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Circadian clock regulates photoperiodic responses governed by distinct

output pathways in the bean bug, Riptortus pedestris

Effects of RNA interference (RNAI) targeted against circadian clock
genes on two distinct types of photoperiodic responses —ovarian
development and lipid accumulation— were investigated in a bean
bug R. pedestris, to explore which physiological process in the
photoperiodic response involved the circadian clock. Ovarian
development and lipid accumulation are known to be regulated by
distinct output pathways. Control insects showed clear photoperiodic
responses; i.e., induction of ovarian development and suppression of
lipid accumulation under long-day conditions, whereas opposite
characteristics under short-day conditions. We found that RNAi
directed against period, a negative element of the circadian clock,
produced a long-day effect for both of ovarian development and lipid
accumulation, while RNAi directed against Clock, a positive element of
the circadian clock, produced a short-day effect for both, irrespective
of photoperiod. These results indicate that the circadian clock
comprised of these genes regulates a process governing both distinct

photoperiodic responses.
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Introduction
Most organisms inhabiting the temperate zone have evolved photoperiodism,
an adaptive, seasonal timing system that enables them to coordinate their
developmental and physiological processes to seasonal changes in the
environment in response to day length (photoperiod) as a cue (Saunders 2002).
Many insect species also show photoperiodism and enter diapause,
hormonally-regulated developmental or reproductive arrest with additional
energy reserves, in response to autumnal short days (Danks 1987; Tauber et al.
1986). Biinning (1936) first proposed the functional involvement of the circadian
clock in photoperiodic time measurement, which assesses day or night length
(Saunders 2002). His idea was further developed by several researchers. As a
result, the basic concept of a circadian clock in photoperiodic time measurement,
the Blinning hypothesis, is widely accepted for insects (Saunders and Bertossa
2011) and other organisms (Nelson et al. 2010). All mechanisms regulating
photoperiodism are assumed to be in the brain in insects (Bowen et al. 1984;
Hasegawa and Shimizu 1987); therefore, the circadian clock involved in the
photoperiodic time measurement system is expected to also reside in the brain.
Although the molecular mechanisms of the circadian clock underlying
insect photoperiodism have long been unknown, those of the circadian system
governing locomotor activity rhythms are well studied in several species
(reviewed by Tatarogu and Emery 2015; Tomioka and Matsumoto 2015). The
insect circadian clock is composed of a number of circadian clock genes,
including period (per), timeless (tim), cycle (cyc), Clock (Clk), mammalian-type
cryptochrome (cry-m, also known as cry2), and Par-domain protein 1 (Pdp1), in
interlocked negative feedback loops. In the loops, protein products of cyc and
Clk, positive elements, activate the transcription of per, tim, and many other

clock-controlled genes, whereas protein products of per, tim, and cry-m, negative



elements, suppress the CYC-CLC activity.

In some insect species, gene knock-down by RNA interference (RNAi)
reveals causal involvement of these clock genes in photoperiodism (reviewed
by Numata et al. 2015). For example, RNAi directed against per, cry-m, cyc, and
Clk disrupts the photoperiodic regulation of ovarian development in females of
Riptortus pedestris (F.), the focal species of this study (Ikeno et al. 2010, 2011,
2013). RNAIi directed against per, tim, and cry-m, and pigment-dispersing factor
(pdf), a putative output gene of the circadian clock, also disrupts the
photoperiodic response in the Northern house mosquito Culex pipiens L. (Meuti
et al. 2015). RNAi directed against per disrupts photoperiodic induction of
larval diapause in the jewel wasp Nasonia vitripennis (Walker) (Mukai and Goto
2016). In addition, per RNAi disrupts photoperiodic regulation of nymphal
development as well as circadian locomotor rhythmicity in the cricket
Modicogryllus siamensis Chopard (Sakamoto et al. 2009). It is still possible that
the effects of RNAI targeted against clock genes are not mediated by the
malfunction of the circadian clock as a functional unit, but are mediated by the
malfunction of individual genes, i.e., gene pleiotropy (Emerson et al. 2009).
However, a series of experiments in R. pedestris and Drosophila melanogaster
Meigen supports the involvement of the clock as a module, and not as
individual genes, in photoperiodism (Goto 2013; Pegoraro et al. 2014).

Based on the published data, an important question arises: which
physiological process in photoperiodic responses is affected by malfunction of
the circadian clock? According to the Biinning hypothesis, the circadian clock is
involved in the photoperiodic time measurement system. Alternatively,
malfunction of peripheral clocks, which reside in a variety of organs such as the
compound eyes, antennae, wings, legs, Malpighian tubules, and epidermis

(Tomioka et al. 2012; Ito and Tomioka 2016) may affect output processes in the



photoperiodic cascade, including endocrine effector regulation. The significance
of cross-talk between the brain and a peripheral tissue in diapause is proposed
in the moth Helicoverpa armigera (Hiibner) (Xu et al. 2012). In experiments where
RNAI is introduced into an organism by feeding or injection, gene knock-down
is not tissue- or cell type-specific but is systemic. Therefore, it is not easy to
know if malfunction of the central clock or malfunction of a peripheral clock
results in an abnormality in photoperiodism (Bradshaw and Holzapfel 2010).

Here, we approached this issue in R. pedestris with special interest in
photoperiodic responses under the control of distinct endocrine effectors, i.e.,
ovarian development and lipid accumulation. This species shows clear
photoperiodic responses; adult females develop their ovaries and accumulate a
smaller amount of lipids under long-day conditions, whereas they suppress
ovarian development and accumulate a larger amount of lipids under short-day
conditions (Numata and Hidaka 1982; Morita et al. 1999). In general,
photoperiodic regulation of reproductive arrest is primarily caused by reduced
activity of the corpus allatum (CA), which secretes juvenile hormone (JH)
(Denlinger et al. 2012). Developmental suppression of the ovary in R. pedestris is
due to inactivity of the CA (Numata and Hidaka 1984; Morita and Numata
1997). In contrast, photoperiodic regulation of lipid accumulation is
independent of the CA (Morita et al. 1999). Thus, reproductive organ
development and lipid accumulation are regulated by distinct endocrine
effectors in this species.

In the present study, we performed RNAi directed against per and CIk,
the negative and positive elements in the circadian clock, respectively. In R.
pedestris, per and Clk RNAi arrest the circadian clock at distinct phases and
produce distinct output signals (Ikeno et al. 2010, 2013). RN Ai targeted against

per and Clk also disrupt photoperiodic induction of ovarian development, but



their phenotypes are different (Ikeno et al. 2010, 2013): per knock-down causes a
“long-day effect” that promotes ovarian development, whereas Clk knock-down
causes a “short-day effect” that suppresses ovarian development, irrespective of
photoperiod. If per and Clk RNAi show the long-day and short-day effects,
respectively, in both ovarian development and in lipid accumulation, then the
clock would be involved in a central process in photoperiodism, which governs

both events.

Materials and methods

Insects

A colony of R. pedestris, derived from individuals collected in Fukuyama, Japan
(34.5 °N, 133.4 °E) in 2006, was kindly provided by Dr. Y. Suzaki (Okayama
University, Japan). Insects were reared under short-day (LD 12:12 h) or
long-day (LD 16:8 h) conditions at 25.0 + 1.0°C, and fed soybean grain and
water containing 0.05% sodium ascorbate and 0.025% L-cysteine (Kamano

1991).

Reproductive status

The abdomens of insects were dissected in saline (0.9% NaCl) under a
stereoscopic microscope at the age of 20 days after adult emergence. Insects
were classified as reproductive or non-reproductive (diapause) based on
ovarian development, as described previously (Numata and Hidaka 1982):
females with a light-blue yolk deposition in the oocytes were judged to be

reproductive and those with no deposition were judged to be non-reproductive.

Lipid content



Lipid content was estimated at the age of 20 days after adult emergence
according to Morita et al. (1999) with some modifications. In brief, the body was
dried for 24 h at 100°C after removal of the legs, wings, the antennae, and
ovaries. Initial dry weight was measured on an electronic balance, GR-60 (A&D
Company, Tokyo, Japan). Thereafter, lipids were extracted with a chloroform
and methanol (2:1) solution for 24 h at room temperature. After further
extraction with new chloroform and methanol solution for 6 h at room
temperature, dry weight was measured again. The difference between the initial
dry weight and the dry weight after lipid extraction was regarded as the weight
of the stored lipids. Lipid content was designated as the percentage of the
weight of stored lipids to the initial dry weight. This simple gravimetric
determination is recognized as a suitable method for routine analyses (Phillips

et al. 1997).

RNAi
RNA was extracted from the whole body of R. pedestris with Trizol Reagent (Life
Technologies, Foster City, CA, USA) and purified using Purelink Micro kit (Life
Technologies). cDNA was synthesized using High Capacity cDNA Reverse
Transcription kit (Life Technologies). T7-promoter-attached DNA fragments of
per and Clk were amplified by PCR with the primers shown in Table 1 and Pwo
Super Yield Polymerase (Roche, Basel, Switzerland). Double-stranded (ds) RNA
was synthesized by T7 Ribomax Express RNAi System (Promega, Fitchburg, WI,
USA) according to the supplier’s instructions. As a control, dsRNA from
B-lactamase (bla), which provides bacteria with ampicillin resistance, was also
synthesized using pGEM-T Easy Vector (Promega).

One microgram of each dsRNA in 1 pl of saline was injected into the

head of adult insects reared under short-day conditions within 24 h after adult



emergence. Thereafter, the insects were continuously maintained under
short-day conditions or transferred to long-day conditions. It is important to
note that the protocol in the present study is the same as that described in Ikeno
et al. (2010, 2013). These studies verified that injection of per and Clk dsRNA

effectively suppresses per and Clk expression, respectively, in R. pedestris.

Results

Effects of RNAi targeted against circadian clock genes on reproductive status
Intact females showed a clear photoperiodic response in the reproductive status
(Figure 1(a) and 1(c)), i.e., approximately 90% of intact females were
non-reproductive under short-day conditions (i.e., diapause), whereas all
females became reproductive after they were transferred to long-day conditions.
The same holds true in the control (bla) dsRNA-injected individuals. However,
all females injected with per dsSRNA were reproductive and most females
injected with Clk dsRNA were non-reproductive (diapause), irrespective of

photoperiod.

Effects of RNAi targeted against circadian clock genes on lipid content

After observing the reproductive status of these individuals, their lipid contents
were measured (Figure 1(b) and 1(c)). A clear photoperiodic response was
observed in intact females; lipid content of females was approximately 55%
under short-day conditions and 45% under long-day conditions. The same
holds true for dsbla RN A-injected individuals. By contrast, dsper RNA-injected
insects accumulated less lipid not only under long-day conditions, but also
under short-day conditions; the level was comparable with that of intact and

dsbla RN A-injected control insects under long-day conditions. In dsClk



RNA-injected insects, lipid accumulation was higher, irrespective of
photoperiod, and the result was comparable to that in intact and control

dsRNA-injected individuals under short-day conditions.

Discussion

It is well-known that most insects in diapause store additional energy reserves.
Triacylglycerides are the dominant form of energy storage. They often account
for as much as 80-95% of total lipid content, because of their high caloric
content, low hydration state and possible high yield of metabolic water (Hahn
and Denlinger 2011). The fat body is the primary site of triacylglyceride
production and the storage site in insects. We removed ovaries before the
quantification of lipids in the present study; therefore, the extracted lipids were
mostly from the fat body.

The present study revealed that R. pedestris has clear photoperiodic
responses in ovarian development and lipid accumulation, as reported in the
previous studies (Numata and Hidaka 1982; Morita et al. 1999). Numata and
Hidaka (1984) demonstrated that topical application of a JH analogue
stimulates ovarian development in females in diapause. Allatectomy (surgical
removal of the CA) suppresses ovarian development even under long-day
conditions, and transection of the nervi corporis allati (NCA), the neural
pathway from the brain to the CA, induces ovarian development under
short-day conditions (Morita and Numata 1997). These results indicate that
suppression of ovarian development is due to the brain’s inhibition of the CA
via the NCA, thereby preventing the CA from secreting JH. By contrast,
allatectomy and transection of the NCA do not disrupt photoperiodic

regulation of lipid accumulation in R. pedestris (Morita et al. 1999). Thus,



although the endocrine factor is yet unidentified, it is evident that the
photoperiodic regulation of lipid accumulation is independent of JH and CA.

In the present study, RNAi directed against the negative element (per)
and the positive element (CIk) induces phenotypes comparable to control insects
under long-day conditions and short-day conditions, respectively, not only for
ovarian development but also for lipid accumulation. Thus, per RNAi and Clk
RNAi show long- and short-day effects, respectively, for these two
photoperiodic responses, which are under the control of distinct endocrine
effectors (Morita and Numata 1997; Morita et al. 1999). Pegoraro and co-authors
focused on the photoperiodic response in chill coma recovering time (CCRt) in
D. melanogaster and found that mutants with long free-running periods
consistently show short-day type responses in CCRt under both long and short
photoperiods, compared with mutants with short free-running periods
(Pegoraro et al. 2014). Ikeno and co-authors found in the photoperiodic
induction of ovarian development in R. pedestris that the circadian clock is
involved in an upstream cascade of JH secretion, but neither in ovarian
development itself nor in a downstream cascade of JH secretion (Ikeno et al.
2010). We do not exclude a possibility of involvement of the peripheral clock in
regulation of lipid accumulation itself; nevertheless, the present study, together
with the previous studies, suggests that the circadian clock plays a pivotal role
in a central process in the photoperiodic cascade, which regulates both
photoperiodic responses in R. pedestris.

Recently, Urbanova and co-authors focused on the role of the clock
genes in photoperiodic regulation of the male reproductive organ (accessary
gland), locomotor activity, and mating behaviour in P. apterus and reached
similar conclusions (Urbanova et al. 2016). In this species, long-day conditions

induce development of the accessary gland and higher locomotor activity,
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whereas short-day conditions suppress them. When males under short-day
conditions were transferred to long-day conditions, their reproductive organs
started to develop. Although Clk RNAi did not affect reproduction of males
reared continuously under long-day conditions, it destroyed the ability of
short-day males to switch to the reproductive mode after the transfer to a
long-day regime. RNAi targeted against cry-m also disrupted discrimination of
long days from short days. These results indicate that the circadian clock
functions in photoperiodic time measurement. Interestingly, high locomotor
activity of males reared under long-day conditions and low activity of males
under short-day conditions are independent of JH (Urbanova et al. 2016).
Activity of short-day males gradually increased when they were transferred to
long-day conditions, but the locomotor activity of Clk RNAi males remained
low after the transfer. Thus, Clk RNAi disrupted not only JH-dependent
photoperiodic regulation of the reproductive organ, but also JH-independent
photoperiodic regulation of locomotor activity level (Urbanova et al. 2016).
These results, together with the results in D. melanogaster (Pegoraro et al., 2014)
and the present results in R. pedestris, support the role of the circadian clock in
photoperiodic time measurement. However, we still do not know exactly how
the circadian clock is involved in the photoperiodic time measurement.
Although more than a dozen hypothetical photoperiodic time measurement
models have been proposed by incorporating accumulated experimental data
under natural and unnatural photoperiodic conditions (Vaz Nunes and
Saunders 1999; Saunders 2002), molecular mechanisms underlying them are

still largely veiled. Clarifying the mechanisms is the next step to be addressed.
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Table 1 Sequence of primers

Oligonucleotides Sequences (5' >>3')
period "
perl10-F GGG GAA GAT TTC TCC CGT AG
per21-R GAA CGT AGG GCA TTT GCT GT
per10T7-F TAA TAC GAC TCA ATC TAG GGG GGA AGA TTT CTC CCG TAG
per21T7-R TAA TAC GAC TCA ATC TAG GGA ACG TAG GGC ATT TGC TGT
Clock
clk-FP2 GAT ACA AGG TGG GTT TTC GTT
clk-RP2 TAG CAT GAT GTC CCT TCT CC
clkT7-FP2 GGA TCC TAA TAC GAC TCA CTA TAC GGA TAC AAG G TG GGT TTT CCT T
clkT7-RP2 GGA TCC TAA TAC GAC TCA CTA TAC GTA GCA TGA TGT CCC TTC TCC
B - lactamase "
bla-FP TCG CCG CAT ACA CTA TTC TC
bla-RP TAC GAT ACG GGA GGG CTT AC
blaT7-FP GGA TCC TAA TAC GAC TCA ATC TAG GGA GAC CAC GTC GCC GCA TACACT ATT CTC
blaT7-RP GGA TCC TAA TAC GAC TCA ATC TAG GGA GAC CAC GTA CGA TAC GGG AGG GCT TAC

*'Tkeno et al. (2010), “Ikeno et al. (2013)
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Figure 1. Effects of RNAi targeted against per and Clk on ovarian development
and lipid content in Riptortus pedestris. At the age of 20 days after adult
emergence, the status of the ovary and lipid content were observed in insects

injected with bla, per, or Clk double-stranded (ds) RNA or in intact insects reared
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under short-day (S) or long-day (L) conditions. (a) Ovarian development. Open
and closed columns indicate reproductive and non-reproductive females,
respectively. Different letters indicate significant differences (Tukey-type
multiple comparison test for proportions, P <0.05; Zar 2010). (b) Lipid content
(mean + S.D.). Ditferent letters indicate significant differences (Steel-Dwass test,
P <0.05; Zar 2010). (c) Lipid content and ovarian development of each
individual. Data are from a and b. Open circles and “R” on the top indicate
reproductive individuals, and closed circles and “NR” indicate

non-reproductive individuals.
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