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Biological rhythms 

The environment is the biotic and abiotic surroundings of an organism and a powerful 
driving force behind evolution. Since life first appeared on this planet it has been subjected 
to daily cycles of light and dark, and to seasonal cycles of climatic change, caused by the 
rotation of the earth around its axis and around the sun. All living organisms need to adapt 
their physiology, behaviour and metabolism in order to cope with this periodicity, 
especially those living towards high latitude where, owing to the Earth’s axial tilt, daily and 
seasonal changes include extreme fluctuations in light and temperature. As a result, the 
evolution of endogenous clocks enables organisms from bacteria to plants and animals to 
exhibit biological rhythms to 'time' daily and annual events.  

Biological rhythms can be divided into three broad classes on the basis of their 
periodicity: infradian, circadian and ultradian rhythms. Infradian (from the Latin infra, 
meaning "below", and dies, meaning "day") rhythms have periods longer than 24 hours, 
including seasonal or annual periods. Circadian (from the Latin circa, meaning  "around", 
and dies, meaning "day") rhythms have an approximately 24 hours period and are found 
from single-celled organisms to vertebrates. Ultradian (from the Latin ultra, meaning 
"beyond", and dies, meaning "day") rhythms have a period shorter than 24 hours, ranging 
from several milliseconds to several hours. All these rhythms are necessary components of 
living organisms to ensure the proper timing of cellular/metabolic events, allowing the 
synchronization between external cues and internal functions. 

Insects are particularly suited for studies on biological clocks. They are widely 
distributed and adapted to a wide range of climate conditions. Extensive studies have been 
made of insect rhythms, and these have contributed largely to our knowledge of basic 
characteristics of clocks that are common to all animals (Saunders et al., 2002). For 
example, many laboratory experiments on circadian rhythmicity in insects have been 
concerned with locomotor activity. Since such activity affects, or is affected by, most of the 
individual’s physiological processes, an understanding of activity rhythms is an essential 
step towards understanding how living organisms adapt to their natural environment. Also 
photoperiodism, a response to the length of the light or dark period in a day, has been 
studied in many insects. It regulates many seasonal responses, such as diapause, seasonal 
morphs, growth rate, migration strategy, and a variety of associated physiological states. In 
this thesis I report further investigations into insect clocks, particularly the genetic basis of 
daily, seasonal and ultradian rhythms. I focus on seasonal photoperiodic diapause response, 
an adaptive trait that allows individuals to synchronize their life cycle with seasonal 
environmental cycles. 
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 Infradian (seasonal) rhythm 

Seasonality represents a selective factor influencing life-history traits of organisms. Most 
biotic and abiotic sources, used by organisms, are directly or indirectly related to seasonal 
changes. In order to cope with these seasonal changes, organisms need to synchronize 
growth, development, and reproduction with the seasonal presence of energy resources, 
mates, and favourable physical conditions. Organisms display a variety of seasonal 
responses such as hibernation in rodents, migration in birds and in large mammals, 
dormancy in plants and diapause in insects. Among different environmental cues, 
photoperiod (i.e. the ratio of light phase to dark phase within one light-dark cycle) is a 
reliable indicator that can be used to predict unfavourable conditions and sensitivity to 
photoperiodic signals helps organisms to adjust their life-cycle and development according 
to the seasons.  
  The system to detect and respond to photoperiodic changes includes: (i) an input 
pathway to measure external stimuli, such as light, (ii) a photoperiodic timer that 
distinguishes between short and long night (or day), (iii) a photoperiodic counter that 
accumulates information of successive short or long night (or day) periods, and (iv) an 
output pathway that transduces the photoperiodic information into signals that will lead to 
the proper seasonal response (Denlinger, 2002; Kostal, 2011). A photoperiodic calendar is 
responsible for the timing and counting of the light-dark (LD) cycles necessary for starting 
the photoperiodic response during the sensitive period (Saunders, 2013). When the number 
of photoperiodic cycles reaches a threshold, the response can be expressed, changing the 
activity of the output pathways (such as inducing diapause or stopping development) (Fig. 
1.1). The photoperiod at which 50% of the population enters dormancy (or diapause), after 
a specific number of LD cycles determined by the counter, is called the critical photoperiod 
(CPP). The precise physiology of the timer and the counter remains however obscure, it is 
possible that they collaborate and are part of the same mechanism.  
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Fig.1.1. Schematic structure of the photoperiodic calendar 
The environmental signals are transmitted by unknown receptors to a core mechanism composed of a 
photoperiodic calendar and counter. The mechanisms that underlie the function of the core complex are still 
unknown and for this reason they are represented as a black box. The output pathway involves neurosecretory cells 
and neurotransmitters that influence development via hormone production, such as the switch between active 
development and diapause (Kostal, 2011). CNS = central nervous system 
 

Insects are the most diverse group of animals on the planet and occur in almost all 
terrestrial habitats. Their seasonal adaptation responses therefore evolved under the 
pressure of many different seasonal environments. For this reason insects are particularly 
suited to study seasonal adaptations. To survive adverse environmental conditions, many 
insects undergo diapause. Diapause is a state of reduced metabolism during which 
morphogenesis is stalled, resistance to environmental extremes is enhanced by an increase 
concentrations of cryoprotectants (Li et al., 2015) and behavioural activity reduced (Tauber 
et al., 1986). Due to its crucial role in seasonal regulation of life cycle, diapause is 
considered an important life-history trait that has been shaped by adaptive evolution. 

Diapause typically occurs at a specific life stage and during a specific season. 
Insect species differ in the stage during the life cycle at which diapause occurs. For 
example, in the order Diptera, there are examples of photoperiodically induced embryonic 
diapause (e.g. the Asian tiger mosquito, Aedes albopictus), larval diapause (e.g. the pitcher 
plant mosquito, Wyeomyia smithii), pupal diapause (e.g. the flesh fly, Sarcophaga bullata), 
and adult reproductive diapause (e.g. the northern house mosquito, Culex pipiens). 
Furthermore, the sensitive stage and the diapause stage do not always overlap, they can 
occur in one and the same generation or in successive generations (Tauber et al., 1986). 
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 When the sensitive stage occurs in one generation and the diapause stage in the next it is 
considered a “parental effect”, i.e. the sensitive stage occurs in the female parent and the 
effect in the offspring. Examples of species with maternal induction of diapause are found 
among Sarcophagid flies, mosquitoes and parasitic Hymenoptera. In other species, such as 
Drosophilids, diapause occurs at the adult stage and sensitive and responsive stages 
overlap. The enormous variation in stage-specificity of diapause between and within a 
single insect order, and sometimes even within a single genus, indicates that there are 
multiple ways to evolve photoperiodic diapause, and that it likely has been altered several 
times during evolution.   

Diapause is regulated by environmental cues that signal an upcoming change in 
the environment (for example approaching winter). Particularly in temperate and polar 
environments, where seasonal differences are pronounced, many animals evolved  the  
capacity  to  measure  and  respond to  changes  in  day  length,  or  photoperiod.  
Photoperiod is not affected by changes from year to year. Hence, its predictability and 
persistency provide a reliable seasonal signal. Although less predictable, temperature has 
also a regular seasonal pattern and insects can respond to seasonal changes in temperature. 
In fact, in most insect species photoperiod and temperature interact to induce diapause 
(Hodkova & Socha 1995; Christiansen-Weniger & Hardie 1999; Saunders et al. 2002). 
Lower temperature increases the critical photoperiod CPP (i.e. the photoperiod at which 
50% of the population enters diapause after a precise number of LD cycles), whereas high 
temperature decreases the length of the CPP necessary to induce the diapause response 
(Hodkova and Socha 1995; Christiansen-Weniger and Hardie 1999; Saunders et al., 2002). 
Other environmental factors can also affect diapause regulation, such as food availability, 
population density and humidity (Tauber et al., 1986). Insects are exposed to different 
biotic and abiotic factors that vary seasonally and that can interact with each other to induce 
diapause. In this thesis, I am investigating the role of photoperiod in the regulation of 
diapause, all the other environmental factors are carefully controlled and maintained 
constant throughout my experiments.  
 

Circadian (daily) rhythms 

In addition to the rotation around the sun, the axial rotation of the Earth has also deeply 
impacted the evolution of life. It causes daily variation in light and temperature. As a 
consequence, organisms show daily rhythms in metabolic function, physiological processes 
in order to be active at the “right time”. The best example is the evolution of an internal 
timer that represents a very old biological clock, the so-called circadian clock. It can be 
found from bacteria to plants and animals. The daily light-dark cycles are the main forces to 
synchronize the endogenous clock every day to 24h, allowing adaptation of the organism to 
the environmental conditions. This introduction provides a short description of what is 
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known about the circadian clock mechanism of insects and mammals.  
A timekeeping system responsible for daily rhythms involves three interacting 

elements: (i) an input pathway that transmits the environmental signals, such as light and 
temperature, (ii) the clock that represents a pacemaker characterized by clock genes, which 
expression oscillates with a period of 24h, and (iii) the output signals that control 
physiology and behaviour (such as rest-activity rhythms, courtship and mating), and 
development (such as hatching, pupation, or eclosion in insects) (Saunders et al., 2002) 
(Fig. 1.2). The rhythmic expression of clock genes within pacemaker cells and 
transcriptional-translational feedback loops between their products trigger the daily 
rhythms. Individual insects have active and inactive phases throughout the day, providing 
easily understandable examples of how behavioural or physiological rhythms are produced 
by circadian clocks and making insects a great model for chronobiology studies.  
 

Fig. 1.2. General model for the circadian system 
Light represents the environmental cue sensed by the input pathway. The light information is transduced to the 
pacemaker characterized by the clock genes and it generates the output rhythms, such as rest-activity, mating, and 
eclosion. 
 
 
The molecular mechanism of circadian clock function is well known in some organismal 
groups, such as insects and mammals. Some differences between insects and mammals 
have been well characterized. The rhythm generation involves interaction and 
transcriptional translational feedback loops between the principal clock proteins (Table. 
1.1). Transcription factors, kinases, phosphatases and other factors are indispensable for 
timing of expression. Despite the high degree of conservation between mammalian and 
dipteran circadian mechanisms, some genes appear to have different function in the two 
models.  

In Drosophila CLOCK (CLK) and CYCLE (CYC) activate the transcription of 
other circadian genes such as per (period) and tim (timeless). The helix-loop-helix of these 
transcription factors (CLK and CYC) bind as heterodimers to E-Box sequences to enhance 
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 the transcription of per and tim The transcription levels of per and tim start to increase 
during the second half of the day, and their mRNA reach peak expression at the end of the 
day (Fig. 1.3A). TIM and PER proteins accumulate in the cytoplasm only during the night 
because of the light sensitivity of TIM. Without TIM protection, during the light phase, 
PER is phosphorylated and targeted to degradation via proteasome. Consequently PER and 
TIM proteins accumulate with a delay of 6h with respect to their mRNA peaks. TIM and 
PER enter into the nucleus, in the second half of the night, where PER acts as 
transcriptional repressor. It inhibits CLK /CYC promoting the hyper phosphorylation of 
CLK and thus prevents CLK/CYC dimers from binding to promoters. Subsequently, the 
light causes the degradation of TIM during the next morning mediated by the photoreceptor 
CRY-1 (CRYPTOCHROME-1) (Emery et al., 1998). Hence TIM and PER prevent their 
own transcription in a periodic manner with this negative feedback loop (Peschel & 
Helfrich-Forster, 2011). Importantly the cycle re-starts every day owing to the light 
activation of CRY-1, allowing the synchronization of the rhythms to 24h. Furthermore, a 
second feedback loop regulates clk transcription; its mRNA peak reaches the maximum in 
the late night to early morning. CLK/CYC activates also the transcription of vri (vrille) and 
pdp1ε (par-domain protein1-ε) that bind the V/P-boxes in the promoter region of clk. 
Whereas VRI inhibits the transcription of clk, PDP1ε activates clk’s transcription helping 
thus the regulation of the positive element CLK. (Peschel & Helfrich-Forster, 2011). 

Although the vertebrate clock follows the same pattern of transcriptional 
translational feedback loops, there are some differences in the players involved. First of all, 
CRY-2 and PER (instead of TIM and PER) inhibit CLK/BMAL1 transcriptional activity 
and they thus prevent their own transcription (Fig. 1.3B). BMAL is the mammalian 
orthologue of Drosophila CYC (Table.1). Furthermore, in mammals the activity of CRY 
appears independent of light and for this reason the vertebrate CRY is called CRY-2 (Froy 
et al., 2002; Staknis, & Weitz, 1999; Zhu et al., 2005). There is no true orthologue of 
Drosophila TIM, but rather an orthologue of Drosophila TIMEOUT of which the function 
is unknown in the fly's clock. In addition BMAL1 (represents the positive element that 
oscillates in anti-phase to the negative elements (PER and CRY) (Fig. 1.3B). 

Several studies from Hymenoptera, such as Apis mellifera and Nasonia vitripennis 
indicate that different insects present different circadian models compared to Drosophila. 
These species do not display orthologues of Drosophila cry-1 and tim, rather, they possess 
orthologues of Drosophila timeout (tim2) and mammalian-type cry-2 (Fig. 1.3C). 
Moreover, analysis of the honeybee and wasp clock protein oscillations revealed an 
expression pattern more similar to mammals than Drosophila (Bertossa et al., 2014; Rubin 
et al., 2006). This illustrates that natural selection may have led to the evolution of different 
gene functions, while the same mechanisms of rhythm generation have been maintained. 
The main difference among Diptera and vertebrates is the role of CRY proteins. In 
mammals CRY-2 works in the negative feedback loop and represents the main 
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transcriptional repressor of the clock (Froy et al., 2002; Staknis, & Weitz, 1999; Zhu et al., 
2005). In contrast, in Drosophila CRY-1 represents the photoreceptor working in the light 
input pathway of the clock (Konopka et al., 2007), but the hymenopteran clock system 
appears more vertebrate-like than Drosophila-like. More studies on non-model organisms 
are clearly needed for a more comprehensive picture of the evolution of biological clocks..  
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Fig. 1.3. Circadian clock models 
(A) Schematic representation of the Diptera-like circadian mechanism. (B) The vertebrate clock system and (C) 
the Hymenoptera system (details in the text). 
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Table 1.1 Principal proteins involved in dipteran and vertebrate circadian clocks 

Protein Abbrev. Function in Diptera-
like model 

Homologous protein 
in mammals 

Function in vertebrate-
like model 

CLOCK CLK 
Transcription factor 
that binds E-box of 
target genes 

CLK 
Transcription factor that 
binds E-box of target 
genes 

CYCLE CYC 
Transcription factor 
that binds E-box of 
target genes 

BMAL1 
Transcription factor that 
binds E-box of target 
genes 

PERIOD PER 
Transcriptional 
repressor that inhibits 
CLK/CYC functions 

PER1/2 
Transcriptional repressor 
that inhibits CLK/CYC 
functions 

TIMELESS TIM 
Part of negative 
feedback loop in 
conjunction with PER 

No homologue found - 

CRYPTOCHROME CRY Blue light 
photoreceptor No homologue found - 

CRYPTOCHROME-2 CRY-2 Absent CRY-2 
Part of negative feedback 
loop in conjunction with 
PER 

TIMEOUT TIM2 Unknown function in 
the clock TIM2 Unknown function in the 

clock 

VRILLE VRI Transcriptional 
repressor of CLK 

REVERB-α is 
analogue but no 
homologue 

Transcriptional repressor 
of BMAL 

PAR-domain protein-1 PDP1 Transcriptional 
activator of CLK 

ROR is analogue but 
no homologue 

Transcriptional activator 
of BMAL 

DOUBLETIME DBT Phosphorylation of 
PER  

Casein kinase 1 
(CK1-ε) 

Phosphorylation of 
PER1/2 

CASEIN KINASE 2 CK2 Phosphorylation of 
TIM/PER complex - - 

PROTEIN PHOSPHATASE 2A PP2A De-phosphorylation 
of TIM/PER complex - - 

SLIMB SLIMB 
Ubiquitin E3 ligase to 
target PER to 
proteasome 

- - 

SHAGGY SGG 
Phosphorylation of 
TIM and CRY light-
dependent 

- - 

JETLAG JET 

F-box protein that 
mediates 
ubiquitination of TIM 
and CRY 

- - 
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 Ultradian rhythm  

A biological rhythm is called ultradian if its period is shorter than 20 hours (Halberg et al., 
1965). Ultradian rhythms have been observed in physiological functions, like cellular 
processes, respiration, circulation, and hormonal release and sleep stages, as well as in 
behavioural functions, often related to feeding patterns. Specific stages of reproduction are 
also accompanied by short-term rhythms, e.g. courtship behaviour and breeding (Daan & 
Aschof,  1981). These rhythms have been recognized only since 1979 with their discovery 
in the soil amoeba Acanthamoeba castellanii. They were initially called the “Epigenetic 
clock” and characterized as a temperature-compensated ultradian timekeeper (Edwards & 
Lloyd, 1978, 1980; Lloyd et al., 1982). Due to the difficulties in studying such fast 
rhythms, very little is known about the genetic mechanisms underlying ultradian 
rhythmicity. Ultradian rhythms appear to not only differ in length (from hours to 
milliseconds) but also in mechanisms and functions. In general, functions of ultradian 
rhythms have been described in terms of energetic optimization, internal coordination or 
social communication, as in the case for insect courtship songs (Kyriacou & Hall, 1980).  

Of particular interest are the ultradian rhythms in the range of seconds such as 
insect courtship songs. Male song is an important courtship display in many insect species. 
It differs between species and can affect mate choice and reproductive isolation (reviewed 
in Alt et al., 1998; Greenspan & Ferveur, 2000), as shown by females that mate more when 
played songs with species-typical parameters (Bennet-Clark & Ewing, 1969; von Schilcher, 
1976b; Kyriacou & Hall, 1982; Ritchie et al., 1999). The rhythmic component of this 
behaviour might involve a timer mechanism that regulates the pace of the rhythm. It has 
been hypothesized that the circadian clock also plays a role in ultradian rhythms, as 
mutations of clock genes alter in a parallel fashion both circadian and courtship song cycles 
(Kyriacou and Hall, 1980). Despite the broad recognition that these cycles exist, we know 
virtually nothing about the underlying genetics of ultradian rhythms.  

 

Latitudinal variation of biological rhythms 

Species with a wide distribution range encounter a great diversity of climate conditions and 
variability in seasonal conditions among localities because annual patterns in light and 
temperature vary with latitude (reviewed in Hut et al., 2013). For example, the variation in 
day length is larger at higher latitude, where photoperiod strongly increases during summer 
and decreases during winter, with continuous light and continuous darkness near the poles 
at the peak of the season. In contrast, at the equator light-dark cycles are constant, although 
other environmental factors, such as precipitation, may vary seasonally. Throughout the 
year, the incidence of solar radiation is more perpendicular at the equator than at the poles, 
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causing higher temperatures around the equator. This leads to latitude-specific selection 
pressures in many organisms, corresponding to large variation in life cycles as a result of 
local adaptation. Phenotypic and genotypic clines are often the result, which can yield 
information on the underlying mechanisms of seasonal adaptation (Hut & Beersma, 2011). 
 

Latitudinal variation in seasonal response 

The latitudinal variation in photoperiodic response has been investigated in many insects in 
which shortening of the photoperiod indicates the upcoming of unfavourable season and 
trigger the induction of diapause. Positive correlation between latitude and the critical 
photoperiod CPP, necessary for triggering a diapause response, has been first described in 
1965 by Danilevskii for the knot grass moth Acronicta rumicis (Danilevskii, 1965) and later 
for many other insects (Saunders, 2013), including in the maternally induced diapause of 
Nasonia vitripennis (Paolucci et al., 2013),. Latitudinal clines in CPP has an adaptive 
significance. At higher latitudes winter starts early in the year when days are still long, thus 
a long critical photoperiod allows proper winter anticipation. On the other hand, at lower 
latitudes, temperature interacts with photoperiod to modulate diapause. Higher temperature 
at lower latitudes decreases the CPP necessary to trigger the seasonal response. Populations 
at lower latitudes enter diapause under much shorter photoperiod compared to populations 
at higher latitudes. This shorter CPP at lower latitudes allows organisms to enter diapause 
later in the year and to fully exploit the favourable season. Photoperiodic induction of 
diapause includes an accumulation counter, where individuals must experience a specific 
number of short days to enter diapause (Saunders, 2013). The latitudinal variation in the 
required number of short days has a similar adaptive significance, in which faster responses 
are beneficial at higher latitude where seasonal changes are faster (reviewed by Hut et al., 
2013). However the genetics and the mechanism behind this faster and slower latitude-
dependent photoperiodic response are unknown. 
 

Latitudinal variation in circadian response 

Latitudinal variation in circadian rhythms has not been studied as extensively as 
photoperiodism. Daily rhythms may also associate with latitude because they are 
synchronized by light-dark cycles. As previously discussed, light-dark cycles vary with 
latitude. Therefore, such variation might reveal important selection pressures on circadian 
function as well. Latitudinal clines in free running rhythms have been observed in plants 
(Arabidopsis thaliana), where the period (τ) of the rhythms in constant darkness (DD) 
increased with latitude (Michael et al., 2003). In insects similar findings were described for 
the linden bug Pyrrhocoris apterus (Pivarciova et al., 2016) and for Nasonia vitripennis 



 

 
General introduction| 

 

 
19 

 

Ch
ap

te
r 1

 (see below; Paolucci, 2014). A positive latitudinal cline in DD rhythms was reported for 
several Drosophila species. Some species, such as D. auraria (Pittendrigh & Takamura, 
1989) and D. ananassae (Joshi & Gore, 1999), showed  a positive correlation between 
latitude and length of free running rhythm, whereas D. littoralis and D. subscura show an 
opposite cline with shorter tau towards northern latitude (Lankinen, 1986). Other 
geographical differences in circadian clock properties have been described in Drosophila 
and reflect a different neuronal architecture in the expression of clock genes (Menegazzi et 
al., 2017). Northern Drosophila species (such us D. montana and D. littoralis) present 
unimodal evening activity compared to more southern Drosophila species (such as D. 
melanogaster), which exhibit a bimodal activity rhythm with morning and evening activity 
bouts. Interestingly the northern Drosophila species lack the neuropeptide pigment-
dispersing factor, PDF, in one set of lateral clock neurons. PDF in these neurons controls 
the morning activity of the southern Drosophila species (Hermann et al., 2013; Kauranen et 
al., 2013). Northern and southern Drosophila species evolved thus differential clock gene 
expression in their pacemaker, important for their local adaptation. All together these 
findings indicate that selection acted also on the circadian system. Yet, little is known about 
natural genetic variation in clock genes and how they determine phenotypic variation.  

 

Interaction of circadian and photoperiodic systems  

Bünning (1936) first proposed that the photoperiodic response is based on circadian 
functions because both phenomena react to time-giving cues from environmental light-dark 
cycles. Although both processes are essential to organize the temporal pattern of a variety 
of processes, these two functions are very different but at the same time complementary. 
Although both need the environmental stimuli (such as light) to synchronize with the 
environment, the circadian pacemaker can free run in the absence of external cues (i.e. 
under DD or LL). The light in this case is important to reset the clock every day to 24h .On 
the other hand, the photoperiodic calendar needs the interaction with the environment to 
start the photoperiodic response. Furthermore, the circadian system is temperature 
compensated and able to keep a 24h period in a wide range of temperatures. In contrast, the 
photoperiodic system is highly sensitive to changes in temperature (Tauber & Kyriacou, 
2001). Bünning's hypothesis has been supported by studies on fungi, plants, mammals and 
insects (Putterill, 2001; Roenneberg et al., 2010). However, among the insects, some 
species show clear evidence for the involvement of the circadian system in photoperiodic 
time measurement, such as the spider mite Tetranychus urticae (Goto, 2016), whereas 
others do not, such as the aphid Megoura viciae (Lees, 1973) and the fly Drosophila ezoana 
(Vaze & Helfrich-Förster, 2016). For this reason, the role of circadian rhythmicity in insect 
photoperiodism has remained somewhat controversial (Bradshaw & Holzapfel, 2010b). 



 
 
|Chapter 1 

 

 
20 

 

Models of interaction of circadian and seasonal mechanisms 

Nowadays, three models exist to explain the influence, or the absence, of the circadian 
clock on photoperiodic response (Kostal, 2011)(Fig. 1.4). First, the Independence or 
Hourglass model (Lees, 1973) excludes the involvement of the circadian clock in 
photoperiodic time-measurement. It considers the two systems completely separate and 
while the circadian pacemaker system controls the daily rhythms, the hypothetical 
hourglass-based photoperiodic system is responsible for the seasonal adaptation. An 
hourglass is a mechanism that follows a set time course in darkness after being initiated at 
lights off and needs a minimum duration of light to restart the measurement process at the 
beginning of the next dark phase. When dawn interferes with this process the photoperiod is 
sensed as a short night. Importantly, at the end of the night phase the hourglasses are turned 
and the whole sequence of reactions must be restarted daily by light (Fig. 1.4A).  

The other two types of models try to explain the possible interaction between 
circadian and seasonal timing: the external- and internal-coincidence models. In the 
external coincidence models (Bünning, 1960) light has a dual role: entrainment of the 
circadian rhythm and photoperiodic induction, thus there is only one system with dual 
function and the daily synchronization to 24h is sufficient to secure both daily and 
photoperiodic responses. In this system the circadian clock is sufficient to drive daily 
rhythms and photoperiodic response because the photoperiodic calendar activities rely on 
seasonal plasticity in clock genes expression. When the photo-inducible phase of the 
oscillator generated by the circadian system falls in the dark, owing to the shortening of the 
day length, the day is sensed as short (long night). Vice versa, if this phase falls in the light, 
the day will be sensed as long (short night) (Fig. 1.4B). Finally, the internal coincidence 
model (Pittendrigh, 1972) involves the cooperation between two oscillators. They are 
physically separated, or partially overlapping, but in close cooperation. The light has only 
one role: entrainment of multiple oscillators. The internal coincidence model assumes a 
change in phase between the two circadian oscillators triggered by the change of 
photoperiod to be responsible for sensing seasonal changes (Fig. 1.4C). Functional studies 
aimed to disrupt circadian clock properties were also able to disrupt diapause induction (see 
below), indicating a role of clock genes in the regulation of diapause. However, the 
pleiotropic effect of single clock genes in both systems cannot be excluded, and due to the 
complexity of separating the two systems, the debate is still ongoing. 
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Fig. 1.4. Models of no-interaction and interaction between seasonal and circadian clock 
(A) Represents the hourglass model in which the two mechanisms are physically separated and functional 
independent. (B) Assumes the presence of only one system with both functions. (C) Predicts the cooperation of the 
two systems although they can be physically separated whereby different subsets of neurons perform circadian 
clock and photoperiodic calendar functions. 
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Evidence for the role of the circadian clock in insect photoperiodism 

Although the role of the circadian clock in photoperiodism is still controversial, there are 
some observations in support of the fact that the clock perceives time in a seasonal temporal 
domain, and turns it into a photoperiodic response. Most of studies are of clock mutants, 
geographical clines in the frequencies of clock genes, and from functional studies that 
knock down clock gene expression. Here, I review the most important observations for an 
involvement of clock genes in the regulation of diapause in insects. 

Geographical variation in clock genes, associated to local adaptation, has been 
reported in many insects. Period is a very conserved clock gene among organisms 
(Konopka & Benzer, 1971). The first important characteristic of the Drosophila PER 
orthologue is the presence of a threonine-glycine repetitive (Thr-Gly) encoding-repeat; it is 
polymorphic in length and shows a robust latitudinal cline in natural Drosophila 
melanogaster populations (Costa et al., 1992; Sawyer et al., 1997; Zamorzaeva et al., 
2005). Northern European populations exhibit higher frequencies of the longer (Thr-Gly)20 
length variant compared to the southern lines, and accordingly, the shorter (Thr-Gly)17 
variant predominates in the south (Costa et al. 1992). The cline might reflect an adaptive 
response to climatic variation due to differences in thermostability of PER variants. 
Northern populations indeed have very efficient temperature compensation mechanisms in 
which the free running period at high (25°C), as well as low (18°C) temperature is close to 
24h. Contrary, in southern populations, with high frequencies of the shorter repeat (Thr-
Gly)17, the free running period changes significantly under the two temperature conditions; 
τ is shorter than 24h at lower temperature (Sawyer et al. 1997). Therefore, carrying the 
(Thr-Gly)20 variant is more favoured in the thermally variable northern areas, and the 
shorter allele in the warmer southern locations. However a functional role of this variation 
in diapause induction of Drosophila is not proven. Interestingly a latitudinal cline of per 
alleles has also been found in Nasonia vitripennis, correlating with a latitudinal gradient in 
diapause induction. (Paolucci et al., 2013, 2016; more details below).  

In Drosophila a similar cline was observed for the clock gene timeless (tim) 
(Tauber et al., 2007). The tim alleles differ in light sensitivity (due to different interaction 
with the CRY-1 proteins) leading to different photo-responsiveness. Moreover, the different 
alleles of this gene were found to influence diapause incidence (Sandrelli et al., 2007; 
Tauber et al., 2007). Thus, it has been hypothesized that different circadian photo-
responsiveness associated to the two tim alleles contributes to translating the photoperiodic 
information (Tauber et al., 2007; Zonato et al., 2017a, 2017b). Similarly to Drosophila, tim 
has been suggested as a possible linker between the circadian and photoperiodic system in 
the fly, Chymomyza costata (Stehlík et al., 2008). The cycling of tim mRNA was lost in the 
heads of non-diapausing (npd) mutants and TIM protein was undetectable (Pavelka et al., 
2003; Stehlík et al., 2008). Similarly, work on npd mutants showed a reduced per mRNA 
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 level in the non-diapause mutant (Kostal & Shimada, 2001). Work on photosensitive larvae 
of the fly, Sarcophaga crassipalpis (Kostal et al., 2009) also suggests photoperiodic 
sensitivity of per and tim expression, as a phase-shift of peak of mRNA was observed under 
long day and short day conditions. Therefore, it appears that selection on clock gene 
expression plays an important role in shaping local adaptation in many insect species. 
However, these data raise a number of interesting questions that require further 
investigation. For example, whether different alleles of clock genes are involved in seasonal 
adaptation and how they can translate the photoperiodic information into a diapause 
response.  

Involvement of the circadian clock in photoperiodic diapause has recently been 
studied with the RNA interference (RNAi) technique in the bean bug Riptortus pedestris 
(Ikeno et al., 2010, 2011a, 2011b) and the mosquito Culex pipiens (Meuti, 2015). Knock 
down of the negative circadian regulators per or cry-2 (and tim) resulted in a non-diapause 
phenotype under short day, diapause-inducing conditions. In contrast, when the positive 
circadian regulators clk or cyc were knocked down, the insects displayed a diapause 
phenotype under long day, diapause-preventing conditions. These results contradicted 
Saunders (1989) who showed that mutation of per genes in D. melanogaster were not able 
to affect diapause phenotype, however Drosophila per mutants showed a change in the 
critical photoperiod necessary to trigger the diapause response (Saunders et al., 1989). 
Although these experiments revealed a disruption of the circadian rhythm as well as of the 
diapause response, the pleiotropic effect of a single clock gene in the regulation of daily 
and seasonal responses cannot be excluded. 

The presence of clines in the frequencies of clock gene alleles associated with 
local adaptation, and the functional involvement of clock genes in circadian and seasonal 
responses, point toward a regulative role of the circadian clock in diapause induction in 
insects. However, the function of clock genes could also be interpreted as pleiotropic 
effects of a single clock gene playing an independent role in both mechanisms. Therefore, 
more studies are necessary to access the exact role of the clock in the regulation of 
photoperiodic time measurement. I will investigate the possible role of clock genes in 
photoperiodism and diapause induction in the wasp Nasonia vitripennis, making use of 
natural genetic variation in circadian as well as in seasonal rhythms, clock gene expression 
and by performing functional analysis on the period gene. 
 

Nasonia as an emerging insect model for chronobiology  

Nasonia is a genus of small parasitoid wasps belonging to the hymenopteran order. They 
are 2-3 mm in size and parasitize blowfly pupae (Calliphoridae). Nasonia vitripennis (jewel 
wasp) has become a model organism in evolutionary genetics and development because of 
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some unique advantages (Beukeboom & Desplan, 2003). First of all, they have short 
generation time of about 15 days at 25oC and are easy to culture on commercially available 
host pupae. Offspring can be sexed at the white or black pupal stages, in the pupal stage 
females are usually larger than males, they have longer wings that are visible in lateral view 
and an ovipositor that can be easily identified frontal view. In addition, wasp lines can be 
maintained in diapause for more than one year allowing the maintenance of many stocks. 
Another important feature is its haplodiploid reproduction, males are haploid and develop 
from unfertilized eggs and females are diploid and develop from fertilized eggs. This 
allows the expression of recessive traits in males and facilitates screens for developmental 
mutants and the identification of candidate genes. Moreover, the genome of Nasonia is 
sequenced (Werren et al., 2010). Consequently, there are a lot of molecular tools available, 
such as high-density markers for QTL analysis, RNAseq, and systemic RNAi (Lynch, 
2015).  

Four species of Nasonia are known: the cosmopolitan N. vitripennis and three 
endemic North America species N. giraulti, N. longicornis and N. oneida. They differ in 
morphology and behaviour but can produce fertile hybrids in the laboratory allowing 
analysis of the genetic basis of these differences. Nasonia vitripennis will be used in this 
study because of its cosmopolitan distribution. As it can be found all over the world 
covering a wide range of climate conditions, it is ideally suited as a model for studying 
photoperiodism and circadian rhythms in insects. 

 

Timing components in Nasonia biology 

Nasonia vitripennis is an excellent model for chronobiology studies because it is known to 
exhibit several biological rhythms. Its widespread distribution provides the opportunity to 
analyse the adaptive value of these biological rhythms and their genetic basis. Here, I 
describe seasonal, circadian and ultradian rhythms of N. vitripennis and the current 
knowledge of the genetics underlying these rhythms. 
 

Seasonal rhythm 

In temperate zones, Nasonia overwinter as diapause larvae inside the host puparium. 
Diapause is induced by different factors, such as day length, temperature and food 
deprivation, which affect the maternal generation. (Fig. 1.5B). In general when adult 
females experience short day conditions, or more precisely the Critical Photo Period (CPP), 
they initially produce normal developing larvae, but after exposure to a specific number of 
light-dark cycles they switch to production of diapausing larvae. The photoperiod, at which 
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 50% of the females induce larval diapause, after a precise number of LD cycles, is called 
the critical photoperiod (CPP; timer), while the number of CPP days that are required for 
inducing larval diapause is called the switch point (counter). Therefore a clock mechanism 
is responsible for the timing and counting of the light-dark cycles necessary for starting the 
photoperiodic response (Saunders, 2013). Under longer photoperiods the switch occurs 
later or not at all and short photoperiod elicits a higher induction of larval diapause than 
long photoperiod. (Saunders, 1969, 2010, 2013). Paolucci et al., (2013) described 
geographical variation in photoperiodic diapause response, and the existence of a positive 
correlation between geographical origin and proportion of diapausing broods that is 
underlain by genetic differences. Wasps from northern European regions had an earlier 
switch point and a longer CCP than wasps from southern regions. Short day conditions 
induced earlier switching than long day in all populations. QTL analysis (Paolucci et al., 
2016) identified two genomic regions associated with diapause induction in N. vitripennis. 
One of these regions contains the period (per) locus, and further investigation identified 
three predominant per haplotypes with frequencies that correlated with the earlier observed 
cline in photoperiodic diapause induction (Paolucci et al., 2016). These results indicate that 
per and possibly other clock genes play a role in photoperiodic diapause induction in N. 
vitripennis. 
 

Circadian rhythm 

The circadian clock of Nasonia resembles that of other hymenopteran species like 
honeybees and ants (Fig. 1.3C). They miss insect cryptochrome-1 (cry-1), which is still 
present in Dipterans and Lepidopterans. Instead they have the mammalian type cry-2, that it 
is part of the core feedback loop (Yuan et al., 2007, Bertossa et al., 2013). In Nasonia per 
and cry-2 represent the negative elements of the circadian clock. They inhibit their own 
transcription, by inhibiting cycle (cyc) and clock (clk). clk and cyc represent the positive 
elements of the clock, activating the expression of E-Box genes like per and cry-2 (Hardin, 
2004; Stanewsky, 2003). Nasonia cyc is homologous to mammalian BMAL, like in other 
hymenopterans such as the honeybee (Rubin et al., 2006) that have the BMAL1-terminal 
region (BCTR) domain at the C-terminal. The BCTR domain was characterized as an 
activation of CLK/BMAL heterodimer in mammalian cell cultures (Takahata et al., 2000) 
representing the region where CRY-2 binds to act as repressor (Sato et al., 2006). Due to 
the absence of the photoreceptor cry-1 and the other negative element tim, the light 
signalling pathway in Nasonia is still unknown. Different candidate genes can be involved 
in the light pathway including per, cry-2 and opsin genes. 

Circadian rhythms in activity and emergence from the host puparium have also 
been found in N. vitripennis (Bertossa et al., 2010). Emergence of males from the host 
occurs at the same time of the day in consecutive days, between dark and light phase, 
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indicating that they are able to advance the light-on signal. Locomotor activity rhythms 
present a unimodal diurnal pattern for both sexes of all four Nasonia species (Bertossa et 
al., 2013). In addition, Nasonia shows free running rhythms under constant darkness (DD) 
and constant light (LL) conditions (Fig. 1.5C). Geographical variation of circadian 
properties was also described by Paolucci (2013), with an increasing of the length of the 
DD rhythm towards northern latitude. The adaptive significance of latitude-dependent 
circadian properties is not well understood and further investigation of these geographical 
differences in circadian behaviours of Nasonia in relation to different per alleles is 
required. 
 

Ultradian rhythm 

Courtship in many animal species consists of a repertoire of specific signals delivered by 
the male and the female during the mating event. These signals may play a role in species 
recognition as well as in sexual selection within the species. Male signals are an important 
courtship display in many insect species. They are often species-specific and can affect 
mate choice and reproductive isolation (reviewed in Alt et al., 1998; Greenspan & Ferveur, 
2000; Talyn & Dowse, 2004). Nasonia male courtship behaviour represents an example of 
ultradian rhythm. Nasonia males court females by performing series of strong movements 
with their head, so-called “head-nods” that are accompanied by wing vibrations, and that 
are interrupted by pauses, together making up a series of cycles (Fig. 1.5D) (van den Assem 
et al., 1980) . The rhythmic head-nods display during male courtship behaviour is important 
for inducing female receptivity by enabling the rhythmic release of pheromones (reviewed 
in van den Assem & Beukeboom, 2004). The ultradian pattern of cycle duration and head-
nods number is species specific and genetically determined  (van den Assem et al., 1980), 
but very little is known about the genetic mechanism that underlies this ultradian 
rhythmicity.  
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Fig. 1.5 Life cycle and biological rhythms of Nasonia vitripennis 
(A) Schematic representation of the life cycle in Nasonia vitripennis. Nasonia is a gregarious parasitic wasp, 
which uses the pupae of different fly species as host. The flies are parasitized by Nasonia females, which drills 
through the host puparia wall with her ovipositor, inject venom that kills the fly, and lay eggs that develop inside 
the host. The wasp larvae feed on the host, pupate and emerge as adults from the host puparium. Males typically 
emerge 1 or 2 days earlier than females and wait for females outside the host to mate. (B) Seasonal rhythm. 
Diapause response in which a Nasonia female senses the photoperiod and produces normal developing offspring 
(green) until the switch point, after which she produces diapausing offspring (red) that stall their development at 
the fourth instar larval stage. (C) Circadian rhythm. Locomotor activity is represented by a double plotted 
actogram on the left in which the black bars represent the activity level. The dark phase is shown by the grey bars 
and the light phase by the orange bars. The grey shade represents the DD (constant darkness) conditions. On the 
right the average daily activity indicates the timing of locomotor activity throughout 24h. Zeitgeber Time (ZT) is 
given in hours on the x-axis where ZT=0 represents light on, grey shade represents the dark phase and orange 
shade the light phase. (D) Ultradian rhythm. Schematic representation of Nasonia courtship display. After 
introduction of the male to the female there is a latency period during which the partners locate each other. The 
male mounts the female and positions himself on her head. Following rhythmic display movements include 
repeated series of head noddings and pauses in cycles. Vertical lines represent separate head-nods. The interval 
between the first nod of two consecutive series is used as a measure of cycle duration. Figure is adapted from van 
den Assem & Beukeboom (2004). Wasp symbols are from Clark et al. (2010). Photos by Jitte Groothuis. 
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Aims of this thesis and chapter overview 

This PhD research is part of the EU funded Marie Curie Initial Training Network (ITN) 
“INsecTIME”, a consortium of academic institutes and SMEs (Small and Medium 
Enterprises) spanning seven EU countries, including Israel. Its aim is to study the molecular 
genetic basis of insect biological timing.  

The focus of this thesis is the study of genetic variation in the architecture of 
biological rhythms in Nasonia vitripennis, with particular focus on the role of clock genes 
in photoperiodic diapause response. I address the following questions: 
1. Does the circadian rhythm differ between populations of different latitude, i.e. 

southern and northern Nasonia lines, carrying different per alleles?  
2. Are photoperiodic changes able to affect the daily expression of candidate 

clock genes?  
3. How can geographical variation in the expression of clock genes be translated 

into a seasonal response to allow local adaptation?  
4. Is the clock gene period involved in ultradian, circadian and seasonal responses 

in Nasonia? What is its function in regulating these rhythms? 
I selected southern and northern populations from the extreme ends of a cline described by 
Paolucci et al (2013, 2016), carrying either a southern- or the northern-specific per allele. 
To further investigate the geographical variation in biological rhythms, I generated isogenic 
lines and used a combination of behavioural assays, gene expression analyses and 
functional tests.  

In Chapter 2 I describe the natural variation in circadian rhythmicity in N. 
vitripennis originating from southern (Corsica, France) and northern (Oulu, Finland) 
populations, which represent the two extremes of the cline described by Paolucci and co-
workers (2013, 2016). I compare five different isogenic lines from both localities for their 
timing and level of locomotor activity under long and short photoperiods. I also analyse 
whether their free running rhythms differ in constant darkness (DD) and constant light 
(LL). Significant differences are detected in the timing of onset, maximum peak and offset 
of activity as well as in the level of activity. I also find different free running rhythms under 
DD and LL between southern and northern lines. 

In Chapter 3, I investigate the role of clock genes in photoperiodism, by 
investigating clock gene expression patterns of Nasonia wasps from different geographical 
origin under different photoperiodic conditions. For the clock genes period (per), 
chryptochrome-2 (cry-2), clock (clk) and cycle (cyc), circadian expression depending on 
photoperiod and latitude of origin is analysed. This allows assessing if changes in clock 
gene expression correlate with the adaptive behaviour of diapause induction in Nasonia. 
The results contribute to the understanding of the link between photoperiodism and 
circadian clock, as hypothesized long ago. Additionally, in box 1, I describe two splicing 
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 variants of the clock gene per that could lead to different PER proteins, which in turn can 
play a role in detecting and translating photoperiodic information. 

In order to understand the adaptive evolution of seasonal response, it is essential to 
establish if and how the circadian clock is involved in this process as a module or single 
gene. Therefore, in chapter 4, I investigate the functional involvement of the clock gene 
per, both in the circadian rhythm and in the photoperiodic diapause response of N. 
vitripennis. I first analyse the effect of per knock-down by RNA interference (RNAi) on 
locomotor activity behaviour under LD cycles and under constant conditions. Second, I test 
how per RNAi affects photoperiodic diapause response. Additionally, it is important to 
understand whether the expression pattern of other clock genes, cry-2, clk, and cyc, is also 
affected by per RNAi to determine the role of per in the feedback loop of the circadian 
clock. I also ask whether genetic variation for clock genes can influence the seasonal 
phenotypes by comparing southern and northern strains of N. vitripennis that differ in per 
alleles, locomotor activity and diapause response. These data reveal a role of per in the core 
mechanism of the circadian clock, and a role in photoperiodic time measurement in N. 
vitripennis. 

In chapter 5 I investigate the role of the clock in ultradian rhythms of male 
courtship behaviour. I test whether southern and northern lines of N. vitripennis differ in 
male courtship behaviour in terms of cycle duration and head-nod number by knocking 
down period. I show an involvement of this gene in timing of head-nods series and cycle 
time during the courtship performance. The implementation of a new genetic tool in 
Nasonia, namely CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is 
described in box 2. This technique, that employs RNA-guided endonucleases to specifically 
target and degrade DNA, will allow to induce gene know-out and knock-in of any gene of 
interest in the future. In particular it will allow making stable lines carrying one or multiple 
mutations in clock genes. 

In the final chapter 6 I synthesize the results of my research, summarize the 
current knowledge about photoperiodism in insects and propose some directions for future 
research. I present a possible model for the interaction between the circadian clock and 
other timing-related traits (seasonal diapause and ultradian courtship).  

 
 



 
 

 

 

 

 

  


	Chapter 1

