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Daily and annually cycling conditions manifested on the Earth have forced organisms to
develop time-measuring devices. Circadian clocks are responsible for adjusting physiology
to the daily cycles in the environment, while the anticipation of seasonal changes is
governed by the photoperiodic clock. Circadian clocks are cell-autonomous and depend
on the transcriptional/translational feedback loops of the conserved clock genes. The
synchronization among clock centers in the brain is achieved by the modulatory function of
the clock-dependent neuropeptides. In insects, the most prominent clock neuropeptide is
Pigment Dispersing Factor (PDF). Photoperiodic clock measures and computes the day
and/or night length and adjusts physiology accordingly to the upcoming season. The exact
mechanism of the photoperiodic clock and its direct signaling molecules are unknown but,
in many insects, circadian clock genes are involved in the seasonal responses. While in
Drosophila, PDF signaling participates both in the circadian clock output and in diapause
regulation, the weak photoperiodic response curve of D. melanogaster is a major limitation
in revealing the full role of PDF in the photoperiodic clock. Here we provide the first
description of PDF in the linden bug, Pyrrhocoris apterus, an organism with a robust
photoperiodic response. We characterize in detail the circadian and photoperiodic
phenotype of several CRISPR/Cas9-generated pdf mutants, including three null
mutants and two mutants with modified PDF. Our results show that PDF acts
downstream of CRY and plays a key role as a circadian clock output. Surprisingly, in
contrast to the diurnal activity of wild-type bugs, pdf null mutants show predominantly
nocturnal activity, which is caused by the clock-independent direct response to the light/
dark switch. Moreover, we show that together with CRY, PDF is involved in the
photoperiod-dependent diapause induction, however, its lack does not disrupt the
photoperiodic response completely, suggesting the presence of additional clock-
regulated factors. Taken together our data provide new insight into the role of PDF in
the insect’s circadian and photoperiodic systems.
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INTRODUCTION

The Earth’s rotation around its axis and Earth’s orbit around the
Sun enforce regular predictable daily and annual changes in the
environment. As a consequence, organisms had to develop ways to
cope with the cycling of abiotic and biotic factors and evolved
circadian and photoperiodic clocks as a response to the 24 h and
seasonal periodicities, respectively. Circadian clocks are
endogenous mechanisms allowing for accurate adjustment to
the daily changes in the light-dark cycles. The clock perceives
environmental stimuli by the set of photo- and thermo-receptors
and via input pathway transmits the information to the oscillator.
The mechanism of the oscillator is based on the transcriptional-
translational feedback loops and in animals the function of most of
the genes encoding the molecular machinery of the circadian clock
is conserved. In Drosophila two transcription factors Clock (CLK)
and cycle (CYC) form a heterodimer CLK/CYC and activate
expression of the period (per) and timeless (tim) genes. PER/
TIM heterodimer in turn blocks the activity of CLK/CYC and
inhibits transcription of its own genes — forming the negative
feedback loop. During the day, activation of the light-sensitive
cryptochrome (CRY-d) leads to TIM degradation, followed by
degradation of PER and disinhibition of the CLK/CYC. This allows
the cycle to start over (reviewed in (Hardin, 2011; Tomioka and
Matsumoto, 2019; Beer and Helfrich-Forster, 2020). In other insect
species, the role of clock genes is mostly conserved, however the
detailed architecture of the circadian clock differs from Drosophila.
Recently we have shown that while the CLK/CYC heterodimer
retains its role in a positive feedback loop in Pyrrhocoris apterus,
the negative feedback loop consists of non-photosensitive CRY-m
and possibly PER, but TIM is not essential for the function of the
clock (Kotwica-Rolinska et al., 2021). Additionally, P. apterus,
similarly to several other insects, lacks photosensitive CRY-d
(reviewed in (Tomioka and Matsumoto, 2015; Beer and
Helfrich-Forster, 2020). Therefore, in contrast to Drosophila, the
light input pathways to the clock are possibly exclusively dependent
on the rhodopsin-based photoreceptors in P. apterus.

The information about the external time is interpreted by the
circadian clock in the brain and transferred by the output
pathways synchronizing the activity of the whole organism. In
insects, several neuropeptides play the role in the circadian clock
output and Pigment Dispersing Factor (PDF) is a key factor in
this process (reviewed in (Shafer and Yao, 2014; Hermann-Luibl
and Helfrich-Forster, 2015). In the majority of insects, including
Drosophila, cells producing PDF in the brain are located
exclusively in the anterior medulla region and based on
anatomical localization are described as lateral ventral neurons
(LNv) (Sehadova et al., 2003; Ikeno et al., 2014; Koide et al., 2021)
and reviewed in (Shafer and Yao, 2014; Hermann-Luibl and
Helfrich-Forster, 2015), however, in several hemimetabolan
insects, additional cells located in the lamina are found (Sato
et al., 2002; Lee et al., 2009; Gestrich et al., 2018). In Drosophila,
distinct groups of PDF-expressing LNvs send neuronal
projections to the medulla (large - 1-LNv), the dorsal
protocerebrum (Dp) (small - s-LNv), and both, s-LNv and
I-LNv innervate the accessory medulla (aMe), a small neuropil
regarded as insects master pacemaker (Helfrich-Forster, 1995,
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1998; Helfrich-Forster et al., 2007). s-LNvs are the main group
responsible for the synchronization of other clocks located in the
brain and have shown rhythmic production of PDF in the cells
somata and its rhythmic release in the dorsal protocerebrum
arborizations (Park et al, 2000; Shafer and Taghert, 2009).
Drosophila mutants lacking PDF (Renn et al., 1999) or PDF
receptor (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005)
become gradually arrhythmic in constant darkness (DD) proving
that PDF is the main neuropeptide involved in the circadian
output system. While currently, Drosophila is the only insect in
which the role of PDF was studied with the help of genetic
manipulations, in other insects PDF was proven to participate in
the circadian clock output pathways by means of active peptide
injections (Petri and Stengl, 1997; Singaravel et al., 2003; Beer
et al.,, 2018) or downregulation of expression by RNAIi (Lee et al,,
2009; Hassaneen et al., 2011). Therefore, it seems that the role of
PDF in insects’ circadian clocks is conserved.

The photoperiodic clock is a device that allows insects to
anticipate and adapt to seasonal changes during the year. The
main cue is the changing photoperiod during a year and the
photoperiodic clock adjusts the organisms’ physiology based on
the measurement of the length of a day or night (reviewed in
(Saunders, 2020)). The circadian clock, as a proven time
measuring device, is also predicted to play a role in time
measurement in the photoperiodic clock. While the actual
mechanism linking the circadian clock and photoperiodism is
still under debate it was already shown that circadian clock genes
are involved in the photoperiodic response in many insect species.
Downregulation by RNAIi of per (Ikeno et al., 2010) and cry-m
(Ikeno et al, 2011) induces reproduction under short-day
conditions (SD) in Riptortus pedestris. On the other hand
downregulation of the positive elements of the circadian clock
- CLK and CYC inhibits reproduction under long photoperiod
(LD) in R. pedestris and P. apterus (Ikeno et al., 2010; Kotwica-
Rolinska et al, 2017). Interestingly, the opposite situation is
found in the monarch butterfly, Danaus plexippus, where
knock-out of the cry-m induces diapause in LD conditions and
knock-out of either Clk or cyc increases egg laying in SD
conditions (liams et al, 2019). Although the genetic
manipulation of circadian clock genes results in either
diapause or reproduction in a species-specific manner, both
outcomes support the involvement of the circadian clock
machinery in the photoperiodic response of insects. How
could the circadian clock regulate the function of the
photoperiodic clock? One possibility is that neuropeptides,
such as PDF, which are involved in the output pathway of the
circadian clock, also play a role as signaling molecules
transferring information about the day length downstream to
the target cells and tissues. Currently, the role of PDF in the
response to the photoperiod was shown for a few species but the
specific role of the PDF differs among insects. In Drosophila, pdf’"
mutants show increased reproductive dormancy in long and
short photoperiod, while pdf overexpression decreases
reproductive dormancy (Nagy et al, 2019). Similarly in the
mosquito Culex pipens, depletion of pdf induced the diapause
in long photoperiod (Meuti et al, 2015). In contrast,
downregulation of pdf by RNAi in Plautia stali reduced the
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level of the imaginal diapause in SD (Hasebe et al., 2022) but the
same procedure did not change the reproductive status of females
either in short or in long-day conditions in R. pedestris (Ikeno
et al., 2014). The involvement of PDF in the seasonality was
indicated in a whole-genome study of the European corn borer
moth (Ostrinia nubilalis), where PDF receptor was identified in
the genomic region responsible for the early and late emergence
in spring (Kozak et al., 2019).

The linden bug P. apterus is a long-established model for studies
concerning diapause and photoperiodism (reviewed in (Socha, 1993;
Saunders, 2021) and references therein), and recently also the
circadian clock in this species was addressed in more detail
(Pivarciova et al., 2016; Kaniewska et al., 2020; Kotwica-Rolinska
etal,, 2021). Linden bugs are typical diurnal animals showing the peak
of the activity around the middle of the day. When transferred to the
constant conditions they stay predominantly rhythmic, however the
percentage of the rhythmic individuals and the length of the free-
running period (t) is dependent on the geographical origin of the line
(Pivarciova et al., 2016). P. apterus overwinters in the state of the
“reproductive diapause,” which is characterized by the cessation of
the ovarian development and egg production, decrease in overall
activity, an increase of the storage proteins and lipids, and cold
hardening (Socha, 1993; Kostal and Simek, 2000). P. apterus shows a
clear photoperiodic response, being reproductive in the long-day
conditions and arrests reproduction under short-day conditions even
at a relatively high temperature of 25°C (Saunders, 1983).

The recent development of the genome-editing tools like
CRISPR/Cas9 which allows for relatively easy creation of
mutants pushes forward the knowledge of the mechanism of
the circadian and photoperiodic clock in insects other than
Drosophila. Here we describe the phenotype of the pdf null
mutants in the linden bug, P. apterus, the first available
mutant in this gene in the non-model insect. The behavior of
P. apterus pdf null mutants is remarkably different than
Drosophila, showing predominantly nocturnal activity in LD
cycles and instant arrhythmicity in constant conditions. While
the arrhythmicity can be explained by the effect of pdf mutation
on dysregulation of expression of the circadian clock genes, the
genetic manipulation of clock genes does not mirror pdf null
nocturnal activity. Although currently the mechanism of this
nocturnal activity has not been identified, our results suggest that
it is a clock-independent direct response to the light:dark switch.
Moreover, we show that CRY-m and its output PDF play a role as
a diapause-inducing factor. In contrast to CRY-m, PDF is not
completely necessary for the photoperiodic response, suggesting
an involvement of additional possibly clock-regulated factors.
Taken together, our data provide new insight into the PDF role in
the insects’ circadian and photoperiodic systems.

MATERIALS AND METHODS

Insects

The colony of P. apterus was kept in long-day conditions (LD)
(photoperiod 18 h light and 6 h darkness and constant temperature
25°C) with access to linden seeds (Tilia cordata) and water ad
libitum. Roana strain described in Pivarciova et al. (2016) was used
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for genome editing, mutant lines backcrossing, and served as a
wild-type (WT) reference. Part of experiments was performed on
cry null mutants: cry-m® and cry-m®™ mutants described in
Kotwica-Rolinska et al. (2021). All experiments performed on
male bugs were performed on animals from colonies kept in
LD. Experiments on females were performed on animals grown
in LD or short-day conditions (SD) (photoperiod 12 h light and
12 h darkness and constant temperature 25°C).

CRISPR/Cas9 Genome Editing

pdf sequence was obtained from in-house transcriptomic and
genomic databases. Predicted PDF prohormone signal peptide,
cleavage sites, and PDF posttranslational modification were
established with the use of SignalP 5.0 and Neuropred online
tools (Southey et al., 2006; Almagro Armenteros et al., 2019). The
detailed methodology of P. apterus gene editing is described in
Kotwica-Rolinska et al. (2019). In short, two distinct guide RNAs
targeting genomic sequence encoding PDF active peptide were
used (see Supplementary Figure S1 for the pdf sequence and
position of guides). Embryos were injected with gRNAs mixed with
the commercial Cas9 protein (CP01 from PNA Bio) as described
previously (Kotwica-Rolinska et al., 2019). GO adults were mated to
the wild-type bugs. In the next generation, individuals with
successfully modified pdf gene were identified from antennal-
squish PCR. Ten to 15 generations of backcrosses to WT strain
were used to outcross possible off-target modifications.

Locomotor Activity

In the initial experiments, the following protocol was applied:
heterozygotes were crossed together, and their adult male
progeny (which consisted of the mixture of wild-type,
heterozygotes, and homozygotes) were used to perform
locomotor activity run. After the run ended and analyses of the
behavior were performed, individuals were genotyped by PCR. This
setup allowed us to show the true effect of pdf mutation and discern
the obtained phenotype from possible off-target and the bottleneck
effect. In this study, we use WT abbreviation to point experiment
performed on parental Roana strain and pdf*’", pdf” and pdf "~ to
describe the phenotype of wild-type, heterozygotes, and
homozygous mutants derived from crosses.

Activity analysis was performed on males 3-5 days after adult
ecdysis. Bugs were individually placed in the LAM (Large Activity
Monitors, Trikinetics, Inc., Waltham, MA, United States),
supplemented with food and water ad libitum. The activity
was recorded with 5min bins during the entire experiment.
Bugs were entrained for 5days in light-dark conditions,
followed by 12days in constant conditions (constant
temperature with either constant darkness or constant light).
In experiments involving locomotor activity in different
photoperiods and experiments with the use of RNAi the time
of entrainment in the light-dark conditions was set up for 10 days.
Light intensity in LD and LL experiments was set up to ~400 Ix
(3W/m?). All activity measurements were performed in the
Cooled Incubator Sanyo MIR-154 equipped with a built-in
electronic timer. The actual light intensity and temperature
were recorded by Drosophila Environmental Monitors
(Trikinetics, Inc., Waltham, MA, United States).
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All the activity was analyzed in the Actogram] plugin of the FiJi
software (Schmid et al., 2011). Activity analysis in LD cycles was
performed as follows. Activity of every bug was analyzed with the
“average activity” tool with the “Period” set up for 7200 min
(5days) or 14,400 min (10 days) with the “Smoothing Gaussian
std dev” value set to 20 min. If the bug showed one activity peak in
the 24 h period in all consecutive days, it was scored as “rhythmic
in LD.” If several irregular peaks of activity in the 24 h period were
detected and no clear diel rhythm of activity was observed - bugs
were scored as “arrhythmic in LD.” Examples showing rhythmic
and arrhythmic bugs are provided in Supplementary Figure S1.
Daily activity graphs represent the mean activity of all bugs scored
as thythmic in LD and are calculated based on raw, unsmoothed
measurements. In the case of the activity graphs presented in
Figure 4, we used activity calculated with “Smoothing Gaussian std
dev” with the value set to 20 min. For the analysis of the shift in the
activity, we first calculated smoothed values as described above.
Then, we manually calculated the onset and offset, which were
defined as a time when bugs reached the median value of the
average total activity during the day. To assess rhythmicity and
free-running period (1) of bugs in constant conditions, the Lomb
Scargle periodogram was used. Based on the activity pattern in
constant conditions, animals were scored as rhythmic, complex,
and arrhythmic and t was calculated only for rhythmic animals, as
described previously (Pivarciova et al., 2016; Kaniewska et al., 2020;
Kotwica-Rolinska et al., 2021).

Gene Expression Analysis

The gene expression analysis was performed on bugs kept in LD
and SD conditions. In both conditions, ZT0 applies to the light
on. Light off in LD occurs at ZT18 and in SD at ZT12. mRNA
quantification was performed on RNA isolated from five heads in
each sample collected always on the 10th day after adult ecdysis.
To check daily changes of gene expression in the photoperiod LD
18:6, heads were collected from WT and pdf ** '~ homozygous
mutant males every 4 h throughout the day (for the detailed
nomenclature of mutants, see the Results section). To compare
the expression pattern of genes in other mutant strains, heads
were collected from WT and pdf ™™=, pdf ==, pdf ®*~'~ and pdf
977~ mutants males at ZT8 and ZT20 (8 h after light on and 4h
before the light on). To analyze the expression of pdf in cry-m
mutants, heads were collected from males kept in LD at ZT8. To
compare pdf expression between diapause and reproduction
inducing conditions, heads of females kept in the SD 12:12 or
LD 18:6 were collected at ZT8 and ZT20 (8 h after light on and 4 h
before the light on for both conditions). Total RNA was extracted
with Trizol reagent (Thermo Fisher Scientific), treated by DNase I
(Thermo Fisher Scientific), purified by sodium acetate/ethanol
precipitation, and measured on the NanoDrop (Thermo Fisher
Scientific). 1 ug of the total RNA was reverse transcribed with
Superscript III (Thermo Fisher Scientific) using oligo dT primers,
following manufacturer instruction. RT-qPCR was run on qPCR
2x SYBR Master Mix (Top-Bio, Czech Republic) on Bio-Rad
CFX96 qPCR instrument (Bio-Rad). Primer specificity was tested
beforehand and PCR products were confirmed by sequencing.
Primer efficiency was evaluated by an RT-qPCR method on a
five-point standard curve. rp49 was used as a reference gene in all
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experiments. A list of primer sequences is available in
Supplementary Table S1.

Immunohistochemistry

Brains for the immunohistochemistry were collected always on the
10th day after adult ecdysis. To asses daily changes of PDF staining,
brains were dissected from WT males kept in LD 18:6, every 4 h
throughout the day. To analyze PDF level in cry-m mutants, brains
were dissected from males kept in LD at ZT8 and ZT20. To compare
PDF levels between SD and LD conditions, the brains of WT females
from both conditions were collected at ZT8 and ZT20. Brains were
dissected in phosphate-buffered saline (PBS) and then fixed in 4%
ice-cold paraformaldehyde (PFA) for 8 h. After five subsequent
washing in PBS supplemented with 0.3% TX100 (PBST), brains
were blocked with 5%NGS (Normal Goat Serum - Thermo Fisher)
in PBST. Incubation with the mouse monoclonal anti- Drosophila
PDF primary antibody (PDF C7 Developmental Studies Hybridoma
Bank) diluted 1:1000 in 5% NGS in PBST was carried out for 2 days
at 4°C. After subsequent washes in PBST samples were incubated
with the solution of 1:1000 goat-anti-mouse Alexa Fluor 488
fluorescent secondary antibody (Thermo Fisher Scientific) for
2 days at 4°C. After final washings in PBST brains were mounted
in the Vectashield mounting medium (Vector Laboratories). The
samples were imaged under Laser Scanning Confocal Microscope
FluoView FV1000 (Olympus) using objectives UPLSAPO x10 or
UPLSAPO 20xO. For analysis of the changes of PDF staining
intensity, confocal settings (photomultiplier sensitivity, laser
strength, aperture widths) were kept constant for all images
captured. All confocal images were processed and analyzed by
Image] software (NIH). For densitometry analysis confocal
images were merged and transformed to grayscale. The
fluorescence intensities of single cells were measured as mean
gray values of the whole cell bodies area and background values
nearby the cells were extracted from measurements. Staining
intensities of PDF projections in dorsal protocerebrum were
quantified as mean gray values of the whole area containing PDF
projections. The same area in one hemisphere (rectangle 275 um x
180 um) containing exclusively PDF Dp projections was selected.
The pixel intensity of the entire specified area was determined. A
value of pixel intensity of rectangle (20 pm x 20 um) located outside
of PDF projections was used to subtract background signal. The
staining intensity for each brain was calculated as an average
intensity of staining calculated from both hemispheres.

RNAi Experiments

Fragments located within the open reading frame of each, tyrosine
hydroxylase (TH) and Dopamine transporter (DAT) were amplified
using PCR, cloned into pGEM-T Easy (Promega), and inserts were
verified by Sanger sequencing (the sequences of primers used are
listed in Supplementary Table S1). Templates for dsSRNA in-vitro
synthesis were prepared from pGEM-T Easy clones as described
previously (Kotwica-Rolinska et al., 2017; Kotwica-Rolinska et al.,
2021). As a negative control, beta-galactosidase (lacZ) dsRNA was
used. Adult males were injected with 2pl of dsRNA at a
concentration of 4mg/ml in Ringer’s solution. Males were
injected with dsRNA on the second day after adult ecdysis and
together with controls were immediately placed in the Locomotor
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Activity Monitors. For the assessment of the efficiency of the gene
expression downregulation by RNAi, males were injected with
dsRNA on the second day after adult ecdysis, and heads of control
and experimental animals were collected at ZT8 on the fourth day
after injection. The efficiency of the dsRNA treatment was
evaluated by RT-qPCR, as described in the Materials and
Methods section “Gene expression analysis.”

Diapause Phenotype

Heterozygotes of each of pdf mutant lines and cry-m lines were
crossed together, and later, their adult female progeny (pdf**, pdf'’~
and pdf ", and cry-m™"*, cry-m*"" and cry-m™") was used to assess
the diapause phenotype. Experimental bugs were transferred to the
SD conditions at the early developmental stages (nymphal stage 3).
After adult ecdysis, bugs were kept separately in Petri dishes supplied
with linden seeds and water, and the appearance of eggs was checked
every second day. After 2 weeks, bugs that did not lay eggs were
sacrificed and the development of ovaries was additionally
determined. Females which did not lay eggs or lacked mature
eggs or vitellogenic oocytes were considered to be diapausing.
After assessment of reproductive status, all individuals were
genotyped by antenna-squish PCR.

Photoperiodic Response Curve

P. apterus from the WT line and homozygotes of pdf and cry-m
mutant lines were transferred in the early developmental stages
(nymphal stage 3) to different constant photoperiodic conditions,
ranging from 18 h light: 6h darkness to 8 h light: 16 h darkness at
25°C. Diapause phenotype of females was evaluated as described
above. At least 30 female bugs were checked for each genotype
and each photoperiodic condition and all measurements were
repeated at least twice. Altogether, the diapause phenotype was
analyzed for over 4,100 animals. For calculation of the critical day
length (CDL) the non-linear regression method was used.

Statistical Analysis

Most of the statistical analyses were performed in Graphpad
software. Grubbs’ test was used for outliers’ detection. The
D’Agostino-Pearson normality test was used to assess the
distribution of the data, followed by an appropriate statistical
test. Daily rhythmicity of gene expression and PDF staining was
analyzed by the Kruskal-Wallis test and JTK_Cycle software in R
(Hughes et al,, 2010). Data were analyzed using one-way or two-
way ANOVA with post-hoc Tukey’s test or t-test to compare two
groups. The onset and offset analysis was performed in R (CircStats
package version 0.2-6) (Agostinelli and Lund, 2018). The time was
converted to radians, Rayleigh test was used to analyze the circular
distribution of data, and Watson’s U? test was used for statistical
comparison between experimental groups. Details about statistics
used in different experiments are presented in the Results section.

RESULTS

PDF Localization
Using a monoclonal antibody against Drosophila PDF we mapped
somata and neuronal projections containing PDF in the brain of P.
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apterus (Figure 1A). PDF immunoreactive (PDF-ir) cells were found
exclusively in the optic lobes in the anterior-ventral base of the
medulla. Two distinct types of PDF-ir cells are observed: four
strongly stained cells (Figure 1B arrowhead) and two to four
weakly stained cells (Figure 1B arrow). Based on the anatomical
localization, which corresponds to PDF-ir cells in other Heteroptera
(Vafopoulou et al., 2007; Tkeno et al., 2014; Hasebe et al., 2022) and
species from other insects orders (Sehadova et al., 2003; Wei et al.,
2010; Beer et al., 2018) they represent the group of lateral ventral
neurons (LNV). Processes of these neurons form an extensive net of
small ramifications in the crescent-like shape at the base of the
medulla in the accessory medulla (aMe) region (Figure 1B). Weakly
stained cells reside always at the base of aMe ramifications, while
strongly stained cells are located more posteriorly and in several
cases, we observed them as a separate group detached from aMe
(Supplementary Figure S1C). Single PDF-ir fiber bundle runs along
the medulla and arborizes heavily in the lamina. Additionally, one or
two neuronal branches extending from the aMe innervate medulla
(Figure 1B). LNvs send the neuronal process ventrally to the
posterior part of the brain. From the main ventral PDF-ir fiber,
two major processes extend towards the dorsal part of the brain, one
anteriorly and one posteriorly, and the anterior branch further
ramifies extensively in the dorsal protocerebrum (Dp) with
numerous visible PDF-ir varicosities. The fibers from the anterior
dorsal PDF path form most probably the bridge connecting
contralateral hemispheres. Additionally, we observed the presence
of two weaker stained processes budding ventrally from the main
ventral PDF-ir fiber. One of them branches out near the point of the
offshoot of the anterior dorsal fiber and runs in parallel to it towards
the center of a brain (Figure 1A arrow). The second process
branches out near the outgrowth of the posterior dorsal fiber and
extends perpendicularly towards the posterior part of the brain
(Figure 1A arrowhead). These two processes are observed in
approximately half of the samples and in most cases are visible
in only one hemisphere. If both processes are present in the brain
they are located randomly in ipsilateral or contralateral hemisphere,
therefore we do not assume that their absence is due to different
staining in two halves of the brain. We were not able to track which
cells give neuronal processes to the optic lobes and which innervate
the dorsal protocerebrum.

PDF Expression Is CRY-m Dependent

Analysis of pdf mRNA (Figure 1C) and PDF staining intensity in
cells and neuronal processes in the dorsal protocerebrum in LD
males heads (Figure 1D) does not indicate the cycling nature of
the PDF transcript or protein (Kruskal-Wallis test p > 0.05,
JTK_Cycle p > 0.05). It is worth mentioning that the staining
intensity varies substantially between samples, even when
samples originated from the same cohort of animals and were
processed simultaneously. This huge variability could mask the
presence of possible PDF cycling. Therefore, we cannot clearly
define if the PDF levels change during the day in LD males. To
check if PDF expression is clock dependent we analyzed the level
of pdf transcript and protein level in described previously
arthythmic P. apterus cry-m mutants (cry-m® and cry-m*")
(Kotwica-Rolinska et al., 2021). Since we did not observe pdf
changes during the day in WT, the expression was checked in
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FIGURE 1 | Analysis of the PDF mRNA and protein levels in WT and cry-m LD males. (A) Localization of PDF in P. apterus brain (see the text for detailed description).
Arrow points to the neuronal branch extending from the anterior dorsal fiber and arrowhead points to the neuronal extension of the posterior dorsal fiber. (B) Localization
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males (n = 3 independent repeats, error bar + SEM). (D) PDF-immunostaining intensity over the day in weakly (weak) and strongly (strong) stained cells and dorsal
protocerebrum arborizations (Dp) in LD males (n = 14—19 for each time point). Floating bars represent min to max values with the line at mean. (E) Expression of pdfin cry-
3independent repeats, error bar + SEM). (F) PDF-immunostaining intensity in Dp arborizations in cry-m null mutants (Two-Way ANOVA
genotype effect p < 0.0001, Tukey’s post-hoc (***) p < 0.0001, n for: WT = 18, cry-m®*~'~ = 27, cry-m®"~~ = 9). Floating bars represent min to max values with the line at
mean. (G) Representative images of PDF-ir Dp arborization in WT and cry-m mutants. Grey rectangles on graphs depict darkness.

cry- m?Jin-/-

samples collected only during the day (ZT8), and PDF staining
intensity during the day and night (ZT8 and ZT20). In both cry-m
mutant lines the level of pdf transcript (t-test p < 0.05)
(Figure 1E) and the intensity of PDF-ir in the Dp is lowered
(Figures 1F,G) (Two-way ANOVA, genotype effect test p <
0.0001, followed by Tukey’s test p < 0.0001). These results
show that pdf expression and PDF release are CRY-m dependent.

pdf Mutants Generated by CRISPR/Cas9

PDF in P. apterus, similarly to other insects, is produced from
the precursor which consists of the predicted signal peptide

(Almagro Armenteros et al., 2019), PDF-associated Peptide
(PAP) followed by the PDF active peptide (Figure 2A). P
apterus PDF is an18-mer peptide with predicted C-terminal
amidation and has a conserved sequence similar to PDF in
other insects species (reviewed in (Meelkop et al., 2011; Shafer
and Yao, 2014). PDF sequence is flanked by the set of basic
amino acids, which are predicted to be prohormone
convertase cleavage sites in insects (Figure 2A) (Southey
et al., 2006).

With the use of CRISPR/Cas9, we created mutants in the
active PDF peptide region. For this purpose, two different guide
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FIGURE 2 | P. apterus PDF structure and CRISPR/Cas9 generated pdf mutants. (A) Peptide sequence of P. apterus PDF precursor consists of: signal peptide
(black rectangle), PDF-associated peptide (PAP, underlined) and PDF active peptide (grey rectangle). PDF active peptide is flanked by basic amino acids predicted as a
prohormone convertase cut sites (in red) and the last glycine is predicted to be amidated. Black triangles mark the position of the CRISPR/Cas9 target cut sites. (B)
Amino acid sequences and PDF-immunostaining in WT and pdf mutants. Grey rectangle mark sequences identical to the original active PDF peptide. Note that pdf
mutant has an identical staining pattern to WT, whereas pdf %=, pdf %=~ and pdf °”~/~ mutants result in no PDF immunoreactivity. In-frame deletion in pdf %~~~
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PDF
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RNAs were used. The position of the target region is marked in
Figure 2A by black numbered triangles (for the detailed position
in the genomic region and the nucleotide sequences of obtained
mutants refer to Supplementary Figure S1A). As a result, we
obtained five independent lines carrying unique mutations in the
pdf gene: two lines with guide targeting region 1 and three lines in
the target region 2. One of the lines in the region 1 (pdf ) carries
6bp nucleotide insertion, which results in the in-frame insertion
of arginine and lysine downstream of the predicted cleavage site
(WT cleavage probability of R67-0.8). These additional basic
amino acids could serve as an alternative cleavage site for the
prohormone convertase, leading eventually to the production of
the wild-type PDF. However, Neuropred prediction of the
mutated PDF prohormone shows that the cut site is more
probably in the original position (cleavage probability of
R67-0.8, R68-0.17, and K69-0.01) (Southey et al., 2006),
suggesting that the new mutated peptide has additional RK
amino acids inserted at the N-terminus. This mutation does

not affect the PDF localization and the pattern of staining is
identical as in WT (Figure 2B). However, the staining intensity is
higher in pdf ®*€ mutant than in WT, suggesting that the new
mutated peptide could be more stable than WT PDF
(Supplementary Figure S1B). Three of the mutants, one in
region 1 (pdf ®°) and two in the region 2 (pdf ** and pdf )
carry 5, 4, and 7 bp deletions respectively, causing a frame shift
and change of the PDF sequence. Both pdf®* and pdf*’possess the
part of the original N-terminal PDF sequence (differ only by the
presence or the lack of the conserved Leucine®), followed by a
novel 29 long aa sequence. pdf  line has been predicted to have
disrupted prohormone convertase cleavage site which leads to the
production of the peptide consisting of the PAP peptide sequence
with an additional 16 aa long novel sequence. These three
mutants represent pdf null mutation which was confirmed by
the lack of the PDF staining in the brain (Figure 2B). The last line
(pdf ®") carries 3bp deletion, which results in a WT-like PDF
sequence lacking conserved Leucine®. This line shows that
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mutated PDF is still produced in the same number of cells as in
WT, however, the intensity of staining in neuronal processes in
the optic lobe is lowered, and disappears almost completely in the
Dp arborizations and protrusions to the medulla region
(Figure 2B and Supplementary Figure S1C).

The Role of PDF in the Circadian Clock of P.

apterus

To assess the impact of PDF on the circadian clock function we
analyzed the locomotor activity of pdf mutant animals. We
observed two striking characteristics. Firstly, the majority
(around 80%) of homozygous pdf null mutants (pdf *~~, pdf
94/~ and pdf ") and pdf mutants lacking conserved Leucine®
(pdf ®"") show predominantly nocturnal activity, while the
remaining bugs are arrhythmic in LD (Figures 3A,B and
Supplementary Table S2). Secondly, these mutants are
almost completely arrhythmic in DD (Figure 3C and
Supplementary Table S2), and in contrast to Drosophila
(Renn et al., 1999), they lose rhythmicity instantly after the
transfer to constant conditions (Figure 3B). The few remaining
rhythmic bugs show very short 1, except pdf “**~/~, whose t
spans between 17.42 and 27.25h (Figure 3D and
Supplementary Table S2). Both disrupted activities in LD
and DD are recessive, since respective pdf*’* and pdf*’~
retain WT phenotype. In contrast, pdf **~/~ mutant, which
shows a similar staining pattern to the WT (Figure 2B),
phenotypically also resembles the activity pattern of WT
bugs in LD and DD (Figure 3A and Supplementary Table
§2), but shows approximately 45 min longer T than WT, pdf
REH* or pdf *€+~ (Kruskal Wallis test, p < 0.01, Dunn’s post-hoc
p <0.01, p < 0.05 and p < 0.05, respectively) (Figure 3D and
Supplementary Table S2). Significantly longer T is also
observed for pdf ***'~ when compared to pdf **’* (Mann-
Whitney test p < 0.001).

The Circadian Clock Gene Expression Is
Disrupted in pdf Mutants but Is Not

Responsible for the Nocturnal Behavior

In order to analyze if the circadian clock is affected in pdf null
mutants, we analyzed the daily changes of the core clock gene
transcripts in WT and pdf °*”. Surprisingly we did not detect
the daily cycling in any of the genes tested in WT nor in pdf **~
(Kruskal-Wallis test p > 0.05, JTK_Cycle p > 0.05) but in the
latter, expression of cyc, cry-m, and per was significantly
downregulated independently of the time of the day (Two-
way ANOVA time of the day effect p > 0.05, and genotype effect
P <0.0001, for cyc and cry-m and p < 0.005 for per) (Figure 4A).
To prove that observed differences in clock genes expression
are caused in fact by disruption of PDF we analyzed the same
clock genes during the day and night in all predicted pdf null
mutants (pdf =", pdf "~ and pdf “~'7) and as a control, we
used the mutant showing WT phenotype pdf "™/~ (Figure 4B).
Again we did not observe the effect of a time of a day on the
circadian clock genes expression level. All pdf null lines show
lowered expression of cry-m compared to WT (Mann Whitney

PDF Links Clock to Diapause

test pdf ™'~ p < 0.01 pdf®*~"~ p < 0.01, pdf°”"" p < 0.05). cyc is
also lowered in all three lines, however, significantly only in pdf
4/~ (Mann-Whitney test p < 0.01). The third null mutant, pdf
977/~ on the other hand, shows a significant increase in Clk
expression (Mann-Whitney test p < 0.01). Control line pdf
RE~= shows increased expression of all genes tested when
compared to WT, however, none of these differences
reached statistical significance (Mann-Whitney test p >
0.05). Our results show that the clock gene expression is
strongly line-dependent, however mutation in pdf affects to
some extent the function of the core circadian clock
(Figure 4B). Since pdf null mutation affects particularly the
expression of cry-m we wondered if this is the reason for the
nocturnal activity of pdf mutants. To test this hypothesis, we
analyzed daily activity in the cry-m®*™~ (null) mutants and cry-
m®"~~ (9aa insertion in the conserved CRY-m region). Both
mutants with cry-m disruption showed loss of rhythmicity in
constant conditions - as reported previously (Kotwica-Rolinska
et al,, 2021) but remained diurnal with the activity phase
advanced to WT bugs (Figure 4C and Supplementary Table
§2). Additionally, all of the bugs analyzed here showed clear
rhythm in the daily behavior in contrast to pdf mutants, in
which around 15-30% of bugs are active without preference to
the time of a day (Supplementary Table S2). Our data show
that the nocturnal behavior of pdf mutants is circadian clock
independent.

The Dopamine Signaling Disruption Is Not
Responsible for the Nocturnal Activity of pdf

Mutants

The nocturnal activity of normally crepuscular fruit flies is
described for animals with an increased level of dopamine in
the synaptic cleft in Dopamine transporter (DAT) mutants and
by hyperactivation of the dopamine receptor (Lee et al., 2013).
Additionally, the increased night-time activity of one of the
circadian clock mutants Drosophila CIK'™ (Allada et al., 1998)
is also linked to the increased expression of the key enzyme in
dopamine synthesis - tyrosine hydroxylase (TH) (Kumar et al.,
2012). Therefore we analyzed if the nocturnal activity of pdf
mutants could be also caused by the disruption in the
dopamine signaling. The expression of TH and DAT does
not cycle in P. apterus WT and pdf **”'~ heads (Kruskal
Wallis test p > 0.05, JTK_Cycle p > 0.05) and does not
show a difference between these two genotypes (Figures
4D,F) (Two-way ANOVA p > 0.05). Moreover,
downregulation of expression of TH or DAT by RNAi does
not result in the nocturnal activity of WT bugs (Figures 4E,G)
nor switches the activity of pdf°*~'~ to diurnal. The decrease of
TH and DAT in WT and pdf ®*~"~ has a subtle effect on the
daily activity and disrupts slightly the robustness of
rhythmicity in constant conditions in WT (Supplementary
Figure S3 and Supplementary Table S2). TH dsRNA causes a
significant 1 h delay of the activity onset and offset compared
to the intact WT and WT treated with lacZ dsRNA (Watson’s
U” test p < 0.05) (Figure 4E), while DAT dsRNA delays only
the onset of activity by approximately 30 min (Watson’s U?
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test p < 0.1) (Figure 4G). In pdf ®*~'~ TH and DAT dsRNA do
not show a significant effect on the phase of the activity onset
and offset. All analyzed data show circular distribution
(Rayleigh test p < 0.0001, rho 0.79-0.98). Taken together
our data show that dopamine signaling is involved in the
fine-tuning of the function of the circadian clock in P.
apterus but do not support the hypothesis that the

nocturnal activity of pdf mutants is caused by dopamine
signaling disruption.

Response of pdf mutants to the Light and

Darkness Is a Transient Masking Effect
In order to investigate further the cause of the nocturnal activity
of pdf mutant bugs, we performed a set of analyses by applying
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different light:dark schedules. First, we analyzed if pdf null bugs
are able to adjust their activity to different photoperiods. On
graphs, the photoperiod is marked by Lx:Dy — which describes xh
of light and yh of darkness (Figure 5A). While WT bugs are
predominantly diurnal in all photoperiods, most pdf mutants
start to be active at the beginning of the night and cease to be
active at the beginning of the day, irrespectively of the
photoperiod tested (Figure 5A). Both, WT and pdf **”~ adjust
to the new photo-regime immediately, already on the next day
after the transfer to the new conditions (not shown).
Interestingly, WT bugs activity offset occurs always before the
light-off, while activity onset does not adjust to the new time of
the light-on in shorter photoperiods (Figure 5A). In contrast, in
pdf mutants, the onset of activity occurs concomitantly with the
light-off, and activity offset occurs shortly after the light-on.
These data suggest that the nocturnal activity is possibly a
passive response to the change in the light conditions. To
address this further we checked the response of WT and pdf
%/~ mutants to the 2 h pulses of darkness applied in the middle
of the day (ZT8) and 2 h light pulses applied in the middle of the
night (ZT20). The activity of WT bugs increased slightly after
both types of pulses. In contrast, pdf mutants significantly
increased their activity during the dark pulse (Mann Whitney
test p < 0.0001) and suppressed substantially their activity during
the light pulse (Mann Whitney test p < 0.05) (Figure 5B). To
check which conditions - light or darkness could have a stronger
effect on the pdf mutant’s activity we analyzed the level of their
activity in LD18:6 cycles, constant darkness (DD), and constant
light (LL) conditions. In LD18:6, WT bugs show significantly
higher activity during the light (L) and pdf ®*~~ during the
darkness (D) (Figure 5C) (Mann-Whitney test p < 0.0001), as
expected. WT bugs are rhythmic in DD and 60% retain rhythmic
behavior in LL (Supplementary Table S2), as described
previously (Kaniewska et al., 2020). Surprisingly, the average
activity in DD and LL is comparable in pdf **~ mutants
(Figure 5C) (Mann-Whitney test p > 0.05). Additional
analysis of the activity in initial days in DD and LL conditions
showed that the raise of the activity in the darkness and its drop in
the light lasts approximately 4-6h and is followed by slow
restoration to the intermediate level (Figure 5D). A similar
situation can be noticed when bugs experience very short or
long photoperiods (Figure 5A arrowheads). Taken together our
data show that nocturnal activity in pdf mutants is caused by
clock independent transient masking effect.

PDF Is Involved in the
Photoperiod-dependent Reproductive

Diapause

To explore if PDF is involved in the photoperiodic response we
checked the reproductive status of pdf mutant females kept in
diapause-inducing short-day photoperiod (SD 12:12). Our results
show that while pdf** and pdf*’~ are mostly diapausing in SD,
most of pdf null homozygous mutant females are reproductive.
This situation is also true for pdf ®*", but not the pdf ** mutants
(Figure 6C), showing that the functional PDF is necessary for

PDF Links Clock to Diapause

diapause induction under short-day conditions. These results
point toward PDF as a diapause-inducing factor in P. apterus.
Therefore, we expected that in diapause inducing conditions we
will observe an increased level of PDF. Indeed, we observed
increased staining intensity in the PDF arborization in the Dp
during SD night, but not in the staining of PDF-ir cells
(Figure 6B) and no photoperiod-dependent difference in the
pdf transcript level (Figure 6A).

Since the level of PDF in the Dp arborizations is CRY
dependent we asked if the cry-m mutants have similarly to pdf
mutants disrupted reproductive arrest in SD conditions. Indeed,
virtually all of cry-m homozygous mutants are reproductive in SD
(Figure 6D). Interestingly, in contrast to cry-m, a substantial
number of pdf null mutants is still able to induce diapause in SD
(Figure 6C), therefore we asked if PDF is absolutely necessary for
the photoperiodic timer mechanism. To answer this we analyzed
the reproduction of females kept under different photoperiods
ranging from LD 18:6 to LD 8:16 (Figure 6E). Control WT
animals show clear photoperiodic response, as described
previously (Saunders, 1983), with the critical day-length (CDL)
1641h (SD. = 0.10). pdf RE-/= mutants show a similar
photoperiodic curve to WT but the CDL is approximately
20 min longer (CDL = 16.60h, S.D. + 0.13). The response of
other mutants tested is line dependent. pdf *”~ become
completely diapausing in LD 11:13 (CDL 13.58h, S.D. + 0.29),
pdf P'~ bugs reach the 100% of diapause in LD 10:14 (CDL
13.49h, $.D. + 0.42) but pdf ®*~' are reproductive in a wide range
of photoperiods and they never show 100% of reproductive arrest
(predicted CDL 13.70h, S.D. + 0.41) (Figure 6E). Nevertheless,
the percentage of incidence of diapause in these pdf mutant lines
grows with the shortening of the photoperiod, which implies that
the photoperiodic response is modulated but not destroyed by the
lack of functional PDF. If PDF - a key output of the circadian
clock - is important but not necessary for the photoperiodic
response we wondered if the functional circadian clock is
necessary for the photoperiod measurement. Therefore, we
analyzed the response to the photoperiod of cry-m mutants.
Bugs with disrupted CRY-m are predominantly reproductive,
and even though some bugs are still able to induce reproductive
arrest, especially in shorter photoperiods, the percentage of cry-m
diapausing bugs is much smaller than in the case of PDF-depleted
bugs. Therefore, it seems that CRY-m is necessary for the proper
photoperiodic response. Additionally, our data suggest that other
circadian clock-dependent or just cry-m dependent factors act
synergistically with PDF in transmitting the information about
the day length to the photoperiodic timer.

DISCUSSION

PDF is one of the most studied neuropeptides in invertebrates. In
Crustacea homologous peptide PDH regulates dispersing of the
hormone in the epidermis and light-dependent pigment
movement in the retina (Meelkop et al., 2011) and in insects,
PDF plays a role as an output of the circadian clock (Renn et al.,
1999). Injection of the PDF shifts the phase of the activity of the
clock in crickets (Singaravel et al., 2003), cockroaches (Petri and
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on the last day in LD 18:6 and three following days in constant darkness (DD - solid line) or constant light (LL-dashed line). The level of the activity becomes comparable
on the third day in both constant conditions. Activity graphs represents the average activity of all bugs used in the experiment. The grey rectangle on the graph depicts the

last night time in the LD cycle. Arrowheads point to the time when the activity starts to decrease in DD and starts to increase in LL.

Stengl, 1997), and honeybees (Beer et al., 2018). Transcript
downregulation by RNAi disrupts rhythms in crickets
(Hassaneen et al., 2011) and cockroaches (Lee et al., 2009),
and in Drosophila pdf (Renn et al, 1999) and pdfR mutants
(Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005) gradually
become arrhythmic in constant darkness. Most of the studies
concerning the function of the PDF come from Drosophila due to
the access to an amazing spectrum of genetic tools currently not
available for other insect species, which makes conclusions about
PDF action Drosophila biased. Here we present the first data
describing PDF in the linden bug P. apterus (Hemiptera) and its
role in the circadian and photoperiodic clocks in this species
based on data obtained from CRISPR/Cas9 generated mutants.

P. apterus PDF Localization

P. apterus PDF is produced in two distinct classes of neurons
which are located at the base of the medulla and based on the
similarity to the location in other insects they represent lateral

neurons (LN) (Helfrich-Forster, 1995; Sehadova et al., 2003;
Vafopoulou et al., 2007; Ikeno et al., 2014; Beer et al., 2018;
Hasebe et al., 2022). These two groups of neurons differ by the
strength of the PDF staining and the location of the cells. Weakly
stained cells lay exclusively within the PDF arborizations in the
region of the accessory medulla while strongly stained cells are
located more posteriorly and are often more dispersed
(Supplementary Figure S1C). This location and intensity of
staining suggest that they could represent small and large
lateral neurons described in Drosophila (Helfrich-Forster,
1995), however, we were not able to tract their projections
which could give a closer answer if they really resemble the
Drosophila s- and 1-LNvs. In the optic lobe, these neurons ramify
densely in the accessory medulla and lamina where based on the
presence of PDF positive varicosities we expect that PDF is
released and feedback on the clock and function of the visual
system, respectively. PDF-ir cells projected their axons towards
the dorsal protocerebrum where they ramify to the anterior and
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FIGURE 6 | Connection of P. apterus PDF and CRY-m to the photoperiodic response. (A) pdf expression in female heads during the day and night in LD and SD
(n = 3 independent repeats, error bar + SEM). (B) PDF-immunostaining intensity in weakly (weak) and strongly (strong) stained cells and dorsal protocerebrum
arborizations (Dp) in female brains during the day and night in LD and SD (n = 12-16, Kruskal-Wallis test: weak p > 0.05, strong p > 0.05, Dp p < 0.05 and Dunn’s post
hoc p < 0.0001) Floating bars represent min to max values with the line at mean. Statistical difference is marked by (***) p < 0.0001. (C) Reproductive status of WT
and pdf*’*, ¥~ and '~ in SD conditions. (D) Reproductive status of WT and cry-m **, ¥~ and '~ in SD conditions. (E) The photoperiodic curve of WT and pdf
homozygous mutants (F) The photoperiodic curve of WT and cry-m homozygous mutants Data presented as mean values with error bars + SEM.

posterior parallel branches with the anterior branch showing
intense staining of numerous varicosities close to the surface of
the brain. The staining of PDF in P. apterus generally resembles
PDF localization in other Heteroptera, however, R. pedestris
(Ikeno et al., 2014), Rhodnius prolixus (Vafopoulou et al,
2007) and P. stali (Hasebe et al., 2022) lack the division of
projections in the dorsal protocerebrum into anterior and
posterior parallel branches.

The Connection of the PDF to the P. apterus

Circadian Clock

We were not able to state if the rhythm of the pdf expression and
PDF level in PDF-ir cells and Dp arborizations exists in LD reared
males. While we noticed a trend towards higher PDF levels during
the night in the Dp region, substantial variability between samples
prevents us to draw a definite a conclusion about the nature of
PDF cycling. Interestingly, we also do not notice the cycling
expression of any of the circadian clock genes, which is the known
signature of the properly-functional circadian clock in Drosophila
and other insect species. Similarly, lack of PDF cycling and non-
rhythmic expression of the circadian clock genes was reported in

another heteropteran species R. pedestris (Ikeno et al., 2008; Ikeno
et al,, 2014). We assume that, at least in P. apterus, the lack of
cyclic expression could be the result of cycling occurring only in a
few circadian clock cells and could also arise from the interspecies
variability, since our previous results showed that the
downregulation of the several circadian clock genes has the
effect consistent with the typical transcriptional-translational
feedback loop model (Kotwica-Rolinska et al., 2021). While we
cannot state the presence or the absence of the rhythmicity of the
PDF level, its expression and accumulation in the dorsal
protocerebrum are CRY-m dependent, suggesting that PDF
transcription and post-translational modifications could be
possibly under control of other circadian clock genes in P.
apterus. Non-rhythmic (Park and Hall, 1998) but circadian
clock-dependent expression of the pdf is also reported for
Drosophila and the cycling of PDF in s-LNvs axon terminals is
absent in per and tim mutant flies (Park et al., 2000). Currently,
we do not know if other circadian clock genes affect P.apterus pdf
transcription or PDF accumulation, and how exactly CRY-m
activates pdf expression leading to the increased PDF level. We
assume that CRY-m can act indirectly via the regulation of the
circadian clock machinery or affecting other pathways involved in
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the regulation of translation or neuropeptides release. If PDF in
P.apterus is truly under the circadian clock control, we would
expect that the downregulation of per should have a similar effect
to CRY-m depletion, and the downregulation of the positive
elements like Clk and cyc should up-regulate pdf expression and
the level of PDF.

P. apterus PDF feeds back on the function of the circadian
clock, since the expression of cry-m is downregulated in pdf null
mutants. In Drosophila, PDF affects the machinery of the clock by
stabilizing PER/TIM heterodimer (Seluzicki et al, 2014) and
stimulating the CLK/CYC-dependent transcription in a time-
dependent manner (Sabado et al., 2017). Whether PDF acts
similarly on the P. apterus circadian clock remains to be
addressed.

What is the functional role of the P. apterus PDF in the
circadian clock? In Drosophila, pdf null flies lose the morning
anticipation peak, display an advanced evening peak of activity,
and become gradually arrhythmic in constant darkness (Renn
et al,, 1999), due to progressive asynchrony between circadian
clocks centers in the brain (Lin et al., 2004). The P. apterus pdf
mutants behave strikingly differently. The majority of them
become instantly arrhythmic in constant conditions, while
under LD conditions around 70-80% of them show nocturnal
activity pattern, and the rest is arrhythmic. The instant loss of
rhythmicity in the absence of PDF proves that in P. apterus PDF is
an element of the functional circadian clock and serves as the
main output pathway regulating behavioral rhythmicity. A
similar hypothesis was drawn based on results obtained in the
cockroach Blattella germanica where pdf RNAi increased
arrhythmicity of animals in both LD and DD (Lee et al,
2009). The complete loss of PDF staining in pdf null mutants
does not allow us to determine which PDF neuronal projections
are responsible for the regulation of rhythmicity. Without an
additional marker, we cannot exclude the possibility that PDF
cells and neuronal projections do not develop normally in pdf null
mutants. However, pdf “®*~~ line lacking conserved Leucine®,
lacks PDF-ir dorsal protocerebrum arborizations and shows
circadian phenotype identical to pdf null mutants. Therefore,
we think, that similarly to s-LNv arborization in Drosophila
(Helfrich-Forster et al, 2007), dorsal protocerebrum
arborizations could also be responsible for maintaining the
rhythmicity in bugs. Interestingly, in pdf “**'~ both weak and
strong PDF-ir cells are present, and aMe and lamina arborizations
produce weaker staining (Supplementary Figure S1C). This
selective disappearance of PDF could imply that PDF can be
differently modified by post-translational mechanisms in
different neuronal processes. In fact, two forms of PDF
resulting from different posttranslational modifications are
known in Drosophila, 1-LNv produce amidated PDF, while
s-LNv PDF is not amidated (Park et al., 2008). Our hypothesis
assumes that except amidation, also the deactivation of PDF
could be different in the optic lobe and Dp arborizations, leading
to the production of peptides with different activity and stability.
What could be a mechanism of the lower stability of the PDF in
pdf ®"2 Incidentally, Drosophila PDF is inactivated by the
synaptic membrane endopeptidase neprilysin, by cleavage
between conserved Serine’ - Leucine® (Isaac et al, 2007). We

PDF Links Clock to Diapause

hypothesize that neprilysin could act predominantly in the dorsal
PDF neuronal processes. In our scenario when Leucine® is
removed in pdf "7, the next Leucine’ takes its place,
keeping the original cleavage site intact. If then, the mutated
form is less resistant to proteolysis, the increased cleavage would
lead eventually to almost complete loss of PDF in the dorsal
protocerebrum. We are not able to identify whether this mutated
PDF peptide, albeit still present in optic lobes, is functional.

The more intriguing aspect of pdf null mutants’ behavior is
their partial arrhythmicity and predominant nocturnal activity in
LD cycles. The role of PDF in setting up the preference time of
locomotor activity was observed also in the cricket G.
bimaculatus, where the typical nocturnal activity of nymphs
was switched to diurnal after pdf RNAi. Moreover, these
crickets adjusted faster to the new photoregime, placing PDF
as a factor involved in the circadian clock entrainment
(Hassaneen et al,, 2011). In addition, PDF is predicted to be
responsible for the preference of the timing of activity in
artificially selected diurnal and nocturnal populations of
Drosophila (Pegoraro et al., 2020). However, the actual link
between PDF and a particular time of activity is missing. Here
we show that in P. apterus the nocturnal activity of pdf mutants is
clock independent since cry-m mutants are diurnal and show
robust rhythmicity in LD conditions. Additionally, our earlier
experiments using RNAi to downregulate the expression of
several circadian clock genes in P. apterus did not affect bugs’
diurnal activity patterns (Kotwica-Rolinska et al., 2021). Next, we
analyzed if the pdf nocturnal activity is a result of disrupted
dopamine signaling since similar night-time activity was reported
for Drosophila with an increased level of dopamine signaling in:
1) flies treated with the dopamine D2 Receptor agonist 2) mutants
with disrupted dopamine transporter (Lee et al., 2013) and 3)
CIK™™ mutants with an increased expression of tyrosine
hydroxylase the rate-limiting enzyme important for
dopamine precursor (Kumar et al., 2012). However, our data
suggest that the disruption of dopamine signaling is not the main
reason for the nocturnal activity observed in pdf mutants, since
the expression level of TH and DAT is comparable between WT
and pdf null mutants and downregulation of either of enzymes
does not change the time of the activity in WT and pdf®*~'~ bugs.
However, we cannot completely exclude the possibility that the
targeted  transcripts  depletion, while quite efficient
(Supplementary Figure S2A), could be still insufficient to
successfully disrupt dopamine signaling.

P. apterus pdf mutants, in contrast to Drosophila (Yoshii et al.,
2009) immediately adapt to new photoperiods always keeping the
night-active mode. Additionally, light pulses during the night and
dark pulses during the day elicit an immediate and opposite
change of behavior, suggesting this response is a passive masking
effect. However, the light suppresses and darkness increases the
level of the activity only in a transient manner. The nocturnal
activity of artificially selected Drosophila is also a form of masking
effect to LD cycles and flies released to DD exhibit activity with
the phase matching “diurnal-like” activity (Pegoraro et al., 2020).
While we still don’t know the reason of the pdf null mutants’
nocturnal behavior, we assume that the PDF role could be
connected with the light adaptation mechanism. PDF shows
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rich innervation in the lamina, which could impact the function
of photoreceptor cells, or the action of the lamina interneurons
involved in the light transmission. Involvement of PDF was
already proven for screening pigment migration in the
photoreceptors (Pyza and Meinertzhagen, 1998) and daily
changes of axon size of lamina L1 and L2 visual interneurons
in Musca domestica (Pyza and Meinertzhagen, 1996). However,
the exact mechanism of the PDF action on the visual system in P.
apterus needs to be elucidated.

Connection of the CRY-m and PDF to the
photoperiodic Regulation of the

Reproductive Diapause

The involvement of the clock in the photoperiodic timer is still
under debate. However, genetic manipulation of the circadian
clock genes by the use of RNAi or knock-out mutants proved
their impact on diapause induction in butterflies D. plexippus
(liams et al., 2019) and Bombyx mori (Ikeda et al, 2021),
mosquito C. pipens (Meuti et al., 2015), cricket Modicogryllus
siamensis (Sakamoto et al., 2009) as well as true bugs R. pedestris
(Ikeno et al., 20105 Tkeno et al., 2011) and P. apterus (Kotwica-
Rolinska et al., 2017). Only few studies focused on the role of the
circadian output neuropeptide PDF in the photoperiodic
response. PDF was shown to have impact on the reproductive
status in Drosophila and C. pipens, where it plays a role as a
reproduction-inducing factor. Contrary, the recent report shows
that in the stink bug P. stali downregulation of pdf by RNAi
promotes reproduction in SD putting PDF as a diapause
promoting factor (Hasebe et al., 2022), while in R. pedestris
RNAi did not affect the reproductive status of the bugs (Ikeno
et al., 2014). In the same study surgical removal of the region
containing PDF cells led to female reproduction under SD
conditions suggesting that other factors released by the same
cells may be responsible for diapause induction.

In our study, we show that CRY-m and PDF are involved in the
photoperiodic regulation of reproductive diapause in P. apterus.
Similarly to R. pedestris (Ikeno et al., 2011) and P. stali (Hasebe
et al,, 2022), disruption of either cry-m or pdf inhibits reproductive
arrest in SD in P. apterus. Based on these results we conclude that
PDF functions as a diapause-promoting factor in P. apterus.
Diapause status of WT females coincides with the increased
level of PDF in the dorsal protocerebrum during the night but
not during the day. Additionally, the pdf mRNA level and PDF
level in cell somata are photoperiod-independent. What is then a
possible explanation of the photoperiodic regulation of PDF level
in Dp and how could these changes be connected to the diapause
induction? We hypothesize that PDF in Dp could be accumulated
during the darkness and released during the day. This would
explain the higher PDF level in Dp which we observe at ZT20
(but not at ZT'8) in SD. In SD at ZT20, bugs already experienced 8 h
of darkness (light-off is at ZT'12) and in LD 2 h of darkness (light-
off is at ZT18), while in both conditions, at ZT8 bugs experienced
the same duration of the light (8 h). The hypothesis which assumes
prolonged PDF accumulation due to longer nights in SD, could
also explain the increased level of PDF in Dp without photoperiod-
dependent differences in the mRNA or PDF level in cells somata.

PDF Links Clock to Diapause

Additionally, longer accumulation of PDF during the night in SD
conditions would lead to the increased level of available PDF,
whose later increased release could be a signal for the diapause
induction. However, this hypothesis needs to be further addressed
by analyzing additional time points and analyzing the PDF level in
bugs kept in different photo-regimes.

The hypothesis that the increased level of PDF signals
diapause induction in P. apterus could also explain the
predominantly reproductive status of cry-m mutants, whose
PDF level in the dorsal protocerebrum is decreased.
Additionally these data suggest, that the response to the
photoperiod is mediated by the CRY-m dependent regulation
of the PDF level. Interestingly, not all pdf null mutants but almost
all cry-m mutants are reproductive in SD. Furthermore, while the
majority of cry-m mutants stay reproductive even in shorter
photoperiods, the disruption of the PDF, the CRY-m
dependent key output of the circadian clock, did not make
bugs completely unresponsive to the photoperiodic changes.
The incidence of diapause increases with the shortening of the
light phase and in the case of pdf  and pdf ®" shorter
photoperiod leads all females to arrest their reproduction.
Nevertheless, we show that the lack of PDF shortens the CDL
in the photoperiodic diapause induction. The CDL is a variable
trait and depends on many factors, including the temperature,
food availability, geographical origin of the species (reviewed in
(Denlinger et al., 2017), and is most probably under polygenic
control. To our knowledge, this is the first report showing the
direct involvement of the single neuropeptide - pdf - in the
modulation of the complex trait like CDL. PDF was shown to
be connected to the behavioral adaptation to life in different
latitudes in several Drosophila species (Menegazzi et al., 2017;
Bertolini et al., 2019), and probably could be also responsible for
differences  observed latitude-depedent  photoperiodic
responses. Interestingly, recent data suggest that PDF action
can have an even more complex nature, and that PDF could
be involved as a molecule marking the change in the photoperiod
bi-directionally (Hasebe et al, 2022). In P.stali, pdf RNAi
inhibited ovarian arrest after transfer from reproducing to
diapause-inducing conditions. On the other hand, the
downregulation of pdf also prolonged the time of the oocyte
maturation after the transfer from SD to LD conditions. It needs
to be elucidated if PDF can play a similar role in P.apterus.

Even though the photoperiodic response is clearly modified in
P. apterus pdf mutants, these bugs can still initiate diapause
program in shorter photoperiods. These results suggest there
are other important circadian clock-dependent, or at least CRY-
m regulated factors involved in the photoperiodic response in P.
apterus. A similar conclusion was drawn for R. pedestris where pdf
RNAi did not affect diapause, while removing part of the brain
containing PDF cells induced reproduction under SD conditions
(Ikeno et al., 2014). Moreover, it was proven that in Drosophila
sNPF acts synergistically with PDF to inhibit reproductive arrest
via activation of insulins producing cells in the brain (Nagy et al.,
2019). Additionally, other neuropeptides, like diuretic hormone
44 (DH44) (Hasebe and Shiga, 2021) or Myoinhibitory peptides
(MIPs) (Tamai et al., 2019) whose release is under circadian clock
control, were shown to also participate in the regulation of
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imaginal diapause. Taken together, our data show that the
photoperiodic regulation of the P. apterus diapause is
regulated by CRY-m via the regulation of the PDF level in the
Dp and others, currently unknown factors.

Interestingly, as mentioned before, some of the cry-m mutants
still show the ability to diapause in the shorter photoperiods and
retain rudimentary photoperiodic response. Analogous results
were obtained for arrhythmic Drosophila per null mutants which,
similarly to WT flies, were able to induce ovarian arrest at the low
temperature and short photoperiods but their CDL was 2h
shorter than in WT flies (Saunders et al., 1989). The authors
proposed three explanations of these results: I) the circadian
clock is not involved in the photoperiod measurement; 2) the
circadian clock is involved but per is not essential; 3) the clock still
functions to some level in per’ flies, which show residual non-
circadian rhythmicity and ability to entrain to LD cycles. While
Saunders et al. (1989) favored the second hypothesis, we assume,
that the presence of the weak photoperiodic response in P. apterus
cry-m mutants’ females could appear in individuals, which
retained some of the circadian clock function. In support of
our hypothesis, we observed that a substantial proportion of cry-
m mutant males were rhythmic, albeit their rhythmicity was
considered as complex, that is multiple non-24 h components
were detected (Kotwica-Rolinska et al, 2021). Interestingly,
similar aberrant residual rhythmicity was reported for per’!
Drosophila mutants, where about 30% of flies displayed a non-
24-h periodicity (Helfrich-Forster, 2001). Thus, even the third
hypothesis might be considered for the results of Saunders et al.
(1989).

CONCLUSION

In our study, we present the circadian clock and diapause
phenotypes of several lines of pdf and cry-m mutants created
with the CRISPR/Cas9 technology. Our results show that PDF is
regulated by CRY-m and possibly is the only output factor from
the circadian clock synchronized by the light: dark cycles. PDF
independently of the circadian clock regulates acute response to
the light and probably plays a role in light:dark adaptation. CRY-
m and PDF are diapause-inducing factors under SD conditions.
The cry-m mutants lose almost completely the ability to diapause
while pdf mutants retain the ability to respond to the photoperiod
pointing to the existence of some additional factors which act

REFERENCES

Agostinelli, C., and Lund, U. (2018). R Package CircStats: Circular Statistics (Version
0.2-6). CRAN. Available at: https://cran.r-project.org/web/packages/CircStats/
Allada, R., White, N. E., So, W. V., Hall, J. C,, and Rosbash, M. (1998). A Mutant
Drosophila Homolog of Mammalian Clock Disrupts Circadian Rhythms and
Transcription of Period and Timeless. Cell 93 (5), 791-804. d0i:10.1016/s0092-
8674(00)81440-3

Almagro Armenteros, J. J., Tsirigos, K. D., Senderby, C. K., Petersen, T. N,
Winther, O., Brunak, S., et al. (2019). SignalP 5.0 Improves Signal Peptide
Predictions Using Deep Neural Networks. Nat. Biotechnol. 37 (4), 420-423.
doi:10.1038/s41587-019-0036-z

PDF Links Clock to Diapause

downstream of the CRY-m in the mechanism of clock dependent
diapause induction.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Conceptualization: JK-R with input from DD, mutants’
generation JK-R, locomotor activity analyses JK-R, gene
expression analyses JK-R, immunostaining JK-R, densitometry
MD, cry mutants’ reproduction and genotyping - LC, pdf mutants
genotyping LK, statistical analysis JK-R, writing: JK-R with input
from all authors, funding DD.

FUNDING

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation program (grant agreement No 726049
to DD). LC was supported by INsecTIME (FP7-PEOPLE-2012-
ITN, grant no. 316790).

ACKNOWLEDGMENTS

We thank Piotr Rolinski for the help with R, Jan Provaznik and
Bulah Chia-Hsiang Wu for P. apterus transcriptomes and
genome assembly and Hana Vanéckova and Martin Lichy for
bugs technical support. We thank also two Reviewers for valuable
comments, which helped to improve the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www .frontiersin.org/articles/10.3389/fphys.2022.884909/
full#supplementary-material

Beer, K., and Helfrich-Forster, C. (2020). Model and Non-model Insects in
Chronobiology. Front. Behav. Neurosci. 14, 601676. doi:10.3389/fnbeh.2020.
601676

Beer, K., Kolbe, E., Kahana, N. B, Yayon, N., Weiss, R., Menegazzi, P., et al. (2018).
Pigment-Dispersing ~ Factor-Expressing ~ Neurons Convey  Circadian
Information in the Honey Bee Brain. Open Biol. 8 (1), 170224. doi:10.1098/
rsob.170224

Bertolini, E., Schubert, F. K., Zanini, D., Sehadova, H., Helfrich-Férster, C., and
Menegazzi, P. (2019). Life at High Latitudes Does Not Require Circadian
Behavioral Rhythmicity under Constant Darkness. Curr. Biol. 29 (22),
3928-3936.¢3. doi:10.1016/j.cub.2019.09.032

Denlinger, D. L., Hahn, D. A., Merlin, C., Holzapfel, C. M., and Bradshaw, W. E.
(2017). Keeping Time without a Spine: what Can the Insect Clock Teach Us

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 884909


https://www.frontiersin.org/articles/10.3389/fphys.2022.884909/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.884909/full#supplementary-material
https://cran.r-project.org/web/packages/CircStats/
https://doi.org/10.1016/s0092-8674(00)81440-3
https://doi.org/10.1016/s0092-8674(00)81440-3
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.3389/fnbeh.2020.601676
https://doi.org/10.3389/fnbeh.2020.601676
https://doi.org/10.1098/rsob.170224
https://doi.org/10.1098/rsob.170224
https://doi.org/10.1016/j.cub.2019.09.032
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Kotwica-Rolinska et al.

about Seasonal Adaptation? Phil. Trans. R. Soc. B 372 (1734), 20160257. doi:10.
1098/rstb.2016.0257

Gestrich, J., Giese, M., Shen, W., Zhang, Y., Voss, A., Popov, C,, et al. (2018).
Sensitivity to Pigment-Dispersing Factor (PDF) Is Cell-Type Specific Among
PDF-Expressing Circadian Clock Neurons in the Madeira Cockroach. J. Biol.
Rhythms 33 (1), 35-51. doi:10.1177/0748730417739471

Hardin, P. E. (2011). Molecular Genetic Analysis of Circadian Timekeeping in
Drosophila. Adv. Genet. 74, 141-173. doi:10.1016/B978-0-12-387690-4.
00005-2

Hasebe, M., and Shiga, S. (2021). Oviposition-Promoting Pars Intercerebralis
Neurons Show Period -Dependent Photoperiodic Changes in Their Firing
Activity in the Bean Bug. Proc. Natl. Acad. Sci. U.S.A. 118 (9), €2018823118.
doi:10.1073/pnas.2018823118

Hasebe, M., Kotaki, T., and Shiga, S. (2022). Pigment-dispersing Factor Is
Involved in Photoperiodic Control of Reproduction in the Brown-Winged
green Bug, Plautia Stali. J. Insect Physiol. 137, 104359. doi:10.1016/j.jinsphys.
2022.104359

Hassaneen, E., El-Din Sallam, A., Abo-Ghalia, A., Moriyama, Y., Karpova, S. G.,
Abdelsalam, S., et al. (2011). Pigment-dispersing Factor Affects Nocturnal
Activity Rhythms, Photic Entrainment, and the Free-Running Period of the
Circadian Clock in the Cricket gryllus Bimaculatus. J. Biol. Rhythms 26 (1),
3-13. doi:10.1177/0748730410388746

Helfrich-Férster, C., Shafer, O. T., Wiilbeck, C., Grieshaber, E., Rieger, D., and
Taghert, P. (2007). Development and Morphology of the Clock-Gene-
Expressing Lateral Neurons ofDrosophila Melanogaster. J. Comp. Neurol.
500 (1), 47-70. doi:10.1002/cne.21146

Helfrich-Forster, C. (1995). The Period Clock Gene Is Expressed in central Nervous
System Neurons Which Also Produce a Neuropeptide that Reveals the
Projections of Circadian Pacemaker Cells within the Brain of Drosophila
melanogaster. Proc. Natl. Acad. Sci. US.A. 92 (2), 612-616. doi:10.1073/
pnas.92.2.612

Helfrich-Forster, C. (1998). Robust Circadian Rhythmicity of Drosophila
melanogaster Requires the Presence of Lateral Neurons: a Brain-Behavioral
Study of Disconnected Mutants. J. Comp. Physiol. A: Sensory, Neural Behav.
Physiol. 182 (4), 435-453. doi:10.1007/5003590050192

Helfrich-Forster, C. (2001). The Locomotor Activity Rhythm of Drosophila
melanogaster Is Controlled by a Dual Oscillator System. J. Insect Physiol. 47
(8), 877-887. doi:10.1016/S0022-1910(01)00060-9

Hermann-Luibl, C., and Helfrich-Férster, C. (2015). Clock Network in Drosophila.
Curr. Opin. Insect Sci. 7, 65-70. doi:10.1016/j.cois.2014.11.003

Hughes, M. E., Hogenesch, J. B., and Kornacker, K. (2010). JTK_CYCLE: an
Efficient Nonparametric Algorithm for Detecting Rhythmic Components in
Genome-Scale Data Sets. J. Biol. Rhythms 25 (5), 372-380. doi:10.1177/
0748730410379711

Hyun, S, Lee, Y., Hong, S.-T., Bang, S., Paik, D., Kang, J., et al. (2005). Drosophila
GPCR Han Is a Receptor for the Circadian Clock Neuropeptide PDF. Neuron 48
(2), 267-278. doi:10.1016/j.neuron.2005.08.025

liams, S. E., Lugena, A. B., Zhang, Y., Hayden, A. N,, and Merlin, C. (2019).
Photoperiodic and Clock Regulation of the Vitamin A Pathway in the Brain
Mediates Seasonal Responsiveness in the Monarch Butterfly. Proc. Natl. Acad.
Sci. U.S.A. 116 (50), 25214-25221. doi:10.1073/pnas.1913915116

Ikeda, K., Daimon, T., Shiomi, K., Udaka, H., and Numata, H. (2021). Involvement
of the Clock Gene Period in the Photoperiodism of the Silkmoth Bombyx mori.
Zoolog. Sci. 38 (6), 523-530. d0i:10.2108/2s210081

Tkeno, T., Numata, H., and Goto, S. G. (2008). Molecular Characterization of the
Circadian Clock Genes in the Bean Bug, Riptortus Pedestris, and Their
Expression Patterns under Long- and Short-Day Conditions. Gene 419 (1-
2), 56-61. doi:10.1016/j.gene.2008.05.002

Ikeno, T., Tanaka, S. I, Numata, H., and Goto, S. G. (2010). Photoperiodic
Diapause under the Control of Circadian Clock Genes in an Insect. BMC
Biol. 8, 116. doi:10.1186/1741-7007-8-116

Tkeno, T., Numata, H., and Goto, S. G. (2011). Photoperiodic Response Requires
Mammalian-type Cryptochrome in the Bean Bug Riptortus Pedestris. Biochem.
Biophys. Res. Commun. 410 (3), 394-397. d0i:10.1016/j.bbrc.2011.05.142

Ikeno, T., Numata, H., Goto, S. G., and Shiga, S. (2014). The Involvement of the
Brain Region Containing Pigment-Dispersing Factor-Immunoreactive
Neurons in the Photoperiodic Response of the Bean Bug Riptortus
Pedestris. J. Exp. Biol. 217 (Pt 3), 453-462. doi:10.1242/jeb.091801

PDF Links Clock to Diapause

Isaac, R. E., Johnson, E. C., Audsley, N., and Shirras, A. D. (2007). Metabolic
Inactivation of the Circadian Transmitter, Pigment Dispersing Factor (PDF), by
Neprilysin-like Peptidases in Drosophila. J. Exp. Biol. 210 (Pt 24), 4465-4470.
doi:10.1242/jeb.012088

Kaniewska, M. M., Vanéckova, H., Dolezel, D., and Kotwica-Rolinska, J. (2020).
Light and Temperature Synchronizes Locomotor Activity in the Linden Bug,
Pyrrhocoris apterus. Front. Physiol. 11, 242. doi:10.3389/fphys.2020.00242

Koide, R., Xi, J., Hamanaka, Y., and Shiga, S. (2021). Mapping PERIOD-
Immunoreactive Cells with Neurons Relevant to Photoperiodic Response in
the Bean Bug Riptortus Pedestris. Cell Tissue Res. 385 (3), 571-583. doi:10.1007/
s00441-021-03451-6

Kostal, V. V., and Simek, P. (2000). Overwintering Strategy in Pyrrhocoris apterus
(Heteroptera): the Relations between Life-Cycle, Chill Tolerance and
Physiological Adjustments. J. Insect Physiol. 46 (9), 1321-1329. doi:10.1016/
$0022-1910(00)00056-1

Kotwica-Rolinska, J., Pivarciova, L., Vaneckova, H., and Dolezel, D. (2017). The
Role of Circadian Clock Genes in the Photoperiodic Timer of the linden Bug P
Yrrhocoris Apterus during the Nymphal Stage. Physiol. Entomol. 42 (3),
266-273. doi:10.1111/phen.12197

Kotwica-Rolinska, J., Chodakova, L., Chvalova, D., Kristofova, L., Fenclova, I.,
Provaznik, J., et al. (2019). CRISPR/Cas9 Genome Editing Introduction and
Optimization in the Non-model Insect Pyrrhocoris apterus. Front. Physiol. 10,
891. doi:10.3389/fphys.2019.00891

Kotwica-Rolinska, J., Chodékova, L., Smykal, V., Damulewicz, M., Provaznik, J.,
Wu, B. C.-H,, et al. (2021). Loss of Timeless Underlies an Evolutionary
Transition within the Circadian Clock. Mol. Biol. Evol. 39, msab346. doi:10.
1093/molbev/msab346

Kozak, G. M., Wadsworth, C. B., Kahne, S. C., Bogdanowicz, S. M., Harrison, R. G.,
Coates, B. S., et al. (2019). Genomic Basis of Circannual Rhythm in the
European Corn Borer Moth. Curr. Biol. 29 (20), 3501-3509.e5. doi:10.1016/
j.cub.2019.08.053

Kumar, S., Chen, D., and Sehgal, A. (2012). Dopamine Acts through Cryptochrome
to Promote Acute Arousal in Drosophila. Genes Dev. 26 (11), 1224-1234.
doi:10.1101/gad.186338.111

Lear, B. C., Merrill, C. E,, Lin, J.-M.,, Schroeder, A., Zhang, L., and Allada, R. (2005).
A G Protein-Coupled Receptor, Groom-Of-PDF, Is Required for PDF Neuron
Action in Circadian Behavior. Neuron 48 (2), 221-227. doi:10.1016/j.neuron.
2005.09.008

Lee, C.-M., Su, M.-T., and Lee, H.-J. (2009). Pigment Dispersing Factor: an Output
Regulator of the Circadian Clock in the German Cockroach. J. Biol. Rhythms 24
(1), 35-43. doi:10.1177/0748730408327909

Lee, G., Kikuno, K., Bahn, J.-H., Kim, K.-M., and Park, J. H. (2013). Dopamine D2
Receptor as a Cellular Component Controlling Nocturnal Hyperactivities
inDrosophila Melanogaster. Chronobiology Int. 30 (4), 443-459. doi:10.3109/
07420528.2012.741169

Lin, Y., Stormo, G. D., and Taghert, P. H. (2004). The Neuropeptide Pigment-
Dispersing Factor Coordinates Pacemaker Interactions in the Drosophila
Circadian System. J. Neurosci. 24 (36), 7951-7957. doi:10.1523/J]NEUROSCI.
2370-04.2004

Meelkop, E., Temmerman, L., Schoofs, L., and Janssen, T. (2011). Signalling
through Pigment Dispersing Hormone-like Peptides in Invertebrates. Prog.
Neurobiol. 93 (1), 125-147. doi:10.1016/j.pneurobio.2010.10.004

Menegazzi, P., Dalla Benetta, E, Beauchamp, M., Schlichting, M., Steffan-
Dewenter, 1., and Helfrich-Forster, C. (2017). Adaptation of Circadian
Neuronal Network to Photoperiod in High-Latitude European Drosophilids.
Curr. Biol. 27 (6), 833-839. doi:10.1016/j.cub.2017.01.036

Mertens, L., Vandingenen, A., Johnson, E. C,, Shafer, O. T., Li, W., Trigg, J. S., et al.
(2005). PDF Receptor Signaling in Drosophila Contributes to Both Circadian
and Geotactic Behaviors. Neuron 48 (2), 213-219. doi:10.1016/j.neuron.2005.
09.009

Meuti, M. E,, Stone, M., Ikeno, T., and Denlinger, D. L. (2015). Functional
Circadian Clock Genes Are Essential for the Overwintering Diapause of the
Northern House Mosquito, Culex pipiens. . Exp. Biol. 218 (Pt 3), 412-422.
doi:10.1242/jeb.113233

Nagy, D., Cusumano, P., Andreatta, G., Anduaga, A. M., Hermann-Luibl, C,,
Reinhard, N,, et al. (2019). Peptidergic Signaling from Clock Neurons Regulates
Reproductive Dormancy in Drosophila melanogaster. Plos Genet. 15 (6),
€1008158. doi:10.1371/journal.pgen.1008158

Frontiers in Physiology | www.frontiersin.org

17

April 2022 | Volume 13 | Article 884909


https://doi.org/10.1098/rstb.2016.0257
https://doi.org/10.1098/rstb.2016.0257
https://doi.org/10.1177/0748730417739471
https://doi.org/10.1016/B978-0-12-387690-4.00005-2
https://doi.org/10.1016/B978-0-12-387690-4.00005-2
https://doi.org/10.1073/pnas.2018823118
https://doi.org/10.1016/j.jinsphys.2022.104359
https://doi.org/10.1016/j.jinsphys.2022.104359
https://doi.org/10.1177/0748730410388746
https://doi.org/10.1002/cne.21146
https://doi.org/10.1073/pnas.92.2.612
https://doi.org/10.1073/pnas.92.2.612
https://doi.org/10.1007/s003590050192
https://doi.org/10.1016/S0022-1910(01)00060-9
https://doi.org/10.1016/j.cois.2014.11.003
https://doi.org/10.1177/0748730410379711
https://doi.org/10.1177/0748730410379711
https://doi.org/10.1016/j.neuron.2005.08.025
https://doi.org/10.1073/pnas.1913915116
https://doi.org/10.2108/zs210081
https://doi.org/10.1016/j.gene.2008.05.002
https://doi.org/10.1186/1741-7007-8-116
https://doi.org/10.1016/j.bbrc.2011.05.142
https://doi.org/10.1242/jeb.091801
https://doi.org/10.1242/jeb.012088
https://doi.org/10.3389/fphys.2020.00242
https://doi.org/10.1007/s00441-021-03451-6
https://doi.org/10.1007/s00441-021-03451-6
https://doi.org/10.1016/S0022-1910(00)00056-1
https://doi.org/10.1016/S0022-1910(00)00056-1
https://doi.org/10.1111/phen.12197
https://doi.org/10.3389/fphys.2019.00891
https://doi.org/10.1093/molbev/msab346
https://doi.org/10.1093/molbev/msab346
https://doi.org/10.1016/j.cub.2019.08.053
https://doi.org/10.1016/j.cub.2019.08.053
https://doi.org/10.1101/gad.186338.111
https://doi.org/10.1016/j.neuron.2005.09.008
https://doi.org/10.1016/j.neuron.2005.09.008
https://doi.org/10.1177/0748730408327909
https://doi.org/10.3109/07420528.2012.741169
https://doi.org/10.3109/07420528.2012.741169
https://doi.org/10.1523/JNEUROSCI.2370-04.2004
https://doi.org/10.1523/JNEUROSCI.2370-04.2004
https://doi.org/10.1016/j.pneurobio.2010.10.004
https://doi.org/10.1016/j.cub.2017.01.036
https://doi.org/10.1016/j.neuron.2005.09.009
https://doi.org/10.1016/j.neuron.2005.09.009
https://doi.org/10.1242/jeb.113233
https://doi.org/10.1371/journal.pgen.1008158
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Kotwica-Rolinska et al.

Park, J. H,, and Hall, J. C. (1998). Isolation and Chronobiological Analysis of a
Neuropeptide Pigment-Dispersing Factor Gene inDrosophila Melanogaster.
J. Biol. Rhythms 13 (3), 219-228. doi:10.1177/074873098129000066

Park, J. H., Helfrich-Forster, C., Lee, G., Liu, L., Rosbash, M., and Hall, J. C. (2000).
Differential Regulation of Circadian Pacemaker Output by Separate Clock
Genes in Drosophila. Proc. Natl. Acad. Sci. U.S.A. 97 (7), 3608-3613. doi:10.
1073/pnas.07003619710.1073/pnas.97.7.3608

Park, D., Veenstra, J. A, Park, J. H, and Taghert, P. H. (2008). Mapping
Peptidergic Cells in Drosophila: where DIMM Fits in. PLoS One 3 (3),
€1896. doi:10.1371/journal.pone.0001896

Pegoraro, M., Flavell, L. M. M., Menegazzi, P., Colombi, P., Dao, P., Helfrich-
Forster, C., et al. (2020). The Genetic Basis of Diurnal Preference in Drosophila
melanogaster. BMC Genomics 21 (1), 596. doi:10.1186/s12864-020-07020-z

Petri, B., and Stengl, M. (1997). Pigment-Dispersing Hormone Shifts the Phase of
the Circadian Pacemaker of the CockroachLeucophaea Maderae. J. Neurosci. 17
(11), 4087-4093. doi:10.1523/jneurosci.17-11-04087.1997

Pivarciova, L., Vaneckova, H., Provaznik, J., Wu, B. C.-h., Pivarci, M., Peckova, O.,
et al. (2016). Unexpected Geographic Variability of the Free Running Period in
the Linden Bug Pyrrhocoris apterus. J. Biol. Rhythms 31 (6), 568-576. doi:10.
1177/0748730416671213

Pyza, E., and Meinertzhagen, 1. A. (1996). Neurotransmitters Regulate Rhythmic
Size Changes Amongst Cells in the Fly’s Optic Lobe. J. Comp. Physiol. A. 178
(1), 33-45. doi:10.1007/BF00189588

Pyza, E., and Meinertzhagen, L. A. (1998). Neurotransmitters Alter the Numbers of
Synapses and Organelles in Photoreceptor Terminals in the Lamina of the
Housefly, Musca domestica. ]. Comp. Physiol. A: Sensory, Neural Behav. Physiol.
183 (6), 719-727. doi:10.1007/5003590050294

Renn, S. C. P, Park, J. H., Rosbash, M., Hall, ]. C., and Taghert, P. H. (1999). A Pdf
Neuropeptide Gene Mutation and Ablation of PDF Neurons Each Cause Severe
Abnormalities of Behavioral Circadian Rhythms in Drosophila. Cell 99 (7),
791-802. doi:10.1016/s0092-8674(00)81676-1

Sabado, V., Vienne, L., Nunes, J. M., Rosbash, M., and Nagoshi, E. (2017). Fluorescence
Circadian Imaging Reveals a PDF-dependent Transcriptional Regulation of the
Drosophila Molecular Clock. Sci. Rep. 7, 41560. doi:10.1038/srep41560

Sakamoto, T., Uryu, O., and Tomioka, K. (2009). The Clock Gene Period Plays an
Essential Role in Photoperiodic Control of Nymphal Development in the
Cricket Modicogryllus Siamensis. J. Biol. Rhythms 24 (5), 379-390. doi:10.
1177/0748730409341523

Sato, S., Chuman, Y., Matsushima, A., Tominaga, Y., Shimohigashi, Y., and
Shimohigashi, M. (2002). A Circadian Neuropeptide, Pigment-Dispersing
Factor-PDF, in the Last-Summer Cicada Meimuna Opalifera: ¢cDNA
Cloning and Immunocytochemistry. Zoolog. Sci. 19 (8), 821-828. doi:10.
2108/2sj.19.821

Saunders, D. S., Henrich, V. C., and Gilbert, L. I. (1989). Induction of Diapause in
Drosophila melanogaster: Photoperiodic Regulation and the Impact of
Arrhythmic Clock Mutations on Time Measurement. Proc. Natl. Acad. Sci.
U.S.A. 86 (10), 3748-3752. doi:10.1073/pnas.86.10.3748

Saunders, D. S. (1983). A Diapause Induction-Termination Asymmetry in the
Photoperiodic Responses of the Linden Bug, Pyrrhocoris apterus and an Effect
of Near-Critical Photoperiods on Development. J. Insect Physiol. 29 (5),
399-405. doi:10.1016/0022-1910(83)90067-7

Saunders, D. S. (2020). Dormancy, Diapause, and the Role of the Circadian System
in Insect Photoperiodism. Annu. Rev. Entomol. 65, 373-389. doi:10.1146/
annurev-ento-011019-025116

Saunders, D. (2021). Insect Photoperiodism: Biinning’s Hypothesis, the History
and Development of an Idea. Eur. J. Entomol. 118, 1-13. doi:10.14411/eje.
2021.001

Schmid, B., Helfrich-Forster, C., and Yoshii, T. (2011). A New ImageJ Plug-In
"Actogram]" for Chronobiological Analyses. J. Biol. Rhythms 26 (5), 464-467.
doi:10.1177/0748730411414264

Sehadova, H., Sauman, I, and Sehnal, F. (2003). Immunocytochemical
Distribution of Pigment-Dispersing Hormone in the Cephalic Ganglia of

PDF Links Clock to Diapause

Polyneopteran Insects. Cel Tissue Res. 312 (1), 113-125. doi:10.1007/s00441-
003-0705-5

Seluzicki, A., Flourakis, M., Kula-Eversole, E., Zhang, L., Kilman, V., and Allada, R.
(2014). Dual PDF Signaling Pathways Reset Clocks via TIMELESS and Acutely
Excite Target Neurons to Control Circadian Behavior. Plos Biol. 12 (3),
€1001810. doi:10.1371/journal.pbio.1001810

Shafer, O. T., and Taghert, P. H. (2009). RNA-interference Knockdown of
Drosophila Pigment Dispersing Factor in Neuronal Subsets: the Anatomical
Basis of a Neuropeptide’s Circadian Functions. PLoS One 4 (12), €8298. doi:10.
1371/journal.pone.0008298

Shafer, O. T., and Yao, Z. (2014). Pigment-Dispersing Factor Signaling and
Circadian Rhythms in Insect Locomotor Activity. Curr. Opin. Insect Sci. 1,
73-80. doi:10.1016/j.cois.2014.05.002

Singaravel, M., Fujisawa, Y., Hisada, M., Saifullah, A. S. M., and Tomioka, K.
(2003). Phase Shifts of the Circadian Locomotor Rhythm Induced by Pigment-
Dispersing Factor in the Cricket Gryllus Bimaculatus. Zoolog. Sci. 20 (11),
1347-1354. doi:10.2108/2sj.20.1347

Socha, R. (1993). Pyrrhocoris apterus (Heteroptera) - an Experimental Model
Species: A Review. Eur. J. Entomol. 90, 241-286.

Southey, B. R., Amare, A., Zimmerman, T. A., Rodriguez-Zas, S. L., and Sweedler,
J. V. (2006). NeuroPred: a Tool to Predict Cleavage Sites in Neuropeptide
Precursors and Provide the Masses of the Resulting Peptides. Nucleic Acids Res.
34 (Web Server issue), W267-W272. doi:10.1093/nar/gkl161

Tamai, T., Shiga, S., and Goto, S. G. (2019). Roles of the Circadian Clock and
Endocrine Regulator in the Photoperiodic Response of the Brown-Winged
green Bug Plautia Stali. Physiol. Entomol. 44 (1), 43-52. doi:10.1111/phen.
12274

Tomioka, K., and Matsumoto, A. (2015). Circadian Molecular Clockworks in Non-
Model Insects. Curr. Opin. Insect Sci. 7, 58—-64. doi:10.1016/j.c0is.2014.12.006

Tomioka, K., and Matsumoto, A. (2019). The Circadian System in Insects: Cellular,
Molecular, and Functional Organization. Adv. Insect Physiol. 56, 73-115.
doi:10.1016/bs.aiip.2019.01.001

Vafopoulou, X,, Steel, C. G. H., and Terry, K. L. (2007). Neuroanatomical Relations
of Prothoracicotropic Hormone Neurons with the Circadian Timekeeping
System in the Brain of Larval and adultRhodnius Prolixus (Hemiptera).
J. Comp. Neurol. 503 (4), 511-524. doi:10.1002/cne.21393

Wei, H,, el Jundi, B., Homberg, U., and Stengl, M. (2010). Implementation of
Pigment-Dispersing Factor-Immunoreactive Neurons in a Standardized Atlas
of the Brain of the Cockroach Leucophaea Maderae. J. Comp. Neurol. 518 (20),
4113-4133. doi:10.1002/cne.22471

Yoshii, T., Wulbeck, C., Sehadova, H., Veleri, S., Bichler, D., Stanewsky, R., et al.
(2009). The Neuropeptide Pigment-Dispersing Factor Adjusts Period and
Phase of Drosophila’s Clock. J. Neurosci. 29 (8), 2597-2610. doi:10.1523/
JNEUROSCI.5439-08.2009

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kotwica-Rolinska, Damulewicz, Chodakova, Kristofova and
Dolezel. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 884909


https://doi.org/10.1177/074873098129000066
https://doi.org/10.1073/pnas.07003619710.1073/pnas.97.7.3608
https://doi.org/10.1073/pnas.07003619710.1073/pnas.97.7.3608
https://doi.org/10.1371/journal.pone.0001896
https://doi.org/10.1186/s12864-020-07020-z
https://doi.org/10.1523/jneurosci.17-11-04087.1997
https://doi.org/10.1177/0748730416671213
https://doi.org/10.1177/0748730416671213
https://doi.org/10.1007/BF00189588
https://doi.org/10.1007/s003590050294
https://doi.org/10.1016/s0092-8674(00)81676-1
https://doi.org/10.1038/srep41560
https://doi.org/10.1177/0748730409341523
https://doi.org/10.1177/0748730409341523
https://doi.org/10.2108/zsj.19.821
https://doi.org/10.2108/zsj.19.821
https://doi.org/10.1073/pnas.86.10.3748
https://doi.org/10.1016/0022-1910(83)90067-7
https://doi.org/10.1146/annurev-ento-011019-025116
https://doi.org/10.1146/annurev-ento-011019-025116
https://doi.org/10.14411/eje.2021.001
https://doi.org/10.14411/eje.2021.001
https://doi.org/10.1177/0748730411414264
https://doi.org/10.1007/s00441-003-0705-5
https://doi.org/10.1007/s00441-003-0705-5
https://doi.org/10.1371/journal.pbio.1001810
https://doi.org/10.1371/journal.pone.0008298
https://doi.org/10.1371/journal.pone.0008298
https://doi.org/10.1016/j.cois.2014.05.002
https://doi.org/10.2108/zsj.20.1347
https://doi.org/10.1093/nar/gkl161
https://doi.org/10.1111/phen.12274
https://doi.org/10.1111/phen.12274
https://doi.org/10.1016/j.cois.2014.12.006
https://doi.org/10.1016/bs.aiip.2019.01.001
https://doi.org/10.1002/cne.21393
https://doi.org/10.1002/cne.22471
https://doi.org/10.1523/JNEUROSCI.5439-08.2009
https://doi.org/10.1523/JNEUROSCI.5439-08.2009
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Pigment Dispersing Factor Is a Circadian Clock Output and Regulates Photoperiodic Response in the Linden Bug, Pyrrhocoris a ...
	Introduction
	Materials and Methods
	Insects
	CRISPR/Cas9 Genome Editing
	Locomotor Activity
	Gene Expression Analysis
	Immunohistochemistry
	RNAi Experiments
	Diapause Phenotype
	Photoperiodic Response Curve
	Statistical Analysis

	Results
	PDF Localization
	PDF Expression Is CRY-m Dependent
	pdf Mutants Generated by CRISPR/Cas9
	The Role of PDF in the Circadian Clock of P. apterus
	The Circadian Clock Gene Expression Is Disrupted in pdf Mutants but Is Not Responsible for the Nocturnal Behavior
	The Dopamine Signaling Disruption Is Not Responsible for the Nocturnal Activity of pdf Mutants
	Response of pdf mutants to the Light and Darkness Is a Transient Masking Effect
	PDF Is Involved in the Photoperiod-dependent Reproductive Diapause

	Discussion
	P. apterus PDF Localization
	The Connection of the PDF to the P. apterus Circadian Clock
	Connection of the CRY-m and PDF to the photoperiodic Regulation of the Reproductive Diapause

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


