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Expansion of the distribution of a species requires the challenge of adaptation to new 

environments. Temporal organisation of behaviour, metabolism and physiological & molecular 

processes are important aspects in this adaptational process. For example, a latitudinal cline in 

Nasonia vitripennis shows that critical photoperiod increases with increasing latitude (Paolucci 

et al. 2013). This leads to earlier diapause induction and thereby allows a better physiological 

state to survive the longer winter conditions at higher latitudes. This latitudinal change in 

critical photoperiod preserves the average temperature at which diapause is induced at different 

latitudes (Fig. 1).  

 

 

Figure 1   Relationship between average monthly temperature and photoperiod for different latitudes over 

the year. (A) The annual temperature hysteresis leads to an ellipse-like relationship between temperature and 

photoperiod, with higher temperatures in autumn than in spring (dots indicate the mid-point of each month). The 

dashed line indicate a hypothetical threshold temperature at 10 °C at which a certain species starts winter dormancy 

(e.g. diapause), resulting in a shift towards longer critical photoperiod (CPP) earlier in the year when this species 

moves north. This fundamental process forms the basis for the expectation that latitudinal clines in photoperiodic 

response mechanisms may exist in nature. (B) Latitude correlates with critical photoperiod for diapause induction 

in insects (Brown, Sericinus montelus (pupae) (Wang et al. 2012); black, Wyeomyia smithii (larvae) (Bradshaw et 

al. 2003); purple, Bruchidius dorsalis (larvae) (Kurota and Shimada 2003); pink, Chrysopa carnea (adult) (Tauber 

and Tauber 1972); turquoise, Homoeosoma electellum (larvae) (Kikukawa and Chippendale 1984); khaki, 

Tetranychus pueraricola (adult) (Suwa and Gotoh 2006); cyan, Orius sauteri (adult)(Shimizu and Kawasaki 

2001); dark blue, Acronicta rumicis (larvae) (Danilevskii 1965); red, Nasonia vitripennis (larvae; maternally 

induced) (Paolucci et al. 2013); green, Drosophila montana (adult) (Tyukmaeva et al. 2011); grey, D. phalerata 

(adult) (Muona and Lumme 2006); blue, D. transversa (adult) (Muona and Lumme 2006)). Dashed lines indicate 

isotherms connecting the photoperiod at which the indicated temperature occurs at that latitude. After Hut et al. 

2013. 

 

Sunlight is the main stimulus for circadian and annual timing mechanisms and its pattern 

varies with latitude. Furthermore, the involvement of the circadian system in the seasonal 

timing mechanism was suggested in multiple organisms. However, the mechanism by which 

the circadian clock adapts to seasonal environments is species specific and still not fully 

understood. In this thesis we used Nasonia vitripennis to investigate latitudinal circadian 
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adaptation in circadian light resetting and its effect on survival and photoperiodism. Therefore 

we studied N. vitripennis lines collected from different geographical locations in Europe; we 

compared two lines, one from a northern (65°3’40.16’’N, 25°31’40.80’’E) and one from a 

southern (42°22’40.80’’N, 8°44’52.80’’E) European origin (Paolucci et al. 2013). 

 

No reduced fitness in non-24 h light-dark cycles – result of adaptation in circadian organisation 

by strong circadian light resetting 

While changing circadian period might accommodate a fitness enhancing latitudinal adaptation 

in diapause timing, according to the circadian resonance fitness hypothesis it is also expected 

to have detrimental effects on adult survival when the deviation from 24-h increases (Ouyang 

et al. 1998; Wyse et al. 2010). Originally, the resonance fitness hypothesis predicts that fitness 

increases with decreasing difference between the internal circadian period and the 

environmental Zeitgeber period (Pittendrigh and Minis 1972). We tested the hypothesis and our 

results do not support it as longevity did neither show a concave relationship with Zeitgeber 

period (T) nor with τ/T ratio (Chapter 2). Previous studies in cyanobacteria, insects and mice 

(Aschoff et al. 1971; Pittendrigh and Minis 1972a; Ouyang et al. 1998; Spoelstra et al. 2016) 

showed positive correlations between environmental T-cycles and longevity but during the 

studies (cyanobacteria by Ouyang et al. 1998 and mice by Spoelstra et al. 2016) individuals 

with different free-running periods also competed directly for resources like nutrition and 

reproduction. Individuals in our setting did not compete for resources as enough food was 

supplied and, although females were mated, they were not supplied with host to lay eggs. 

Therefore, with this study we only focussed on individual longevity. We expected both lines to 

be entrained in all T-cycles due to the amplitude of the phase shifts of the PRCs (Chapter 3). 

This explains the broad range of entrainment observed in both lines (Chapter 2, Fig. 7). 

We suggest that the lack of reduced longevity in Nasonia with τ/T ratios deviating from 

1, is a direct result of adaptation in circadian organisation (range of entrainment and phase angle 

of entrainment) and the extremely strong circadian light resetting in this species under the light 

intensities used during the experiments. The strong light resetting may facilitate a stable 

circadian entrainment and internal circadian coherence between cells and organs under a broad 

range of T-cycles, which in turn seems critical for individual health and survival (Davidson et 

al. 2006). 

 

Adaptation of circadian free-running period in Nasonia is necessary for variation in seasonal 

diapause induction at different latitudes 

To investigate circadian variation between the lines we measured locomotor activity in 

continuous darkness and reveiled longer free-running periods in animals from higher latitudes 

(northern females = 26.3 h (SD ± 1.6 h), northern males = 24.8 h (SD ± 1.0 h), southern 

females = 25.0 h (SD ± 0.3 h), southern males = 24.2 h (SD ± 0.3 h); Chapter 2, Table 2). This 

was not expected since other authors showed decreasing overt circadian amplitude with 

increasing latitudes, for example in D. melanogaster (Allemand 1976), D. subobscura 
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(Lankinen 1993), and D. littoralis (Lankinen 1986a). Possible explanations might be firstly the 

different light entrainment mechanism between Nasonia and Drosophillids (Chapter 1, Table 1) 

and secondly a different pathway or induction mechanism of downstream regulatory processes. 

However, we propose that in Nasonia longer free-running periods at higher latitudes are 

necessary due to the involvement of the circadian system in diapause regulation, to induce 

diapause at longer photoperiods and herewith to survive the longer winter condition in northern 

habitats (Hut and Beersma 2011; Hut et al. 2013). This would be consistent with the increasing 

critical photoperiod at increasing latitudes shown in Nasonia (Paolucci et al., 2013).  

The so called phase-period rule (Chapter 1, Fig. 5) might be able to explain variation in 

the circadian period and its involvement in changes of the critical photoperiod as it states that 

longer free-running periods, deviating more from 24 h, will result in a shift of the phase angle 

of entrainment. 

 

Higher light sensitivity enable northern lines a stable daily circadian organisation 

For a better understanding of the capacity of the circadian system of Nasonia and the discovery 

of possible differences between the northern and southern line in light sensitivity, we studied 

circadian light response by measuring phase response curves to light pulses of various durations 

and intensities (Chapter 3, Fig. 1 – Fig. 4) and established dose response curves for both lines 

and sexes (Chapter 3, Fig. 7). Indeed, we found increased light sensitivity in the northern line. 

Additionally, the circadian system of males showed a higher sensitivity to light than females 

but females expressed a higher maximum response than males. 

Our results do not confirm previous measurements in Drosophila aurora by Pittendrigh 

& Takamura (1987) which show a decrease of circadian light response with latitude. They 

argued that adaptation would select for larger circadian amplitude with increasing latitude to 

compensate for an amplitude dampening effect of longer light exposure (Pittendrigh and 

Takamura 1987; Pittendrigh et al. 1991). Therefore, increasing amplitude of the circadian 

pacemaker would result in resilience to the phase shifting effect of the light stimulus, measured 

as reduced light sensitivity with increasing latitude. Nevertheless, other authors showed the 

opposite, decreasing overt circadian amplitude with increasing latitudes (Allemand 1976; 

Lankinen 1993). 

Taking into account oscillator theory (Pittendrigh and Bruce 1957) and combinding overt 

circadian rhythms and circadian pacemaker, then also circadian pacemaker amplitude would 

decrease with increasing latitude. Furthermore, it allows us the prediction that light sensitivity 

would increase with increasing latitude by following oscillator theory since lower circadian 

pacemaker amplitude is less robust and therefore less resilient to phase shifting effects of light. 

In the circadian system, we have to consider complex oscillatory network properties that might 

be able to modify oscillator strength or light sensitivity at the neuronal level (Van der Leest et 

al. 2009; Ramkisoensing et al. 2014; Buijink et al. 2016; Beersma et al. 2017). 

To identify those pathways and modifications we need further research and development 

of immunocytochemistry methods to identify neuronal structures, complex circuitry and 



Conclusion & Discussion 

      87 

possible temporal modification. Nonetheless, our results show stronger phase shifts in the 

northern line than in the southern confirming the prediction obtained from the shallow phase-

period relationship in the northern line (Chapter 1, Fig 5 & Chapter 2 Fig. 7). We propose that 

the northern line is more light sensitive to keep daily circadian organisation in long natural 

photoperiods due to strong light resetting. Furthermore, we propose that the longer free-running 

period might be a necessary adaptation to the northern latitude in order to increase critical 

photoperiod (diapause induction and even possibly diapause termination and following 

reproduction) at longer photoperiods (Hut and Beersma 2011). A molecular base for the 

increase in free-running period might be found in the naturally occurring polymorphism in the 

period gene of N. vitripennis (Paolucci et al. 2016) involving two main haplotypes, a northern 

and a southern one, that correlate with the latitudinal cline for diapause incidence.  

 

Strong circadian light sensitivity and a broad phase angle of entrainment can explain 

photoperiodic response in different T-cycles by applying the external coincidence model 

To understand how our obtained knowledge about daily circadian properties and light 

sensitivity can explain latitudinal differences in seasonal timing processes, we applied a partial 

Nanda-Hamner protocol to measure diapause response under different T-cycles and 

photoperiods. We did not question the involvement of the circadian clock in seasonal timing 

measurement, which was shown before in Nasonia (Saunders 1970, 1974), instead we made an 

attempt to explain differences in diapause responses in a northern and a southern line by 

studying differences in circadian entrainment properties in a combination of different T-cycles 

and photoperiods (Chapter 4). 

Our results in Chapter 4 provide strong evidence that seasonal latitudinal adaptation in 

Nasonia could be caused by differences in properties of the circadian system. Northern 

Nasonias have shown a positive response (diapause incidence) in all different T-cycles and also 

different critical photoperiods (or critical night length, respectively). Variation in critical 

photoperiod or critical night length indicates that the photoperiodic system probably measures 

day length and night length. In the southern line diapause just occurred in T-cycles T-21 h and 

T-24 h with different critical photoperiods but the same critical night length, indicating that the 

southern line southern line perhaps measures night rather than day length. As explained above, 

our PRCsnmgave phase shifts of 7 h as response to 4 h light pulses (Chapter 3, Fig. 1 & Fig. 2) 

suggesting that both lines are able to entrain to all T-cycles and indicating differential light 

sensitivity as a possible explanation. The higher light sensitivity in the northern line seems to 

result in a flatter phase-period relationship under a range of T-cycles while the lower light 

sensitivity of the southern line results in a steeper slope of the phase-period relationship 

(Chapter 2, Fig. 7) as expected when following the phase-period rule (Chapter 1, Fig. 5). 

Combining diapause induction results and the differences of the phase-period relationship 

between the northern and southern lines, we conclude that our results are best explained by an 

external coincidence timing model rather than the more complex internal coincidence timing 

model as proposed by Saunders (1974) (Chapter 4, Fig. 4). Furthermore, it was proposed 

already that the different free-running periods in the northern and southern line can be the result 

of different period alleles (Paolucci et al. 2013, 2016; Dalla Benetta 2018), which may also hint 
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to a single oscillator model. To fully support our preliminary conclusion that the different 

diapause responses in our northern and southern line can be explained (at least partly) by an 

external coincidence timing model, we would need confirmation on the phase-period 

relationships under various T-cycles to increase our understanding of the system in more strains. 

There is no evidence for the involvement of light induced gene induction in the circadian light 

resetting mechanism in Nasonia; furthermore, variation in circadian light sensitivity between 

the northern and southern lines cannot be explained by different expression levels of opsin 

genes 

We determined circadian light sensitivity and discovered stronger circadian light resetting 

in the northern line than in the southern line (Chapter 3). It was known already that Nasonia 

does not encode for the photo-sensitive Cryptochrome, the major light resetting component of 

the circadian clock system in Drosophila melanogaster (Emery et al. 1998; Stanewsky et al. 

1998). The mammalian circadian light input mechanism is based on immediate early gene 

induction of per1 and subsequently per2 through a CREB signalling pathway (Albrecht et al. 

1997; Shearman et al. 1997; Shigeyoshi et al. 1997; Travnickova-Bendova et al. 2002). 

Furthermore, other insect species (honeybee Apis mellifera, (Rubin et al. 2006); monarch 

butterfly Danaus plexippus (Zhu et al. 2006); crickets Gryllus bimaculatus (Tomioka and Chiba 

1984); cockroaches Periplaneta Americana & Leucophaea maderae (Roberts 1965; 

Nishiitsutsuji-Uwo and Pittendrigh 1968) as well as Drosophila under certain conditions 

(Yoshii et al. 2015) entrain by the visual photoreceptors. In Chapter 4 we tried to answer two 

questions: 1) Does the Nasonia circadian system resets via light induced per transcription? 2) 

Can we identify variation in opsin gene expression between the northern and southern line that 

could explain different circadian light sensitivity between the lines? 

To answer the first question, we observed RNA abundance of seven putative clock genes 

during light applied at ZT14 and ZT20 with a time span of four hours. Even though we found 

significant differences in few cases we could not identifiy a clear immediate early gene 

expression patter, especially in per, which we might have expected based on mouse (Shigeyoshi 

et al. 1997). Furthermore, our results show a decrease of RNA abundance over time rather than 

an increase (Chapter 5, Fig. 3). Thus, results suggest that N. vitripennis circadian system does 

not reset through immediate early gene induction of per or any of the other genes that we have 

tested. Therefore, it remains elusive what the molecular components of the hymenopteran 

circadian light resetting pathway are. 

To answer the second question, whether the differences in light sensitivity between the lines 

might be related to variation in opsin gene expression, we measured RNA abundance of four 

opsin genes in a time course of four hours, starting at ZT14 (end of light phase) and ZT20 

(middle of dark phase); samples were taken in darkness, one cycle after LD 16:8 entrainment. 

In the time course starting at ZT14 the differences between the lines were small (Chapter 5, 

Fig. 5A-D). The differences became more pronounced with ZT20 showing an overall lower 

RNA abundance level in the northern line than the southern line (Chapter 5, Fig. 5E-H). 

However, due to higher circadian light sensitivity of the northern line, despite the lower opsin 

expression levels. At present there is no explaination for this discrepancy. Perhaps further 

measurements over a full 24 h expression profile could reveal the expected difference in opsin 

expression levels. Alternatively, there are other unknown modifiers of the light input pathway 
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that can increase the circadian light sensitivity in northern line, despite of the lower opsin 

expression levels. 

By now there is no knowledge about the neuronal circuitry and synaptic connection of 

the neuro-anatomical clock in the brain of Nasonia vitripennis that might describe single or 

multiple oscillator characteristics as observed in other insect species. Modulation, also in the 

neurochemistry, resulting in different circadian phase or amplitude might be possible and needs 

further research. Additional molecular evidence is needed to confirm and generalize our finding 

that a latitudinal cline in free-running period, possibly caused by per-polymophism (Paolucci 

et al. 2016), combined with changes in light sensitivity, results in latitudinal adaptation of 

photoperiodic diapause induction through an external coincidence timing model. 

 

In summary, in Nasonia longer free-running periods at higher latitudes may have evolved 

because of the involvement of the circadian system in diapause regulation, to secure appropriate 

timing of diapause at longer photoperiods and consequently better survival of the longer winter 

condition in northern habitats (Hut and Beersma 2011; Hut et al. 2013). This would indeed fit 

with the increasing critical photoperiod at increasing latitudes shown in Nasonia (Paolucci et 

al., 2013). How changes in circadian period can change critical photoperiod might be explained 

by the phase-period rule (Chapter 1, Fig. 5), where longer free-running periods, deviating more 

from 24 h, will result in a more lagging phase angle of entrainment. A different phase angle of 

entrainment, will consequently result in different light exposure of the ‘photophil phase’ driving 

the diapause response (Bünning 1936). This concept was further explored in Chapter 4, where 

diapause induction response under different T-cycles could be fully explained by the phase-

period rule. Moreover, differences between the lines in their diapause-behaviour under various 

photoperiod / T-cycles combinations (Chapter 4) could be explained by phase being more 

affected by period in the southern line than in the northern line. The steeper slope in the phase-

period regression line of the southern line was indeed confirmed in Chapter 2, Fig 7, where 

exposure to different T-cycles did not yield differential survival. We hypothesized that the 

shallower slope of the phase-period relationship in the northern line (Chapter 2, Fig.7), could 

be explained by higher light circadian sensitivity. Through measuring a series of phase response 

curves including different light intensities and durations, we were able to establish that indeed 

the northern line showed increased circadian light sensitivity (Chapter 3). 
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