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Abstract
Numerous insect species living in temperate regions survive adverse conditions, such as winter, in a state of developmental 
arrest. The most reliable cue for anticipating seasonal changes is the day-to-night ratio, the photoperiod. The molecular 
mechanism of the photoperiodic timer in insects is mostly unclear. Multiple pieces of evidence suggest the involvement of 
circadian clock genes, however, their role might be independent of their well-established role in the daily oscillation of the 
circadian clock. Furthermore, reproductive diapause is preferentially studied in females, whereas males are usually used 
for circadian clock research. Given the idiosyncrasies of male and female physiology, we decided to test male reproductive 
diapause in a strongly photoperiodic species, the linden bug Pyrrhocoris apterus. The data indicate that reproduction is not 
under circadian control, whereas the photoperiod strongly determines males’ mating capacity. Clock mutants in pigment 
dispersing factor and cryptochrome-m genes are reproductive even in short photoperiod. Thus, we provide additional evidence 
of the participation of circadian clock genes in the photoperiodic time measurement in insects.
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Introduction

We live in a periodic world, when the risk, resources, oppor-
tunities, and adversities often regularly alternate. The 24 
daily oscillations are anticipated in organisms by the so-
called circadian clock, whereas seasonal changes are orches-
trated by a photoperiodic timer (also called the photoperi-
odic clock). The possible link(s) between the circadian clock 
and photoperiodic timer have been extensively debated and, 
at least in insects, remains only partially understood (Brad-
shaw and Holzapfel 2010; Koštál 2011; Dolezel 2015, Goto 
2022).

From a mechanistic perspective, circadian clocks are 
formed from interconnected transcription/translation 

feedback loops (TTFL). Mutation of clock genes results in 
altered free-running period of the clock in constant darkness 
or even in complete arrhythmicity. A remarkable collection 
of Drosophila mutants has been instrumental for decipher-
ing clock mechanisms (reviewed in Hall 2003). Much fewer 
mutations are available in non-Drosophila insects; these 
mutations have usually been created in a forward genetic 
approach, in which a candidate gene is modified or silenced 
by RNA-mediated interference.

Most of the clock TTFLs is conserved in insects, even 
though some lineage-specific variation can be identified 
(Tomioka and Matsumoto 2015; Dolezel 2023). In Dros-
ophila melanogaster, the best-understood insect model, 
CLOCK (CLK) and CYCLE (CYC), two basic helix-loop-
helix PAS (PER-ARNT-SINGLE MINDED) transcription 
factors, control mRNA expression of the so-called negative 
elements period (per) and timeless (tim). During the early 
night, PER and TIM proteins accumulate and later trans-
locate to the nucleus, where they inhibit CLK and CYC 
(reviewed in Ozkaya and Rosato 2012; Hardin 2011; Peschel 
and Helfrich-Forster 2011). Drosophila CYC does not con-
tain a Terminal Activation Domain (TAD) which is a typi-
cal feature of BMAL1, the mammalian homolog of CYC. 
Interestingly, most insect species contain BMAL1 (Chang 
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et al. 2003; Tomioka and Matsumoto 2015), and the pres-
ence of BMAL1 correlates precisely with the presence of 
the mammalian type CRYPTOCHROME (CRY-m) (Thakkar 
et al. 2022). In contrast to CRY-m, the Drosophila-type of 
CRYPTOCHROME (CRY-d) is a deep brain receptor key for 
light-mediated entrainment and its removal result in aberrant 
rhythmicity at constant light (Stanewsky et al. 1998; Emery 
et al., 2000; Dolezelova et al. 2008) Several other TTFLs 
are well characterized in Drosophila (Cyran et al. 2003; Jau-
mouille et al. 2015) and most likely conserved across insects 
(Tomioka and Matsumoto 2015; Dolezel 2023; Tomioka 
2014; Kotwica-Rolinska et al. 2022a).

CRY-m acts as a transcriptional repressor in cell lines 
(Yuan et al. 2007) and its role in the clock has been demon-
strated by RNA-mediated interference (RNAi) in the bean 
bug Riptortus pedestris (Ikeno et al. 2011a), the linden bug 
Pyrrhocoris apterus (Kotwica-Rolinska et al. 2022a), the 
cricket Gryllus bimaculatus (Tokuoka et al. 2017), the cock-
roach Rhyparobia maderae (Werckenthin et al. 2020), and 
by stable modification in the monarch butterfly Dannaus 
plexippus (Zhang et al. 2017). However, while knocking 
down Clk or Bmal1 leads to almost all arrhythmic individu-
als (Kotwica-Rolinska et al. 2022a), a considerable propor-
tion of animals with knocked down or even stably mutated 
cry-m are still weakly rhythmic, although the free-running 
period deviates from 24 h or even multiple free-running peri-
ods are detected (Werckenthin et al. 2020; Kotwica-Rolinska 
et al. 2022a).

In addition to TTFLs controlling oscillations even at 
the single-cell level, intracellular communication is also 
required for the circadian clock. In Drosophila, PIGMENT 
DISPERSING FACTOR (PDF) is a well-established neu-
ropeptide responsible for clock function when pdf01 muta-
tion results in severely abnormal free-running period and 
arrhythmicity (Renn et al. 1999). In P. apterus, genetic 
depletion of PDF leads to arrhythmicity (Kotwica-Rolinska 
et al. 2022b), confirming its evolutionarily conserved role 
in the circadian clock.

While the circadian clock “keeps ticking” under constant 
conditions (in animals this is usually constant darkness, 
DD), the photoperiodic timer measures the day-to-night 
ratio (= photoperiod). Therefore, the photoperiodic timer 
and the circadian clock are by definition distinct and dif-
ferent devices, even though some of their components (e.g., 
proteins) may overlap. Before addressing the genetic aspects 
of the photoperiodic timer, we must briefly introduce dia-
pause, which serves as a typical output. Organisms must 
cope with adverse conditions, such as changes in weather 
(access to food, low temperatures, dry seasons, etc.), and 
it is beneficial to anticipate these regular seasonal changes. 
Photoperiod is the most reliable cue that informs insects 
of the coming season, well before the onset of more severe 
adversity, such as low temperatures. For example, nymphs of 

P. apterus do not tolerate low winter temperatures. Because 
development from egg to adult takes 4–5 weeks at 25 °C and 
two to three months in the field (Socha 1993), it is critical to 
avoid oviposition at the end of summer, even if the weather 
is still pleasant at that time. Reproduction of P. apterus is 
strongly regulated by photoperiod (Saunders 1983), although 
the photoperiodic response curve is further shaped by tem-
perature (Numata et al. 1993).

Diapause is terminated by low temperatures during win-
ter, after which insects remain in a suppressed state called 
quiescence. The difference between diapause and quiescence 
can be well documented in experiments in which P. apterus 
females were brought from the field to ambient tempera-
ture and short photoperiod in the laboratory (Hodek 1971). 
Females collected and transferred in August or September 
did not reproduce and remained in diapause. However, 
females transferred later in winter (December, January, Feb-
ruary) reproduced even during short photoperiods that sup-
ported diapause. Thus, although the long photoperiod in lab-
oratory experiments may serve as a signal to break diapause, 
in the natural environment diapause is terminated by low 
temperatures. Thereafter, females are no longer photoperiod 
sensitive and can begin reproducing virtually immediately 
when environmental conditions become favorable. Due to 
a robust and clearly visible change in ovarian morphology 
(Smykal et al. 2014), females have been the preferred subject 
of diapause research in many insect species.

Although P. apterus males also enter diapause, certain 
sex-specific dimorphism connected to endocrine regulation 
exists in males (Urbanová et al. 2016; Hejníková et al. 2022). 
For example, females absolutely require juvenile hormone 
(JH) for reproduction, whereas its absence (or only very low 
levels) is considered a hallmark of reproductive diapause 
(Denlinger et al. 2012). In contrast, male diapause can be 
terminated by a long photoperiod even if JH signaling is 
experimentally impaired/abolished (Hejníková et al. 2022).

In the seminal work of Ikeno (Ikeno et al. 2010, 2011b, c, 
2013), period, cyc, Clk, and cry-m were identified as regu-
lators of photoperiod-induced reproduction in R. pedestris 
females. While RNAi-mediated knockdown of per and cry-m 
resulted in females reproducing even at short photoperiods, 
depletion of cyc or Clk resulted in photoperiod-independent 
reproductive arrest. The identical trend was observed in P. 
apterus after knockdown of cyc and Clk (Kotwica-Rolinska 
et al. 2017) and in cry-m gene mutants (Kotwica-Rolinska 
et al. 2022b). The possible involvement of pdf was tested 
in R. pedestris with rather ambiguous results: microsurgi-
cal removal identified a PDF-containing region as key for 
the photoperiodic timer, whereas RNAi silencing of pdf had 
no impact on diapause. This contrasts with data from pdf 
mutants generated by gene editing in P. apterus, where pdf 
depletion resulted in an altered photoperiodic response curve 
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(PRC), with only a subset of pdf0 females entering diapause 
in SD photoperiod (Kotwica-Rolinska et al. 2022b).

Given the sex-specific differences in hormonal regulation 
of reproductive development in P. apterus, we decided to 
investigate the photoperiodic reproduction in males, to test 
whether mating is under circadian control, and to determine 
the impact of circadian clock mutants on male reproductive 
diapause.

Material and methods

Insects and rearing conditions

Pyrrhocoris apterus colonies were maintained under long-
day conditions (LD, 18 h/6 h light/dark cycle), at a tempera-
ture of 25 ± 1 ˚C, with constant access to food (dry linden 
Tilia cordata seeds) and water. Nymphs in the last nymphal 
stage were divided into female and male groups and kept 
separately in small jars. The diapausing bugs were reared 
in a similar manner but kept under short-day conditions 
(SD, 12 h/12 h). The lines used were reference wild-type 
Oldrichovec (Oldr) and Roana (Ro) strains (described in 
Pivarciova et al. 2016), cry-m mutants (details in Kotwica-
Rolinska et al. 2022a), and pdf mutants (described in Kot-
wica-Rolinska et al. 2022b). All mutants were backcrossed 
to the corresponding wild-type strain for at least 8 genera-
tions to minimize the effect of off-target editing (Kotwica-
Rolinska et al. 2019). One of the cry-m mutants was addi-
tionally backcrossed to Ro for an additional 8 generations 
(Netušil et al. 2021). A set of experiments was performed 
on overwintered males collected on March 20, 2023, from 
the field in Ceske Budejovice, Czech Republic. For the loco-
motor activity experiments, which were performed at SD, a 
non-photoperiodic diapause Lyon strain (Lyon-rednpd) was 
used as a reference (Dolezel et al. 2005; Pivarciova et al. 
2016; Supplementary Table 1).

Mating chambers

Square plastic arenas (7 × 7 × 1 cm) covered on top with non-
reflective transparent plastic were used to observe and record 
mating. A removable (sliding) divider separates the arena in 
the middle (Supplementary Fig. 1). Males and females were 
placed in the divided arenas and allowed to become famil-
iar with the environment, then the divider was removed. A 
top-mounted webcam (ArduCAM 2MP OV2710 Camera 
Module with integral 650 IR filter, ArduCAM) connected 
to a computer recorded throughout the experiment (up to 
24 h) activity via Dorgem software (version 2.1.0). Manual 
annotation of observed interactions (mating attempts and 
copulations) and the duration of copulation were carried 

out ‘frame-by-frame’ using VirtualDub (version 1.10.4). 
Mating attempts were defined as when the male approaches 
the female within one body length, taps with his antennae, 
and then jumps on top of the female with shaking move-
ments. Copulation is defined as when there is a clear genital 
connection between the insects. Males were marked with 
a white dot to distinguish the sexes (using white non-toxic 
edding790 paint marker).

Mating assays

Females and males (age, strain, and conditions varied 
by the experiment, see below) were housed in the arenas 
and allowed to become familiar with the environment for 
1–2 min, and then the divider was gently removed. During 
the first 30 min, activity was photographed every second (1 
fps, frame per second), then one frame per minute (fpm) was 
taken for an additional 11.5 or 23.5 h.

To test the optimal age of females, only the Oldrichovec 
strain was used. Three to ten days after adult ecdysis (dAAE) 
virgin females were individually mixed with 7 d AAE males, 
and the activity recorded at 1 fps for the first 30 min and then 
at 1 fpm for an additional 11.5 h.

To test mating around the clock, 5 dAAE virgin females 
were individually mixed with 7 d AAE males (both from the 
Oldrichovec strain) at six different time points evenly spaced 
throughout the day. Males and females were housed in the 
arenas, allowed to familiarize themselves with the arena for 
1–2 min, and then the divider was gently removed 30 min 
before the targeted ZT. Mating was scored manually for the 
next 30 min, and the observation finished exactly at ZT 2, 
ZT 6, ZT 10, ZT 14, ZT 18, and ZT 22 (ZT0 corresponds to 
the “light on” signal). The experiment was repeated in four 
biological replicates on different days (Table 1). The analysis 
of the potential circadian rhythm was performed using JTK-
Cycle (Hughes et al. 2010).

The remaining mating experiments were performed with 
Oldrichovec, Roana, cry-m and pdf mutants, and with males 
collected in the field on March 20 (spring equinox). Males 

Table 1  Numbers of mating pairs/tested pairs per independent repeat.

ZT2 ZT6 ZT10 ZT14 ZT18 ZT22

#1 replicate 

#2 replicate 

#3 replicate 

#4 replicate 

total 

4/7 1/9 4/8 1/8 5/7 4/7

4/8 5/8 4/8 8/8 4/8 3/7

11/13 7/13 12/14 9/11 5/11 7/11

6/13 2/13 3/12 4/12 3/12 5/13 

25/41 15/43 23/42 22/39 17/38 19/38

Top bars indicate the light (white) and dark (black) period
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from LD were 7d AAE and females from LD were 5d AAE 
old. Males and females from SD conditions were 10d AAE. 
Pairs were housed in the arenas and the divider was removed 
at around ZT2, then activity was captured at 1 fps during 
the first 30 min and then at 1 fpm for an additional 23.5 h.

Locomotor activity assays

To measure the free-running period, males collected in the 
field and reference Lyon-rednpd males were individually 
placed into 15-cm glass test tubes with a small vial filled 
with water and a cotton stopper. At the other end of the test 
tube, a linden seed was mechanically fixed in a small mesh 
bag. Males were synchronized in a 12:12 light–dark regime 
for 5 days at 25 °C and then released into constant dark 
conditions at the same temperature. Their locomotor activ-
ity was recorded in 5-min bins for an additional 12 days in 
DD. The free-running period was determined from the first 
10 days in DD, with the additional two days serving as a 
control for insect survival. Lomb-Scargle analysis in Acto-
gram J (Schmid et al. 2011) was used to identify arrhythmic 
individuals, animals with multiple free-running periods or 
unstable periods, and animals with a stable free-running 
period for which the exact value can be determined. In prin-
ciple, we followed the protocol of Kaniewska et al. (2020).

Methoprene application

10d AAE diapausing males from SD were combined with 
reproductive 5d AAE female virgins from LD and kept under 
diapause-inducing SD photoperiod at 25 °C and activity was 
recorded. The next day, males were anesthetized with  CO2 
and 2 µg juvenile hormone mimic methoprene dissolved 
in acetone was ectopically applied. As a control, only the 
vehicle (acetone) was applied. The male mating activity was 
then recorded, and fresh reproductive virgins were replaced 
every other day.

Software

Following software was used in this study:
Dorgem Software, Frank Fesevur (2006) https:// dorgem. 

sourc eforge. net/.
GraphPad Software, Inc. San Diego, California USA, 

https:// www. graph pad. com/.
VirtualDub Software, Avery Lee (2013) https:// www. 

virtu aldub. org/ index. html.

Results

Pilot experiments and age of animals

From previous studies we know that 7-day-old males (7 
d AAE) are efficient in mating. Therefore, we tested how 
age affects female mating performance. While mating effi-
ciency reached up to 90% on day 6, it gradually decreased 
thereafter, reaching a minimum of ~ 25% around day 9 
(Supplementary Fig. 2). This pattern is consistent with 
the vitellogenic cycle and JH titer in P. apterus females 
(Hejnikova et  al. 2022). Therefore, we used 5 d AAE 
females for the mating experiments.

Mating of P. apterus is not under circadian control

The first experiment addressed the question of whether 
or not the mating of P. apterus is tied to a specific time 
of day. First, it is interesting to see if this activity is con-
trolled by the clock. Second, the possible time preference 
is important because we are using circadian clock mutants 
in the study. When males and females were paired at any 
of the six tested Zeitgeber times (ZT), ~ 40–60% of pairs 
mated within the next 30 min (Fig. 1). Although the sum 
of all four replicates (Table 1) indicates a small trough at 
ZT6, no oscillation can be detected in the biological rep-
licates with JTK-Cycle. Thus, P. apterus mating is inde-
pendent of time of day, at least in the simplified laboratory 
setup. However, it should be noted that both males and 

Fig. 1  The circadian profile of mating behavior in WT Oldrichovec P. 
apterus males. The dots represent the percentage of copulating pairs. 
The floating numbers above dots are the number of copulating versus 
tested pairs. The bar on the bottom axis depicts the photoperiod—LD 
18:6—white stands for light, black represents darkness. The mating 
of the linden bug is not under circadian control (p > 0.05, JTK-Cycle 
test)

https://dorgem.sourceforge.net/
https://dorgem.sourceforge.net/
https://www.graphpad.com/
https://www.virtualdub.org/index.html
https://www.virtualdub.org/index.html


579Journal of Comparative Physiology A (2024) 210:575–584 

1 3

females were kept isolated from the second sex for seven 
and five days, respectively. In contrast, in the field, males 
and females of this species live in large colonies where 
individual bugs meet frequently. On the other hand, mating 
often lasts more than 12 h, so targeting this activity may 
not be as critical as if it were a brief event. The results 
of this laboratory experiment suggest that mating occurs 
independently of visual cues, as pairs also mate in the 
dark at ZT22.

Photoperiod is a strong signal regulating male 
reproductive diapause

Since there is no daily preference in P. apterus mating, we 
started the experiments at ZT2 for all tested combinations of 
genotypes (wt and mutant animals) and physiological states 

(males and females from SD and LD). Males of both wild-
type lines mated at LD with > 75% success in 24 h (Fig. 2, 
Supplementary Table 2, Supplementary Fig. 3). When dia-
pausing males from SD were combined with either diapaus-
ing (SD) or reproductive females (LD), no copulation was 
detected. However, ~ 42% of reproductive males copulated 
with diapausing females. Moreover, the mating was success-
ful: when these females were transferred from diapause-
inducing/maintaining conditions to reproduction-promot-
ing LD, they began to lay eggs that were fertilized in ~ 73% 
of the crosses (see Supplementary Table 3 for a detailed 
description of the results). The approximately three-week 
delay in egg laying is a clear indication that females were 
in diapause during copulation, as reproductively mature 
females only require approximately one week to lay eggs (for 

Fig. 2  Photoperiodic timer and circadian clock in P. apterus males. 
(a) Reproductive status of male strongly influences mating. All used 
virgin females belong to the WT Oldrichovec line. Males are either 
Oldrichovec (no footnote), WT Roana (Ro), or overwintered bugs 
(OW) collected in the field in Ceske Budejovice, Czech Republic. 
The (OW*) group are the insects from (OW) that were kept under 
recovery conditions for three days (SD, 25  °C, with food and water 
ad libitum). The WT lines were reared in long day (LD) or short day 
(SD) conditions. Numbers next to the bars indicate the total number 
of pairs corresponding to the category. The copulation success of 
reproductive males (LD) is high for both WT lines, the reproductive 
male can even force the diapausing female into copulation (42%). 
Under the SD conditions, males are in diapause and do not copulate. 

Around 14% of overwintered males (OW) copulated upon trans-
fer from the field. Copulating success raised to 92% after three-day 
recovery (OW*). See supplementary table 2 for detailed values. (b) 
The circadian clock is functional even in non-photoperiodic males in 
which diapause was terminated by low temperatures during overwin-
tering (OW). The  Lyonnpd strain was used as a reference. The differ-
ence in free-running period reflects the different geographic origin of 
the lines compared. The circadian clock of the tested males is char-
acterized as the percentage of males exhibiting strong rhythmicity, 
complex rhythmicity, and arrhythmicity. For each male with strong 
rhythmicity, individual free-running period values are shown as dots. 
The red bars represent means ± SEM
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details on delays in egg laying associated with the switch 
from diapause to reproduction, see Dolezel et al. 2007).

Finally, we examined the mating performance of males 
collected in the field exactly on spring equinox. 14% of 
freshly collected over-wintered (OW) males mated imme-
diately after the transfer from the field. When they were 
exposed to SD, 25 °C, and food and water ad libitum (recov-
ery conditions) for three days, their performance increased 
to 92%. The mating was successful, as 89% of the crosses 
produced fertilized eggs (see Supplementary Table 3 for 
details).

Photoperiod‑insensitive males possess 
a functioning circadian clock

The results described above confirmed that the males col-
lected in the field were photoperiod insensitive and repro-
duced successfully. Therefore, we tested whether their cir-
cadian clock was still functioning. Because the conditions 
of SD (necessary for entrainment) induce a diapause state in 
photoperiod-sensitive linden bugs, for which low locomotor 
activity is characteristic (Hodková et al. 2003), we used the 
non-photoperiod diapause (npd) mutant strain Lyon-rednpd 
(Dolezel et al. 2005) as a control. In agreement with pub-
lished data, Lyon-rednpd males remained highly rhythmic 
with a typical free-running period of 21.9 h (Pivarciova et al. 
2016). OW males from Ceske Budejovice (‘Budweis’) were 
also rhythmic, with a free-running period of 24.4 h (Fig. 2B; 
Supplementary Fig. 4). Thus, the animals with inactive pho-
toperiodic timer still have functioning circadian clock.

mCRY and PDF mutant males mate even 
at short photoperiods

Given the clear impact of photoperiod on mating, we investi-
gated how circadian clock genes influence male reproductive 
diapause. Three stable genetic mutants of pdf were tested 
(Fig. 3A): pdfRK, a mutant in which two basic amino acids 
were introduced immediately downstream of the preprohor-
mone cleavage site; pdf03L, a mutant in which a conserved 
leucine was removed; and pdf04, a strain in which half of the 
PDF peptide was replaced by a completely different amino 
acid sequence. As a control, we used Roana wt, a strain in 
which all pdf mutations were engineered.

Males of all four lines mated under LD photoperiod, 
although the efficiency of pdfRK reached only 46% in 24 h, 
while the controls mated with 76% and pdf04 even with 84% 
success (Fig. 3B, Supplementary Fig. 5). In SD, both wt 
control and pdfRK did not mate at all, whereas both pdf04 
and pdf03L mutants were reproductive (Fig. 3D, Supplemen-
tary Fig. 6). In addition to plotting mating success and total 
duration of mating (Supplementary Figs. 5 and 6), we also 

recorded the number of attempts that resulted in mating and 
the number of attempts in unsuccessful males. The values 
indicate that wt and pdfRK do not even attempt to mate at 
SD. Under the reproduction-inducing LD, and for pdf04 and 
pdf03L mutants at SD, unsuccessful males perform more 
attempts than the successful ones (Fig. 3C, E).

An identical analysis was performed for cry-m mutants, 
comparing the complete null mutant cry-m05 and the in-
frame insertion mutant cry-m9in (Fig. 4A) with wt controls. 
Since cry-m9in was backcrossed to Roana for 8 generations, 
both Old and Ro wt strains were used as reference. Both cry 
mutants and wt controls mated at LD with greater than 60% 
success. At SD, a subset of both mutants reproduced, albeit 
at different levels (Fig. 4, Supplementary Figs. 7 and 8).

Discussion

The endocrine regulation of reproductive diapause is dif-
ferent for males and females in P. apterus, as in many other 
insects. While females are absolutely dependent on JH sign-
aling (Smykal et al. 2014), males can reproduce even with-
out JH (Urbanová et al. 2016; Hejníková et al. 2022). How-
ever, JH is still capable of inducing reproduction in males, 
as shown by JH-mimic methoprene (Hejníková et al. 2022, 
and Supplementary Fig. 9). It would therefore be interest-
ing to see if a similar situation, in which photoperiod acts 
independently of JH signaling in males, exists in additional 
species. One possible role of JH is that this hormone serves 
as a master switch downstream of the clock in peripheral 
tissues, as has been shown for tissue-autonomous expres-
sion of some circadian clock genes (Bajgar et al. 2013a, b; 
Dolezel et al. 2008).

The data presented here show that cry-m and pdf play 
comparable roles in photoperiodic induction of diapause in 
both sexes. In the natural environment, diapause is termi-
nated by low temperature, after which insects are no longer 
photoperiodically sensitive. As indicated by the rhythmic 
activity of overwintered (OW) bugs at DD, the circadian 
clock remains functional even in non-photoperiodic males. 
The exact mechanism of how diapause is terminated by low 
temperature remains to be elucidated; clearly, this is likely 
a mechanism downstream of the photoperiodic timer. Ter-
mination of diapause by low temperature provides several 
advantages. First, all overwintered bugs can synchronously 
enter reproduction and mate as soon as environmental con-
ditions become favorable. Furthermore, favorable spring 
conditions could also prevail during photoperiods shorter 
than the critical daylength required to initiate diapause in 
the autumn.

While diapause is energetically demanding for P. apterus 
(Kostál et al. 2008), the observation described here that 
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reproductive males effectively mate with and fertilize dia-
pausing females is puzzling. Socha reported that a certain 
percentage of females overwinter fertilized and then repro-
duce successfully (Socha 2010). Thus, males that maximize 
mating even in the autumn have a higher chance of passing 
their genes to the next generation, and at the same time, mat-
ing is less energetically demanding for males. Nevertheless, 
P. apterus males go into diapause. One possible (and at this 
point entirely speculative) explanation is mating competi-
tion. If the last mating determines the majority of offspring, 

surviving the winter in diapause and mating in spring is 
more advantageous than pre-diapause mating in autumn.

In this study, we explored the impact of circadian clock 
genes that may be involved in the photoperiodic timer. 
Our data suggest that both clock mutants, cry-m and pdf, 
exhibit impaired measurement of photoperiod (with the 
exception of pdfRK, which is comparable to the wild type). 
In principle, the observed phenotypes in males are con-
sistent with the impact of pdf and cry-m depletion in P. 
apterus females (Kotwica-Rolinska et al. 2022b), except 

Fig. 3  Mating behavior in pdf 
mutant lines. All used virgin 
females are from the Oldricho-
vec strain. a Schematic illustrat-
ing the positions of mutations 
in the protein sequence of pdf 
in relation to WT. The red color 
represents the preprohormone 
cleavage sites, black—no 
change in the protein sequence, 
blue—a difference in the 
amino acid sequence based on 
the in-frame insertion (pdfRK) 
and deletion (pdf03L), green—
amidation of Glycine, yel-
low—changed sequence from 
out-of-frame deletion resulting 
in the termination of the protein 
(asterisk). b Copulation success 
in wt and mutants in LD 18:6 
photoperiod. Numbers next to 
bars indicate the number (n) 
of pairs in each category. c 
Numbers of attempts by male 
bugs performed without success 
(U) and resulting in a copula-
tion (S). Each dot represents a 
measurement from a single indi-
vidual; the red lines represent 
the mean ± SEM. d Copulation 
success in bugs from SD 12:12 
photoperiod. Each empty space 
corresponds to no individuals 
fulfilling requirements (none 
mated). e Numbers of unsuc-
cessful and successful attempts 
in lines from SD. See supple-
mentary Table 4 for detailed 
values
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that a complete phase response curve was determined only 
in females. As we have previously shown, mutants in these 
two genes severely disrupt rhythmic activity at DD (Kot-
wica-Rolinska et al. 2022a, b). Interestingly, the mating of 
cry-m05 is lower at SD compared with LD (Fig. 4), which 
could be interpreted as a partially functional photoperiodic 
timer. Indeed, a subset of cry-m mutants showed highly 
aberrant but still (weakly) rhythmic activity with multiple 
non-24-h circadian components (Kotwica-Rolinska et al. 

2022a). Furthermore, when photoperiodic response curve 
was determined in females, all pdf mutants still discrimi-
nated between photoperiods, albeit to a lesser extent. How-
ever, the diapause incidence was much lower for cry-m 
mutant females at all short photoperiods (Kotwica-Rolin-
ska et al. 2022a). Comparable “partial” phenotypes were 
observed when RNAi was used to silence Clk and cyc in 
P. apterus (Kotwica-Rolinska et al. 2017). While the result 
of an RNAi experiment can always be interpreted as only 
partial gene silencing, the homozygous mutants provide 

Fig. 4  Mating behavior in cry-m 
mutant lines. All used females 
are from the Oldrichovec strain. 
a Schematic comparison of 
CRY-m protein sequences with 
highlighted domains in WT 
and mutants. The grey color 
corresponds to the positions of 
mutations. b Copulation success 
in wt and mutants in LD 18:6 
photoperiod. Numbers next to 
bars indicate the number (n) of 
pairs corresponding to the cat-
egory. c A number of attempts 
by male bugs performed 
without success (U) and result-
ing in a copulation (S). Each 
dot represents a measurement 
from a single individual, the red 
lines represent the mean ± SEM. 
d Copulation success in bugs 
from SD 12:12 photoperiod. 
Every blank space corresponds 
to no individuals fulfilling 
requirements (none mated). e 
Numbers of unsuccessful and 
successful attempts in lines 
from SD. See supplementary 
Table 4 for detailed values
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clear confirmation that the photoperiodic timer functions 
with the circadian clock product completely removed. 
The involvement of pdf suggests that photoperiodic timer 
may be a network property, rather than a device that runs 
autonomously at the level of the individual cell. Overall, 
the data presented here provide further evidence for the 
involvement of circadian clock genes in photoperiodic tim-
ing in insects. However, the exact mechanism of how the 
photoperiodic timer functions remains to be elucidated.
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tary material available at https:// doi. org/ 10. 1007/ s00359- 023- 01647-5.
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