. Sci.
79:1897-1911. https://doi.org/10.1002/ps.7375

de Kort CAD. 1990. Thirty-five years of diapause research with the Colorado
potato beetle. Entomol. Exp. Applic 56:1-13.

Denlinger DL. 2002. Regulation of diapause. Annu. Rev. Entomol. 47:93-122.
https://doi.org/10.1146/annurev.ento.47.091201.145137

Denlinger DL. 2008. Why study diapause? Entomol. Res. 38:1-9. https://doi.
org/10.1111/.1748-5967.2008.00139.x

Denlinger DL. 2022. Insect diapause. Cambridge University Press. p. 1-18.
https://doi.org/10.1017/9781108609364.002

Denlinger DL, Yocum GD, Rinehart JP. 2012. Hormonal control of diapause.
In Gilbert LI editor. Insect endocrinology. Academic. p. 430-463

Gao Q, Li B, Tian Z, et al. 2022a. Key role of juvenile hormone in con-
trolling reproductive diapause in females of the Asian lady beetle
Harmonia axyridis. Pest Manag. Sci. 78:193-204. https://doi.
org/10.1002/ps.6619

Gao Q, Li B, Wei BX, et al. 2022b. Juvenile hormone regulates photoperiod-
mediated male reproductive diapause via the methoprene-tolerant gene
in the ladybeetle Harmonia axyridis. Insect Sci. 29:139-150. https://doi.
org/10.1111/1744-7917.12918

Guo S, Wu QW, Tian Z, et al. 2021. Kriippel homolog 1 regulates photope-
riodic reproductive plasticity in the cabbage beetle Colaphellus bowringi.
Insect Biochem. Mol. Biol. 134:103582. https://doi.org/10.1016/;.
ibmb.2021.103582

Han H, Feng ZY, Han SP, et al. 2022. Molecular identification and functional
characterization of methoprene-tolerant (Met) and kriippel-homolog
1 (Krh1) in Harmonia axyridis (Coleoptera: Coccinellidae). J. Econ.
Entomol. 115:334-343. https://doi.org/10.1093/jee/toab252

Hu K, Tian P, Yang L, et al. 2020. Molecular characterization of the Kriippel-
homolog 1 and its role in ovarian development in Sogatella furcifera
(Hemiptera: Delphacidae). Mol. Biol. Rep. 47:1099-1106. https://doi.
org/10.1007/s11033-019-05206-7

Huang HY, Zhao YM, Wu XL, et al. 2021. Effects of exogenous juvenile
hormone on the diapause termination and post-diapause development
of Chrysoperla sinica (Neuroptera: Chrysopidae). Acta Entomol. Sinica
64:392-399. https://doi.org/10.16380/j.kexb.2021.03.011

Jiang JR, Xu YL, Lin X. 2017. Role of Broad-Complex (Br) and Kriippel ho-
molog 1 (Kr-h1) in the ovary development of Nilaparvata lugens. Front.
Physiol. 8:1013. https://doi.org/10.3389/fphys.2017.01013

Jindra M, Bellés X, Shinoda T. 2015. Molecular basis of juvenile hormone
signaling. Curr. Opin. Insect Sci. 11:39-46. https://doi.org/10.1016/j.
€0is.2015.08.004

Kai ZP, Yin Y, Zhang ZR, et al. 2018. A rapid quantitative assay for juvenile
hormones and intermediates in the biosynthetic pathway using gas chro-
matography tandem mass spectrometry. J. Chromatogr. A 1538:67-74.
https://doi.org/10.1016/j.chroma.2018.01.030

Kim M, Denlinger DL. 2010. A potential role for ribosomal protein S2 in
the gene network regulating reproductive diapause in the mosquito
Culex pipiens. J. Comp. Physiol. B 180:171-178. https://doi.org/10.1007/
s00360-009-0406-9

Konopova B, Smykal V, Jindra M. 2011. Common and distinct roles of juve-
nile hormone signaling genes in metamorphosis of holometabolous and
hemimetabolous insects. PLoS One 6:€28728. https://doi.org/10.1371/
journal.pone.0028728

LiK, Jia QQ, LiS. 2019. Juvenile hormone signaling — a mini review. Insect Sci.
26:600-606. https://doi.org/10.1111/1744-7917.12614

Liu W, LiY, Zhu L, et al. 2016. Juvenile hormone facilitates the antagonism be-
tween adult reproduction and diapause through the methoprene-tolerant
gene in the female Colaphellus bowringi. Insect Biochem. Mol. Biol.
74:50-60. https://doi.org/10.1016/j.ibmb.2016.05.004

Liu SY, Gao YQ, Shi RJ, et al. 2024. Transcriptomics provide insights into the
photoperiodic regulation of reproductive diapause in the green lacewing,
Chrysoperla nipponensis (Okamoto) (Neuroptera: Chrysopidae). Insects
15:136. https://doi.org/10.3390/insects 15020136

Minakuchi C, Zhou XF, Riddiford LM. 2008. Kriippel homolog 1 (Krh1)
mediates juvenile hormone action during metamorphosis of Drosophila
melanogaster.  Mech. Dev. 125:91-105. https://doi.org/10.1016/j.
mod.2007.10.002

Minakuchi C, Namiki T, Shinoda T. 2009. Kriippel homolog 1, an early juvenile
hormone-response gene downstream of methoprene-tolerant, mediates its
anti-metamorphic action in the red flour beetle Tribolium castaneum. Dev.
Biol. 325:341-350. https://doi.org/10.1016/j.ydbio.2008.10.016

Parthasarathy R, Sheng ZT, Sun ZY, et al. 2010. Ecdysteroid regula-
tion of ovarian growth and oocyte maturation in the red flour beetle,
Tribolium castaneum. Insect Biochem. Mol. Biol. 40:429-439. https://doi.
org/10.1016/4.ibmb.2010.04.002


https://doi.org/10.1093/ee/24.5.1365
https://doi.org/10.1093/ee/24.5.1365
https://doi.org/10.1093/jisesa/iex005
https://doi.org/10.1002/ps.7375
https://doi.org/10.1146/annurev.ento.47.091201.145137
https://doi.org/10.1111/j.1748-5967.2008.00139.x
https://doi.org/10.1111/j.1748-5967.2008.00139.x
https://doi.org/10.1017/9781108609364.002
https://doi.org/10.1002/ps.6619
https://doi.org/10.1002/ps.6619
https://doi.org/10.1111/1744-7917.12918
https://doi.org/10.1111/1744-7917.12918
https://doi.org/10.1016/j.ibmb.2021.103582
https://doi.org/10.1016/j.ibmb.2021.103582
https://doi.org/10.1093/jee/toab252
https://doi.org/10.1007/s11033-019-05206-7
https://doi.org/10.1007/s11033-019-05206-7
https://doi.org/10.16380/j.kcxb.2021.03.011
https://doi.org/10.3389/fphys.2017.01013
https://doi.org/10.1016/j.cois.2015.08.004
https://doi.org/10.1016/j.cois.2015.08.004
https://doi.org/10.1016/j.chroma.2018.01.030
https://doi.org/10.1007/s00360-009-0406-9
https://doi.org/10.1007/s00360-009-0406-9
https://doi.org/10.1371/journal.pone.0028728
https://doi.org/10.1371/journal.pone.0028728
https://doi.org/10.1111/1744-7917.12614
https://doi.org/10.1016/j.ibmb.2016.05.004
https://doi.org/10.3390/insects15020136
https://doi.org/10.1016/j.mod.2007.10.002
https://doi.org/10.1016/j.mod.2007.10.002
https://doi.org/10.1016/j.ydbio.2008.10.016
https://doi.org/10.1016/j.ibmb.2010.04.002
https://doi.org/10.1016/j.ibmb.2010.04.002

10

Huang et al.

Sim C, Denlinger DL. 2008. Insulin signaling and FOXO regulate the
overwintering diapause of the mosquito Culex pipiens. Proc. Natl. Acad.
Sci. USA. 105:6777-6781. https://doi.org/10.1073/pnas.0802067105

Smykal V, Bajgar A, Provaznik J, et al. 2014. Juvenile hormone signaling during
reproduction and development of the linden bug, Pyrrhocoris apterus. Insect
Biochem. Mol. Biol. 45:69-76. https://doi.org/10.1016/j.ibmb.2013.12.003

Song JS, Wu ZX, Wang ZM, et al. 2014. Kriippel-homolog 1 mediates juve-
nile hormone action to promote vitellogenesis and oocyte maturation in
the migratory locust. Insect Biochem. Mol. Biol. 52:94-101. https://doi.
org/10.1016/j.ibmb.2014.07.001

Spielman A. 1974. Effect of synthetic juvenile hormone on ovarian diapause
of Culex pipiens mosquitoes. J. Med. Entomol. 11:223-225. https://doi.
org/10.1093/jmedent/11.2.223

Tian Z, Guo S, Li JX, et al. 2021. Juvenile hormone biosynthetic genes are critical
for regulating reproductive diapause in the cabbage beetle. Insect Biochem.
Mol. Biol. 139:103654. https://doi.org/10.1016/j.ibmb.2021.103654

Wang X, Kong X, Liu SY, et al. 2020. Selection of reference genes for quantita-
tive real-time PCR in Chrysoperla nipponensis (Neuroptera: Chrysopidae)
under tissues in reproduction and diapause. J. Insect Sci. 20:1-10. https:/
doi.org/10.1093/jisesa/icaa079

Xu YY, Mu JY, Hu C. 1999. Research and utilization of Chrysoperla sinica.
Entomol. Knowledg. 36:313-315.

Xu YY, Hu C, Mu JY, et al. 2002. Relationship between adult diapause de-
velopment and over-wintering coloration changes in Chrysoperla sinica
(Neuroptera). Acta Entomol. Sinica 22:1275-1280.

Yue Y, Yang RL, Wang WP, et al. 2018. Involvement of Met and Krhl in
JH-mediated reproduction of female Bactrocera dorsalis (Hendel). Front.
Physiol. 9:482. https://doi.org/10.3389/fphys.2018.00482

Zhang WN, Ma L, Liu C, et al. 2018. Dissecting the role of Kriippel homolog
1 in the metamorphosis and female reproduction of the cotton boll-
worm, Helicoverpa armigera. Insect. Mol. Biol. 27:492-504. https://doi.
org/10.1111/imb.12389

Zhu SM, Liu FF, Zeng HC, et al. 2020. Insulin/IGF signaling and TORC1
promote vitellogenesis via inducing juvenile hormone biosynthesis in
the American cockroach. Development 147:dev188805. https:/doi.
org/10.1242/dev.188805

Zhu 7ZD, Hu QH, Tong CM, et al. 2021. Transcriptomic analysis
reveals the regulation network of BmKriippel homolog 1 in the oo-
cyte development of Bombyx mori. Insect Sci. 28:47-62. https://doi.
org/10.1111/1744-7917.12747


https://doi.org/10.1073/pnas.0802067105
https://doi.org/10.1016/j.ibmb.2013.12.003
https://doi.org/10.1016/j.ibmb.2014.07.001
https://doi.org/10.1016/j.ibmb.2014.07.001
https://doi.org/10.1093/jmedent/11.2.223
https://doi.org/10.1093/jmedent/11.2.223
https://doi.org/10.1016/j.ibmb.2021.103654
https://doi.org/10.1093/jisesa/ieaa079
https://doi.org/10.1093/jisesa/ieaa079
https://doi.org/10.3389/fphys.2018.00482
https://doi.org/10.1111/imb.12389
https://doi.org/10.1111/imb.12389
https://doi.org/10.1242/dev.188805
https://doi.org/10.1242/dev.188805
https://doi.org/10.1111/1744-7917.12747
https://doi.org/10.1111/1744-7917.12747

	Krüppel homolog 1 mediates juvenile hormone action to suppress photoperiodic reproductive diapause-related phenotypes in the female Chrysoperla nipponensis (Neuroptera: Chrysopidae)
	Introduction
	Materials and Methods
	Insect Rearing
	JH Titer Measurement
	Triglyceride Content Measurements
	Total RNA Extraction, cDNA Synthesis, and Real-Time qRT-PCR Analysis
	RNAi
	Exogenous JH Application
	Ovarian Size Measurement
	Statistical Analysis

	Results
	Short-day Photoperiod Reduced JH Synthesis and JH-related Gene Expression in Diapause C. nipponensis
	SD Photoperiod Suppresses Females’ Ovarian Development and Promotes Triglyceride Accumulation in Diapause C. nipponensis
	JH III Induces Ovarian Development But Restrains Lipid Accumulation in Diapause Lacewing
	The Knockdown of Kr-h1 in Reproductive Females Exhibits a Diapause-like Phenotype

	Discussion
	Acknowledgments
	References


