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Abstract

Most multivoltine insects in temperate zones enter diapause in response to short days. The photoperiod is evaluated in these
organisms by a photoperiodic time measurement system, which involves the circadian clock, and activates or inactivates
endocrine organs or cells to alter their physiological status. Although the physiological mechanisms underlying insect
photoperiodism have been extensively studied, the molecular linkage between the circadian clock and endocrine signaling
pathways remains unclear. In this study, we evaluated the bean bug Riptortus pedestris (F.) (Hemiptera: Alydidae), which
enters adult (reproductive) diapause in response to short days. A gene encoding the insulin-like peptide ILP1, which is
expressed in the pars intercerebralis in the brain, was upregulated and involved in fecundity under long days. IlpI appeared
to function independently of the photoperiodic response controlled by juvenile hormone signaling. Cyp15, which encodes
an epoxidase crucial for juvenile hormone biosynthesis, was upregulated and involved in ovarian development under long
days. RNA interference targeted against the circadian clock gene per canceled the /ip/ and Cyp15 suppression and allowed
females to be reproductive even under diapause-inducing short days. Thus, the circadian clock may control the photoperiodic

response by altering the expression of key elements in two independent endocrine pathways.
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Introduction

Photoperiodism is the ability to respond to photoperiods and
enables organisms to coordinate their physiological status
with annual changes in their biotic and abiotic environments
(Danks 1987; Tauber et al. 1986). The most well-known
photoperiodic event among insects is diapause, during which
development or reproduction is suppressed or arrested and
metabolic activity is extensively reduced. Diapause at the
egg, larval (or nymphal), and pupal stages is characterized
by developmental arrest or suspension, whereas the cen-
tral feature of diapause at the adult stage is the cessation
of reproduction (Denlinger 2022). For example, adults of
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the bean bug Riptortus pedestris (F.) (Hemiptera: Aly-
didae) allocate energy resources to the reproductive organs
to develop these organs for reproductive activities under
summer long-day conditions. By contrast, under autumnal
short-day conditions, adults accumulate lipids and suppress
reproductive organ development for overwintering (Morita
et al. 1999; Numata and Hidaka 1982).

Insects assess day or night length using a photoperiodic
time measurement system, which is a function of the cir-
cadian clock (Nelson et al. 2009). The circadian clock is
a biological time-keeping system that controls organismal
rhythms over approximately 24 h and is established by a
dozen of circadian clock genes, including period (per),
mammalian-type cryptochrome (cry-m), Clock (Clk), cycle
(cyc), timeless, PAR-domain protein 1, vrille, and clockwork
orange (Patke et al. 2020; Tomioka and Matsumoto 2019).
Knockdown or knockout of circadian clock genes disrupts
photoperiodic responses in various insect species (Goto and
Nagata 2022; Ikeda et al. 2021; Meuti et al. 2015; Mukai and
Goto 2016; Tamai et al. 2019; Zhu et al. 2019). For example,
knockdown of per and cry-m induces ovarian development
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even under diapause-inducing short-day conditions in R.
pedestris. By contrast, knockdown of cyc and Clk suppressed
ovarian development even under diapause-averting long-day
conditions (Ikeno et al. 2010, 2011a, b, 2013). Thus, the cir-
cadian clock composed of these circadian clock genes may
be involved in photoperiodic time measurement (Numata
et al. 2015).

Insect diapause is regulated by ecdysteroids, juvenile
hormone (JH), diapause hormone, and insulin-like peptides
(ILPs). Among them, JH and ILPs play major roles in adult
diapause (Denlinger 2022). JH is an acyclic sesquiterpe-
noid that is synthesized in the endocrine organ, the corpus
allatum (CA), and by a series of JH biosynthetic enzymes
such as JH acid methyltransferase (JHAMT) and cytochrome
P450 15 (CYP15) (Goodman and Cusson 2012). Analysis of
the photoperiodic control of the JH titer, JH biosynthesis in
the CA, and expression of JH biosynthetic enzymes revealed
that inactivation of CA leads to a low JH hemolymph titer to
induce adult diapause (Hejnikova et al. 2022; de Kort et al.
1982; Larrere et al. 1993; Matsumoto et al. 2013; Okuda
et al. 1996; Rankin and Riddiford 1978; Readio et al. 1999).
Additionally, in R. pedestris, allatectomy suppressed repro-
duction even under diapause-averting long-day conditions
(Morita and Numata 1997). Furthermore, topical application
of JH III skipped bisepoxide (JHSB;), the JH of this species,
and a JH analog induced expression of Vitellogenin-1 (Vg-1)
and the hexameric yolk protein gene Cyanoprotein-a (CP-a)
in the fat body as well as ovarian development (Ando et al.
2020; Hirai et al. 1998; Miura et al. 1998). Thus, JH causally
regulates diapause in R. pedestris.

Studies of the mosquito Culex pipiens provided strong
evidence that insulin signaling is also a pivotal component
regulating photoperiodic adult diapause (Sim and Denlinger
2008, 2009; Sim et al. 2015). In Drosophila melanogaster,
insulin signaling, initiated in insulin-producing cells in the
brain, controls the insulin cascade in the CA, ultimately
leading to ovarian development by stimulating JH biosyn-
thesis (Kubrak et al. 2014; Ojima et al. 2018; Schiesari et al.
2016). Apart from the photoperiodic response, an axis from
ILPs to vitellogenin gene expression through JH has been
proposed in the red flour beetle Tribolium castaneum (Sheng
et al. 2011). ILPs are expressed in the dorsocentral part of
the brain (pars intercerebralis, PI) in various insect species
(Barbera et al. 2019; Broughton et al. 2005; Cuti et al. 2021;
Goltzené et al. 1992; Mizoguchi et al. 1987; Riehle et al.
2006; Vafopoulou and Steel 2012; Xu et al. 2015). Surgical
removal of the PI disrupted photoperiodic ovarian develop-
ment, supporting a crucial role for ILPs in insect photo-
periodism (Hodkova 1976; Hodkova and Okuda 2019; Poras
1982; Shiga and Numata 2000).

However, the role of ILPs in R. pedestris would be dif-
ferent from these species. Surgical removal of the PI did not
affect photoperiodic regulation of ovarian development in
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R. pedestris, although fecundity was affected under long-
day conditions (Shimokawa et al. 2008, 2014). Silencing
of genes encoding two ILPs, Iip] and Ilp2, affected fecun-
dity but not ovarian development (Hasebe and Shiga 2021).
Alternatively, ovarian development is regulated by JH (Ando
et al. 2020; Morita and Numata 1997). These results suggest
that the ILP signaling pathway does not reside upstream of
the JH signaling pathway, in contrast to that in C. pipiens
and D. melanogaster, rather these pathways independently
regulate photoperiodic responses under the control of the
photoperiodic time measurement system in R. pedestris.
However, the photoperiodic regulation of ILPs, location
of ILP-producing cells in the brain, and molecular link-
age between the circadian clock and ILP and JH signaling
pathways are unclear. Thus, an overall understanding of
the molecular mechanisms underlying photoperiodism is
lacking.

In this study, we examined the relationship between
the ILP and JH signaling pathways in the photoperiodic
response. We investigated the photoperiodic and temporal
regulation of IlpI and Ilp2, location of cells expressing ILP1,
and function of ILP1 in the photoperiodic response using
RNA interference (RNAi). We also evaluated the molecu-
lar linkage between the circadian clock and two endocrine
pathways. Many studies have shown that the circadian clock
is involved in the photoperiodic induction of diapause; how-
ever, how the clock affects the endocrine effector is not well
understood. To evaluate this, we investigated the photoperi-
odic and temporal regulation of Cypl5 and jhamt and the
hemolymph JH titer. The function of Cyp15 in photoperiodic
ovarian development was also investigated. Furthermore,
we examined the effect of RNAI targeted to per on ovarian
development, expression of I[pI and Cypl5, and hemolymph
JH titer.

Materials and methods
Insects

Colonies of R. pedestris were established using indi-
viduals captured in Osaka, Japan (34.59°N, 135.51°E) in
2018-2021. Their progeny (G,—G;) were reared in a cylin-
drical cage (15 cm high and 15 cm diameter) in groups from
the egg stage under diapause-inducing short-day (12 h light
and 12 h dark; SD) conditions at 25 + 1 °C. Within 24 h after
adult emergence, the females were individually separated
into small plastic cases (4 cm high and 10 cm diameter)
and maintained under diapause-averting long-day (16 h
light and 8 h dark; LD) conditions or were continuously kept
under SD conditions. The insects were supplied with water
containing 0.05% sodium ascorbate and 0.025% L-cysteine
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(w/v), soybean grain, and red clover seeds (Kamano 1991).
Day 0 was defined as the day of adult emergence.

Gene identification

We obtained the Ilpl, Ilp2, jhamt, and Cypl5 sequences
from the R. pedestris RNA-seq data (PRJIDB7548 and
PRIJDB10569). The amino acid sequences of DILP2,
DILP6, and JHAMT of D. melanogaster, Bombyxin A-1
and Bombyx IGF-like peptide (BIGFLP) from Bombyx mori,
and Cypl5 A-1 of Diploptera punctata were used as que-
ries in tBLASTn searches with the Bioedit program (Hall
1999). The accession numbers of these query sequences and
sequences of R. pedestris are shown in Table 1.

ILPs can be divided into three classes based on their
homology and C-peptide domain lengths estimated from the
positions of two potential dibasic cleavable sites (Gronke
and Partridge 2010; Mizoguchi and Okamoto 2013). To dis-
tinguish the classes, the amino acid sequences of ILP1 and
ILP2 of R. pedestris were compared with those of the above-
mentioned ILPs using ClustalW (Thompson et al. 1994).
The signal peptide was estimated by signalP 5.0 (https://
services.healthtech.dtu.dk/service.php?SignalP-5.0).

RT-qPCR

Reverse-transcription quantitative PCR (RT-qPCR) was
performed to estimate the relative amount of target mRNA
in the whole head with the prothorax (WH + PT), dorso-
central part of the brain (PI), brain and subesophageal
ganglion without the PI (Br+ SOG-PI), corpora cardiaca

Table 1 Accession numbers of amino acid and nucleotide sequences
used in the present study

Amino acid/nucleotide  Species Accession no
Amino acid

BIGFLP Bombyx mori NP_001138796
BOMBYXIN A-1 Bombyx mori XP_004934106
CYPI15 A-1 Diploptera punctata AAS13464.1
DILP2 Drosophila melanogaster ~ AAF50204
DILP6 Drosophila melanogaster  AAF45773
JHAMT Drosophila melanogaster ~ AAF53533
Nucleotide

CP-a Riptortus pedestris D87272

Cypl5 Riptortus pedestris TIADRO1070114
lipl Riptortus pedestris ICRD01003192
lip2 Riptortus pedestris ICRDO01122962
Jjhamt Riptortus pedestris IADRO1018524
per Riptortus pedestris AB379862
Vg-1 Riptortus pedestris u97277

and CA with a part of the aorta (CC + CA), and fat body.
Samples were collected at ZT 6-12. Total RNA was
extracted using Trizol reagent (Thermo Fisher Scientific,
Waltham, MA, USA) and treated with deoxyribonucle-
ase (RT-grade) for Heat stop (NIPPON GENE, Toyama,
Japan). cDNA was synthesized using a High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). Quantitative PCR was performed
using a CFX connect™ Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) according to the standard
curve method with Go Taq qPCR Master Mix (Promega,
Madison, WI, USA) and the primer sets shown in Table 2.
p-Tubulin (tub) was used as a reference gene for normali-
zation (Ikeno et al. 2011b).

Immunohistochemistry

We prepared a rabbit polyclonal antibody against a nona-
peptide (CGGSYNSPF), which is the C-terminal region
of the ILP1 B-chain of R. pedestris (Cosmo Bio, Tokyo,
Japan). The antibody was diluted by 1:1000 in 10% normal
goat serum in phosphate-buffered saline (PBS) containing
0.1% Triton X-100 (PBSTx). A goat anti-rabbit IgG H&L
conjugated with Alexa Fluor® 488 (Abcam, Cambridge,
UK) was used as a secondary antibody at a 1:500 dilution
in 10% normal goat serum in PBSTx.

The whole brains were dissected from adult females
on day 13 in ice-cold PBS and fixed with 4% paraformal-
dehyde in PBSTx overnight. The antigen was retrieved in
citrate buffer (pH 6.0) at 95 °C for 10 min and cooled at
room temperature (18-25 °C) for 10 min. After washing
in PBSTx and preincubation in 10% normal goat serum,
the brain samples were incubated with primary antisera
solution for 7 days at 4 °C. The brains were washed in
PBSTx, preincubated in 10% normal goat serum, and
incubated with the secondary antibody solution for 7 days
at 4 °C. The brains were then washed with PBSTx and
incubated with 4',6-diamidino-2-phenylindole dihydro-
chloride (DAPI) at a final concentration of 100 ng/pL in
PBS overnight. For fluorescence microscopy, the brains
were dehydrated using an ethanol series (70%, 80%, 90%,
99%, and 100%) and cleared in methyl salicylate. The
fluorescence of the samples was detected using confo-
cal laser microscopy (DM6000CS, Leica Microsystems,
Wetzlar, Germany) and analyzed with LAS X software
(Leica Microsystems). The number of ILP1 immunoreac-
tive (ILP1-ir) cells was estimated by counting the DAPI-
stained nuclei in the ILP1-ir fluorescence images. Anti-
body specificity was confirmed in a preabsorption test,
in which the primary antibody solution was preabsorbed
with the synthesized nonapeptide at a final concentration
of 10 pg/mL overnight at 4 °C.
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Table 2 Nucleotide sequences of the primers used in this study

Gene Primer name Sequence (5'-3")
For dsRNA synthesis
bla blaF TCG CCG CAT ACA CTA TTC TC
blaR TAC GAT ACG GGA GGG CTT AC
blaT7F GGA TCC TAA TAC GAC TCA CTA TAC GTC GCC GCA TAC ACT ATT CTC
blaT7R GGA TCC TAA TAC GAC TCA CTA TAC GTA CGA TAC GGG AGGGCTT
Cypl5 CYPI5F TAC CGC TCT TGC CCT ACT CA
CYPI5S R CGG CCA TTA GTG TCC AAA GA
CYPI5 T7F TAA TAC GAC TCA CTA TAG GTA CCG CTC TTG CCC TAC TCA
CYPI5 T7R TAA TAC GAC TCA CTA TAG GCG GCC ATT AGT GTC CAA AGA
Iipl ILPIF GCC ATA GAA AAG GCA GAC CA
ILPIR TGC TCA GAC TCC TTT TGC AC
ILPIT7F TAA TAC GAC TCA CTA TAG GGC CAT AGA AAA GGC AGA CCA
ILPIT7R TAA TAC GAC TCA CTA TAG GTG CTC AGA CTC CTT TTG CAC
per per F GGG GAA GAT TTC TCC CGT AG
per R GAA CGT AGG GCA TTT GCT GT
per T7F TAA TAC GAC TCA CTA TAG GGG GGA AGA TTT CTC CCG TAG
per T7R TAA TAC GAC TCA CTA TAG GGA ACG TAG GGC ATT TGC TGT
For gPCR
CP-a CPa gF TAG ACC TCT TGG TCG GAG TT
CPa gqR CAG GAA CTC TCG TGG GTA TTT
Cypl5 CYP15 gF CCCTTCCTT CGC TTT CTC TTA C
CYP15 qR GGA TCT CCT GTG ATC TTC AACC
lipl ILP1 gF GAA CTT CTC CTC CTC TCT TTG G
ILP1 qR AAT CTG GGC AGA CCT CTT ATT C
lip2 ILP2 gqF2 GGC TAC GCC ATA GGA AAT CAA
ILP2 qR2 AGA ACT AGA GTT CGC CCT AAG A
Jjhamt jhamt gF GAT GCG GTC CAG GAG ATTT
jhamt gR GTC CAC TGC CGT CTT AGA TAT G
tub tubul gper F CTC AAC AAA TGT TCG ATG CTA AAA A
tubul gper R GCG ACC GTGCCTTGG A
Vg-1 Vgl gF TCA AGC CAG GCC AGA ATT AG
Vgl gR CGT GTT GAT TGC TGT TTG AGA A

RNA interference

RNAi-mediated gene silencing was performed by double-
stranded (ds) RNA injection. Total RNA was extracted
from adult females as described above. cDNA was syn-
thesized with oligo (dT);,_;5 primer and M-MLYV reverse
transcriptase (Thermo Fisher Scientific). The DNA tem-
plate for dSRNA synthesis was amplified using the primers
shown in Table 2 and Pwo Super Yield DNA polymerase
(Roche, Basel, Switzerland). A T7 RiboMAX™ RNA sys-
tem (Promega) was used to synthesize the dsSRNAs of per,
Cypl5, and Ilp1 according to the manufacturer’s instruc-
tion. On day 0, the adults were anesthetized on ice, and
their heads were injected with 1 pL of dsCyp15 (5 pg/pL),
dsper (1 pg/pL), or dslipl (1 pg/pL) RNA. The dsRNA
of bacterial f-lactamase (bla), a control gene, was also
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synthesized and injected at the same concentration (1 or
5 pg/pLl).

Fecundity and ovarian development

For the fecundity assay, adults were individually transferred
to LD conditions on day 0. A single female and two males
were placed in a single case on day 7, and the number of
eggs deposited was recorded daily from days 8 to 20.

For ovarian development, adult females were dissected
under a stereoscopic microscope and their ovaries were
checked on day 13 or 20. The ovarian status was evaluated as
described by Numata and Hidaka (1982): no oocytes as stage
0, one oocyte as stage I, two transparent oocytes as stage
II, light-blue yolk deposition in the basal oocytes as stage
III, light-blue yolk deposition in two oocytes as stage IV,
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and post-ovulation as stage V. Females in stages 0—II were
considered to be in diapause and those in stages III-V were
considered as non-diapause (Numata and Hidaka 1982).

Hemolymph JH quantification

To collect the hemolymph, a decapitated adult female was
placed head-down in a perforated 0.5 mL tube inserted in
a 1.5 mL silicon-coated tube. The tube was centrifuged at
100 x g for 5 min at 4 °C, and the collected hemolymph was
stored at -80 °C until use.

Hemolymph sample preparation and ultra-perfor-
mance liquid chromatography—tandem mass spectrometry
(UPLC-MS/MS) analysis were performed as described
by Ando et al. (2020) and Lee et al. (2019). Briefly, 16-20
pL of hemolymph from 4 to 18 individuals was added to
200 pg of synthetic JH III (internal control; Sigma-Aldrich,
St. Louis, MO, USA). The sample was mixed with 500 pL
of methanol and incubated for 5 min on ice. After adding
500 pL of 2% NaCl solution (w/v), the sample was extracted
with 200 pL of hexane, and the supernatant was transferred
to another tube after centrifugation at 3000 X g for 5 s. This
process was repeated 3 times. The pooled extract was dried
in a centrifugal evaporator (CVE-2200, EYELA, Tokyo,
Japan). The sample was suspended in 20 pL. of metha-
nol and transferred to a dedicated tube (Autosampler vial
#186000385C, Waters, Milford, MA, USA). This process
was repeated 2 times.

The UPLC-MS/MS (ACQUITY UPLC H-Class, Xevo
TQ-S micro, Waters) and a C18 column (ACQUITY UPLC
BEH C18 Column, 2.1 X 100 mm, 1.7 pum particle size,
Waters) were used to detect JHSB; and JH III with Mass-
Lynks software (Waters). The solvent for the C18 column
was water: methanol =2:8, and the flow rate was 0.2 mL/
min. MS/MS analysis revealed the fragment ions of JHSB;
and JH III at m/z=283.2>233.2 and m/z=267.3>43.0,
respectively (Ando et al. 2020). The hemolymph JHSB;
concentration was corrected according to the peak area of
the control JH III.

Statistical analysis

The statistical analysis was conducted in R Studio Version
2022.2.0.443 and R version 4.1.2.

Results

ILP classes

tBlastn searches detected two Ilp sequences, IlpI and IIp2.

Insect ILPs can be divided into 3 classes, i.e., ILP (sensu
stricto), IGFLP, and DILP7-like (Gronke and Partridge

2010). To determine the classes of Ilpl and Ilp2, their
amino acid sequences and domain structures were compared
with those of ILPs from other insect species (Fig. 1). The
R. pedestris ILP1 amino acid sequence contained a long
C-peptide, which is characteristic of members of the ILP
(sensu stricto) class including DILP2 and Bombyxin A-1
(Fig. 1, upper panel). The positions of cysteine residues and
dibasic cleavable sites were well conserved among species.
The R. pedestris ILP2 amino acid sequence contained a short
C-peptide, which is characteristic of members of the IGFLP
class including DILP6 and BIGFLP (Fig. 1, lower panel).
The positions of the cysteine residues were also conserved.

Expression of llp7 and lip2

We investigated the photoperiodic and temporal changes in
Ilp expression (Fig. 2a). The relative amount of /lp/ mRNA
gradually increased from days 5 to 13 under LD conditions
(4.1-fold increase compared to the median), whereas no
temporal change was detected under SD conditions. The
amount of /I[p] mRNA was significantly higher in LD than
in SD on day 13 (3.1-fold increase compared to the median;
Student's 7 test, P <0.05), but not on other days (Student's ¢
test, P> 0.05). The relative amounts of /[p2 mRNA did not
change temporally and photoperiodically (day 5; Welch's
t test, days 9 and 13; Student's 7 test, P> 0.05). RT-qPCR
analysis revealed that Ilp] was highly expressed in the PI
(Fig. 2b).

Immunohistochemical staining verified specific ILP1
expression in the PI; the antibody against R. pedestris ILP1
detected ILP1-ir cells in the dorsocentral part of the brain
(Fig. 3a—c). Absorption control experiment for the ILP1 anti-
body revealed autofluorescence only in the retina, confirm-
ing the specificity of the ILP1 antibody (data not shown).
The most frequent number of ILP1-ir cells was six in each
hemisphere and was identical between photoperiodic condi-
tions (Fig. 3d).

Effects of lip1 RNAi on egg number and yolk protein
expression

Injection of dslipl effectively downregulated Ilpl expres-
sion (91.3% reduction compared to the median; Welch's ¢
test, P <0.05) (Fig. 4a). Control females laid an average of
2.64-5.55 eggs every day. Females injected with dslip/ also
laid eggs but their daily number was 1.77-4.08, which was
significantly smaller than the number of control females
(two-way ANOVA, P <0.05) (Fig. 4b). IlpI RNAI did not
affect the expression of the yolk proteins Vg-I and CP-a in
the fat body (Fig. 4c; Student's ¢ test, P>0.05), suggesting
that the low fecundity of 7lpI RNAi females was not caused
by downregulation of yolk proteins.
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Fig.1 Structures and amino acid sequences of ILPs (sensu stricto) signal peptide (SP) are shown in boxes. “S—S” indicates the disulfide
(upper panel) and IGFLPs (lower panel). Rped ILP1 and Rped ILP2 bond. Asterisks indicate conserved amino acid residues. Poten-
are from Riptortus pedestris, DILP2 and DILP6 are from Drosoph- tial cleavage sites estimated by dibasic amino acids are shown with
ila melanogaster, and Bombyxin A-1 and BIGFLP are from Bom- shaded letters. Italicized “C” indicates conserved cysteine residue.
byx mori. Predicted domains of the A- and B-chains, C-peptide, and For accession numbers, see Table 1
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Fig.2 Expression profiles of /lp/ and llp2. a Amounts of /lp] and
1lp2 mRNAs in the whole head with the prothorax (WH+ PT) of vir-
gin adult females on days 5, 9, and 13 under short-day (SD) and long-
day (LD) conditions. n=6-7. *, The Student’s ¢ test (P <0.05). b Iip]
mRNA amounts in the brain and subesophageal ganglion without the
pars intercerebralis (Br+ SOG-PI) and pars intercerebralis (PI) on day
13 under LD conditions. n=8. Each plot indicates a sample from a
single individual. The highest value was set at 1.0. The middle line in
the box indicates the median, and the upper and lower lines of the box
indicate the quartile

Hemolymph JHSB3 concentration and Cyp15
and jhamt expression

The photoperiodic and temporal profiles of JHSB; con-
centrations in the hemolymph are shown in Fig. 5a. The
JHSB; concentration increased under LD conditions (two-
way ANOVA, P <0.05). The JHSB; concentration increased
from days 9—13 (3.6-fold increase compared to the average),
but decreased on day 20 under LD conditions. By contrast,
the JHSB; concentration remained low under SD conditions,
irrespective of the days after adult emergence (Fig. 5a).
We further investigated temporal and photoperiodic regu-
lation of CyplI5 and jhamt. Under LD conditions, Cypl5
expression increased from days 5 to 9 and remained high
on day 13. The amounts were consistently higher under
LD than SD on all dates (3.3-6.8-fold increase compared
to the median; Welch's ¢ test, P <0.05) (Fig. 5b). The rela-
tive amounts of jhamt mRNA gradually increased from

days 5—-13, with no or little photoperiodic change (Student's
ttest, P>0.05) (Fig. 5b). Cyp15 was highly expressed in the
CC-CA complex (Fig. 5¢).

Effects of Cyp15 RNAi on ovarian development

Cyp15 mRNA amounts were significantly lower in females
injected with dsCypl5 than in control (dshla-injected)
females on day 13 under LD conditions (74% reduction
compared to the median) (Fig. 6a, Student's ¢ test, P <0.05).
Ovarian development was affected by Cyp15 RNAi; the pro-
portion of females that had ovulated mature eggs (stage V)
was 88.0% in the dsbla-injected group, whereas that in the
dsCypl15 group was only 42.4% (Fig. 6b), which was a sig-
nificant difference (Mann—Whitney U test; P <0.05).

Effects of per RNAi on lip1 and Cyp15 expression

We focused on the role of the circadian clock in endocrine
regulation. Injection of dsper weakly but significantly
reduced per mRNA amounts (24% reduction compared to
the median) (Fig. 7a, Welch's ¢ test, P <0.05). RNAI tar-
geted to per increased the number of vitellogenic females
(Fig. 7b, Fisher's exact test, P <0.05). RNAi targeted to per
also significantly induced Ilp/ and Cyp15 expression on day
20 under SD conditions (1.9- and 4.8-fold increment com-
pared to the median, respectively) (Fig. 7c; Student's ¢ test,
P <0.05), suggesting that these genes reside downstream of
the circadian clock. Upregulation of Cypl5 via per RNAIi
was reflected as an increment in hemolymph JHSB; concen-
trations (Fig. 7d, Welch's ¢ test, P =0.089).

Discussion

Both ILP (sensu stricto) and IGFLP regulate systemic
growth, but their expression sites and regulatory elements
differ. ILPs are mainly expressed in the PI in the brain and
regulated by sugars in the hemolymph, peptides from the
peripheral tissues, and neurotransmitters in the brain. By
contrast, IGFLPs are mainly expressed in the fat body and
regulated by nutrients such as amino acids, lipids, and carbo-
hydrates in the hemolymph (Néssel and Broeck 2015; Oka-
moto and Yamanaka 2015). We found that in R. pedestris,
Ilp1, which belongs to the ILP (sensu stricto) class, was
downregulated under SD conditions, whereas Ilp2, which
belongs to the IGFLP class, was not regulated in a pho-
toperiodic manner. Photoperiodic regulation of ILPs was
also reported in other insect species. In C. pipiens, genes
encoding ILP-1 and ILP-5 are downregulated in diapaus-
ing females, but a gene encoding ILP-2 is not downregu-
lated (Sim and Denlinger 2009). In A. pisum, Ilpl and Ilp4
are downregulated under SD conditions, which are sexual
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Fig.3 Immunofluorescence of a
ILP1 in the whole brain of adult
female Riptortus pedestris. a
ILP1 immunoreactive(ir)-cells
in dorsal view of the whole
brain. b Schematic drawing of
a. ¢ Enlarged photo inside of the
dashed line in a. Twelve ILP1-ir
cells were detected (arrow-
heads). d Number of ILP1-ir
cells detected in the left (L) and
right (R) brain hemispheres
under short-day (SD) and long-
day (LD) conditions. n=>5-7

morphs producing conditions. (Barbera et al 2019; Cuti et al.
2021). We verified that ILP1 is specifically expressed in the
PI of R. pedestris. The single-cell PCR also supported ILP1
expression in the PI of this species (Hasebe and Shiga 2021).

In C. pipiens, RNAI targeted to the genes encoding insu-
lin-like receptor and ILP-1 suppressed photoperiodic ovarian
development, whereas JH III and JH analogs rescued this
suppression (Sim and Denlinger 2008, 2009). In D. mela-
nogaster, in which dormancy is regulated by JH (Kurogi
et al. 2021), ovarian development was found to be more
retarded in /lp2-3- and Ilp5-deficient mutants than in control
flies (Kubrak et al. 2014). An extensive genetic dissection
of the insulin signaling pathway verified that ILP2 and ILP5
are key antagonists of ovarian arrest (Schiesari et al. 2016).
Ojima et al. (2018) further revealed in D. melanogaster that
insulin signaling, initiated in insulin-producing cells in the
brain, regulates the insulin cascade in the CA to induce yolk
accumulation in the egg by stimulating JH biosynthesis.
Thus, in these species, ILP resides upstream of the JH bio-
synthesis pathway and controls the JH biosynthetic process
to regulate the photoperiodic response (Kurogi et al. 2021;
Sim and Denlinger 2013a); however, this is not the case in
R. pedestris. The present study revealed that Ilp] regulated
fecundity, but this effect was not caused by suppression of
yolk protein expression. Hasebe and Shiga (2021) also dem-
onstrated in R. pedestris that IlpI is important in promoting
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oviposition but plays no or little role in ovarian develop-
ment. Previous studies revealed that yolk protein expres-
sion and ovarian development are regulated by JH in this
species (Hirai et al. 1998; Miura et al. 1998). Furthermore,
surgical removal of the PI, which contains insulin-producing
cells, did not affect photoperiodic ovarian development but
affected fecundity in R. pedestris (Shimokawa et al. 2008,
2014). Thus, in R. pedestris, ILP1 does not reside upstream
of JH signaling. The ILP and JH signaling pathways inde-
pendently regulate different photoperiodic events.

Next, we focused on photoperiodic regulation of jhamt
and Cypl)5 in the JH biosynthesis pathway. Their impor-
tant roles in the JH biosynthetic process have been veri-
fied in various insect species (Daimon et al. 2012; Helvig
et al. 2004; Li et al. 2013; Marchal et al. 2011; Minakuchi
et al. 2008; Niwa et al. 2008; Nouzova et al. 2021; Shi-
noda and Itoyama 2003). In the present study, photoperi-
odic regulation of jhamt was undetectable, in contrast to
that of Cypl5. Cypl5 expression was suppressed under SD
conditions compared to that under LD conditions, in which
Cypl5 was expressed in the CC—CA complex. In addition,
Cypl5 suppression was associated with a low hemolymph
JHSB; concentration under SD conditions. We also found
that CypI5 RNAI suppressed ovarian development. These
results suggest that Cyp15 is the photoperiodic regulator in
the JH biosynthesis cascade in the CA of R. pedestris. The
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Fig.4 Effects of llpl dsRNA injection on /lpl mRNA amounts (a)
number of eggs deposited (b), and Vg-I and CP-a mRNA amounts
(c) in adult females of Riptortus pedestris under long-day condi-
tions. a /l[p] mRNA amounts in the whole head with the prothorax
(WH+PT) on day 20 are shown. Each plot indicates a sample from
a single individual. An asterisk indicates a significant difference
(Welch's ¢ test, P<0.05). n=11-13. b Number of eggs deposited
each day. Females were individually reared with two males, and the
number of eggs was counted every day. Closed and open circles indi-
cate the mean egg numbers in dsbla- (n=11) and dslipI-injected

roles of jhamt and Cypl5 in photoperiodic diapause have
also been examined in several insect species. For example,
both jhamt and Cyp15 are downregulated in diapause-des-
tined females of the cabbage beetle Colaphellus bowringi
(Tian et al. 2021). Similar results were obtained in diapaus-
ing Danaus plexippus (Zhan et al. 2011). In contrast to in
R. pedestris, RNAI targeted to Cyp15 did not decrease ovar-
ian development in C. bowringi, whereas RNAI targeted to
jhamt did (Tian et al. 2021). The function of CypI5 in the
photoperiodic signaling pathway may be species-specific.
Although RNAI of circadian clock genes verified the
involvement of the circadian clock in photoperiodism in var-
ious species (Goto 2022), it has been veiled how the clock
regulates endocrine signaling pathways. The present study
revealed that RNAi targeted to per induced Ilp! and Cypl5
expression, boosted hemolymph JH concentrations, and
finally induced ovarian development. These results indicate
that the circadian clock governs the photoperiodic response
by altering the expression of key elements in two endocrine
pathways. In the brain of R. pedestris, two PER-ir cells are
located in an anterior medial region of the medulla, which is
close to the accessory medulla, and named as “lateral neu-
ron lateral (LNI)” cells (Koide et al. 2021). Microsurgical

(n=13) females, respectively. The error bars indicate the standard
errors. Two-way ANOVA revealed a significant difference between
dsbla- and dsllpl-injected females (P=0.0075) but not among days
(P=0.427). No interaction was detected (P=0.988). ¢ Vg-1 and CP-a
mRNA amounts in the fat body on day 20. Each plot indicates a sam-
ple from a single individual. n=11-13. n.s., no significant difference
(Student's 7 test, P>0.05). The middle line in the box indicates the
median, and the upper and lower lines of the box indicate the quartile
inaandc

removal of the region containing these PER-ir cells dis-
rupted photoperiodic ovarian development, suggesting that
LNI cells act as clock cells in the photoperiodic response
(Ikeno et al. 2014; Koide et al. 2021). In R. pedestris, pho-
toperiodic ovarian development is not controlled by a neuro-
peptide pigment-dispersing factor, but possibly by the neuro-
transmitter glutamate (Des Marteaux et al. 2022; Ikeno et al.
2014). The importance of glutamate as a circadian output
element was previously verified in D. melanogaster (Col-
lins et al. 2012; Guo et al. 2016). The circadian clock that
includes per may use glutamate to control Cyp15 expression
in the CA and regulates photoperiodic ovarian development
through the hemolymph JH concentration, which requires
further investigation.

Furthermore, studies are needed for neuroanatomical
dissection and functional verification of the LNI cells and
pars lateralis neurons, which innervate the CA and suppress
CA activity (Shimokawa et al. 2008). It is also important to
verify the CA regulatory factors in the pars lateralis neu-
rons. Possible candidates would for these regulatory factors
include allatotropin (Kang et al. 2014), allatostatin (Matsu-
moto et al. 2017; Tamai et al. 2019), myosuppressin (Miki
et al. 2020), ecdysteroids, and ecdysis-triggering hormone
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Fig.5 Hemolymph JHSB; concentration and Cypl5 and jhamt
expression profiles. a Hemolymph JHSB; concentrations on days
9, 13, and 20 under short-day (SD) and long-day (LD) conditions.
Each plot was obtained from 20 pL of hemolymph. n=2. Two-
way ANOVA revealed a significant difference between SD and LD
(P <0.05). b Amounts of Cyp15 and jhamt mRNAs in the whole head
with the prothorax (WH+PT) of virgin adult females on days 5, 9,
and 13 under short-day (SD) and long-day (LD) conditions. n=6-7.
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Fig.6 Effects of Cypl5 dsRNA injection on Cyp/5 mRNA amounts
(a) and ovarian development (b) in virgin adult females of Riptor-
tus pedestris under long-day conditions on day 13. a Cypl5 mRNA
amounts in the whole head with the prothorax (WH +PT). Each plot
represents a sample from a single individual. n=5-8. The middle line
in the box indicates the median, and the upper and lower lines indi-
cate the quartile. An asterisk indicates a significant difference (Stu-
dent's # test, P <0.05). b Ovarian stages. n=25-33. The asterisk indi-
cates a significant difference (Mann—Whitney U test, P <0.001)
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A significant difference between SD and LD was detected in Cypl5
(Welch's ¢ test, P <0.05), but not in jhamt (Student's t test, P >0.05).
¢ Amounts of Cypl5 mRNA in the brain and subesophageal ganglion
without the pars intercerebralis (Br+SOG-PI), pars intercerebralis
(PI), and corpus allatum with the corpora cardiaca (CC+CA). n=8.
Each plot indicates a sample from a single individual in b and ¢. The
highest value was set at 1.0, and the middle line in the box indicates
the median and the upper and lower lines indicate the quartile in b
and ¢

(Guo et al. 2021). How the circadian clock regulates ILP1
expression remains unknown in R. pedestris, although other
insect species provide some clues. In the kissing bug Rho-
dnius prolixus, both the production and axonal transport of
ILPs show a daily rhythm and intimate associations with the
ILP and pigment-dispersing factor axons in both the cen-
tral brain and retrocerebral complex (Steel and Vafopoulou
2006; Vafopoulou and Steel 2012, 2014). The results sug-
gest a neural connection. In D. melanogaster, a subset of
circadian clock neurons, posterior dorsal neuron 1, makes
synaptic contact with insulin-producing cells in the PI (Bar-
ber et al. 2016) and regulates circadian oogenesis with a
neuropeptide allatostatin C (Zhang et al. 2021). In addition,
two circadian output neuropeptides, pigment-dispersing
factor and short neuropeptide F, synergistically inhibit
reproductive dormancy, likely by modulating the activity
of insulin-producing cells (Nagy et al. 2019). Studies are
needed to investigate the neuroanatomy of LNI cells and PI
cells expressing ILPs and the roles of these neuropeptides
in fecundity in R. pedestris.

Here, we summarize the molecular cascade regulating
photoperiodic adult diapause in R. pedestris, which is par-
tially different from that in C. pipiens (Fig. 8). In C. pipi-
ens, ILP-1 regulates reproduction under long days through
two pathways; it resides upstream of the CA and regulates
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Fig. 7 Effect of per dsRNA injection on per mRNA amount (a), ovar-
ian development (b), I/lpl and Cypl5 mRNA amounts (c), and hemo-
lymph JHSB; concentration (d) in virgin adult females of Riptortus
pedestris under short-day conditions. a per mRNA in the brain with
the subesophageal ganglion on day 3. Each point represents a sam-
ple from a single individual. n=9. b Ovarian development on day 13.
The closed and open columns indicate non-vitellogenic (stages 0-II)
and vitellogenic (stages III-V) individuals, respectively. ¢ Cypl5 and
Ilpl mRNAs in the head with the prothorax (WH+PT) on day 13.

Fig.8 Regulatory pathways

Each point represents a sample from a single individual. n=11-14.
d Hemolymph JHSB; concentration on day 13. Each plot represents
JHSB; concentration from 16 pL of the hemolymph. n=3. The mid-
dle line in the box indicates the median, and the upper and lower lines
indicate the quartile in a and c. A significant difference (indicated
by an asterisk) between dsbla and dsper injection was detected in a
(Welch's ¢ test, P<0.05), b (Fisher's exact test, P <0.05), and ¢ (Stu-
dent's ¢ test, P <0.05), but not in d (Welch's ¢ test, P=0.089)

o The Culex model The Riptortus model

of photoperiodic responses
in Culex pipiens (left panel)
and Riptortus pedestris (right
panel). ILPs regulate the JH
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JH production and also regulates the physiological status
of the output module directly (Readio et al. 1999; Sim
and Denlinger 2008, 2009, 2013a, b). The circadian clock
genes govern the photoperiodic response, but it is still
unknown how they regulate downstream endocrine ele-
ments (Chang and Meuti 2020; Meuti et al. 2015; Peffers
and Meuti 2022). In R. pedestris, ILP1 regulates fecun-
dity and sugar homeostasis (Hasebe and Shiga, 2021; the
present study), and Cypl5 regulates vitellogenesis and
ovarian development through JHSB; biosynthesis (Ando
et al. 2020; the present study). ILP1 does not regulate
JH-dependent vitellogenesis and ovarian development
(Shimokawa et al. 2008; Hasebe and Shiga 2021; the pre-
sent study). The circadian clock including per governs the
photoperiodic response (Ikeno et al. 2010) and this clock
regulates the expression of /lp/ in the PI and Cypl5 in
the CA (the present study). Our results provide insight
into the molecular linkage between the circadian clock and
endocrine effectors.
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