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Abstract 

It has been hypothesized that the endogenous circadian clock is also involved in seasonal 
timekeeping. In the parasitic wasp Nasonia vitripennis, southern (Corsica, France) and 
northern (Oulu, Finland) populations show allelic variation of the clock gene period (per) 
correlating with differences in seasonal response to photoperiodism. They also differ in 
circadian rhythm, southern wasps have earlier onset of activity and shorter free running 
rhythms in constant conditions. In this study, we further investigated the role of per in 
circadian and seasonal timing with RNA interference (RNAi). Knockdown of per in 
northern wasps led to a shorter rhythm in constant darkness (DD), an advance of the daily 
activity and a delayed photoperiodic diapause response. In the southern wasps per RNAi 
also induced a shorter DD rhythm and later diapause response. In constant light (LL) an 
increase of rhythmicity after RNAi was observed for both southern and northern wasps, 
suggesting an additional role for per in the light sensitivity pathway. Knockdown of per 
also affected the expression levels of the clock genes cryptochrome-2 (cry-2), clock (clk) 
and cycle (cyc). These data reveal a role of period in the core mechanism of the circadian 
clock, and a role in photoperiodic time measurement in N. vitripennis.  
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Introduction 

Photoperiodic diapause in insects is a prominent seasonal response allowing survival during 
unfavourable environmental conditions, such as low temperatures during winter. Shortening 
of day length is the most reliable cue to indicate an oncoming winter. A photoperiodic 
mechanism is responsible for detecting photoperiodic changes and storing this information 
in order to change the behaviour of the organism accordingly. This mechanism includes a 
timer to measure the duration of the light period and a counter to count the number of light-
dark (LD) cycles to adequately start a photoperiodic response (such as diapause induction). 
It is, however not well understood how insects measure day (and night) length, store 
photoperiodic information and process this information to trigger the downstream diapause 
response (Denlinger, 2002; Kostal, 2011).  

Organisms possess an internal circadian clock that synchronizes their behaviour 
and physiology with environmental light-dark (circadian) cycles. This clock runs with a 
period close to 24 hours, and modulates a variety of rhythmic processes, including rest and 
activity, eclosion, mating and feeding (Saunders et al., 2002). On the mechanistic level, the 
clock consists of several transcription factors that either activate or inhibit their own 
expression through feedback loops, enabling the generation of an internal oscillator that is 
reset every day by the light-dark cycles. For example, in Drosophila, the genes period (per) 
and timeless (tim) are negative regulators, that inhibit their own expression, whereas clock 
(clk) and cycle (cyc) are positive regulators, that activate the expression of per and tim 
(reviewed by Peschel and Helfrich-Forster 2011). The identification of cryptochrome-2 
(cry-2) as a clock gene (Zhu et al., 2005) showed that regulation of the circadian clock in 
the honeybee Apis mellifera (Rubin et al., 2006), monarch butterfly Danaus plexippus (Zhu 
et al., 2005), mosquito Anopheles gambiae (Zhu et al., 2005) and Nasonia vitripennis 
(Bertossa et al., 2014) is different from Drosophila. Thus, not all clocks have the same 
genetic composition. 

 It has been hypothesized that the genetic basis of the seasonal (photoperiodic) 
system overlaps with the circadian mechanism of time keeping, since both involve timing 
of light-dark cycles (Bünning, 1960). There is experimental evidence for involvement of 
the circadian clock in photoperiodism (i.e. the response of an organism to seasonal changes) 
(reviewed in Saunders, 2013), and two prominent  models were proposed to explain this 
involvement. One is the external coincidence model that assumes the presence of one 
photosensitive internal oscillator, of which the phase is set by the light cycle. When the 
photosensitive phase of this cycle falls into the dark, owing to the shortening of the day 
length, a photoperiodic response is triggered. The other model is the internal coincidence 
model, which assumes the presence of two circadian oscillators of which the phase-
synchrony is influenced by the change of the photoperiod, making it possible to sense 
seasonal light-dark changes. However the role of the circadian clock in photoperiodism is 
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still controversial, despite recent studies that showed a functional involvement of the 
circadian clock gene per in diapause induction in the bean bug Riptortus pedestris (Ikeno et 
al., 2010; Ikeno et al., 2011a, 2011b) and the mosquito Culex pipiens (Meuti et al., 2015). 
These studies, however, did not address the possibility of a pleiotropic role of per in both 
circadian and seasonal systems (Emerson et al., 2009).   

The jewel wasp Nasonia vitripennis shows a robust photoperiodic response, where 
maternal induction of larval diapause leads to developmental arrest at the fourth instar 
stage. Moreover, it has a mechanism for the timing and counting of the LD cycles to trigger 
the photoperiodic response (reviewed by Saunders, 2013), but the molecular basis of this 
mechanism is unknown. Paolucci et al., (2013, 2016) reported natural clinal variation in 
photoperiodic diapause response that correlates with allelic variation of the clock gene per. 
Per affects circadian clock properties, southern European N. vitripennis lines have a faster 
clock and lower activity compared to northern European lines (chapter 2). In addition, the 
daily expression profiles of several circadian clock genes, including period, is strongly 
dependent on photoperiod in Nasonia females (Chapter 3), indicating that per may play a 
role in regulating photoperiodic responses. Yet, geographical variation in circadian rhythms 
has not been as extensively studied as photoperiodism, making it difficult to understand 
how genetic variation in clock genes determines phenotypic variation. 
 Saunders (1974) hypothesized that N. vitripennis uses an internal coincidence 
model to detect photoperiodic changes to induce diapause, by Nanda–Hamner experiments 
(Nanda & Hamner, 1958). However, recent work of Vaze and Helfrich-Förster (2016) 
suggests that N. vitripennis may use a strongly damped circadian oscillator as part of an 
external coincidence model, to measure night length. In addition, behavioural and gene 
expression data, described in previous chapters, also indicate the presence of a single 
circadian oscillator with a morning phase in the south and an evening phase in the north, 
suggesting that the external coincidence model might be more applicable to explain 
photoperiodic diapause induction in Nasonia.  

A role of per in the circadian clock of Nasonia has not been reported yet. 
Therefore, we first investigated the functional involvement of per in establishing the 
circadian rhythm of N. vitripennis by analysing the effect of per knockdown by RNA 
interference (RNAi) on locomotor activity behaviour under LD cycles and under constant 
conditions. Second, we tested how per RNAi affects photoperiodic diapause response. 
Additionally, we monitored the expression pattern of the other clock genes cry-2, clk, cyc 
after per RNAi, in order to carefully consider the modular role of the circadian clock in 
diapause regulation. Finally, we compared southern and northern strains of N. vitripennis 
that differ in per alleles, for locomotor activity and diapause response.  
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Material and methods  

Experimental lines 

The experimental strains for this study were isogenic lines established from isofemale lines 
collected from the field in 2009 (Paolucci et al., 2013). The northern wasps come from 
Oulu, Finland (65o3’40.16N), and the southern ones were collected in Corsica, France 
(42o22’40.80N). The isogenic lines were established by crossing female wasps with their 
son, followed by 7-8 generations of brother-sister crossing. The lines were maintained 
using Calliphora spp. pupae as hosts in mass culture vials under diapause-preventing 
conditions: (LD16:08) at 20°C. The same lines were used in chapter 3 for gene expression 
analysis. Northern line represents the N1 strains of chapter 2 and southern one the S1 strain 
of chapter 2. 
 

RNA extraction, cDNA conversion  

In order to obtain a sufficient amount of dsRNA for knocking down the expression of 
period, RNA extraction was performed only from the head (where the master clock is 
located) of wasp collected between ZT 21-24 (Zeitgeber time, ZT 0 corresponds to the time 
when the light turned on). This period corresponds to the time at which period is most 
highly expressed (chapter 3). Total RNA was extracted using Trizol reagent (Invitrogen, 
USA) according to the manufacturer’s instructions. Each sample was submitted to a DNase 
treatment to eliminate any DNA contaminations, and about 1µg of RNA was used to 
synthetize cDNA with RevertAid H Minus First Strand cDNA Synthesis kit (Thermo 
scientific).  
 

Synthesis and injection of dsRNAs 

knockdown of period via RNAi was induced in early female pupae. Primer pairs 
NV_per_dsRNA_0708 and NV_per_dsRNA_1213 in table 4.1 were used for PCR to 
amplify two fragments of the period (per) gene. These fragments were then used as 
template to generate two dsRNAs. Primer set dsRNA_A  is spanning exons 7 and 8, 
dsRNA_B is located in exons 12 and 13 (more details in Fig. S1). Both 5’ and 3’ of these 
PCR fragments, a T7 polymerase binding site was added (primers in table 1). The 
fragments were transcribed in both directions using the Megascript RNAi kit (Ambion, 
Austin, Texas, USA). Briefly, sense and antisense RNA fragments were synthetized in 
separate transcription reactions. After 6h incubation at 37°C, the two reactions were mixed 
and heated at 75°C for 5 min followed by cooling down slowly (overnight). Nuclease 
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digestion removed DNA and ssRNA and dsRNA was purified according to the kit protocol. 
Finally, the two dsRNAs were precipitated with ethanol for better purification, re-dissolved 
in water and stored at -20°C. 

Female pupae from the southern and northern lines were injected in the abdomen 
following the procedure of Lynch and Desplan (2006), either with 4 μg/μl of per dsRNA_A 
(RNAi_A) or dsRNA_B (RNAi_B) mixed with red dye. Injections were performed with 
Femtotips II (Eppendorf, Hamburg, Germany) needles under continuous injection flow. 
Pupae were injected at the posterior end next to the ovipositor until the abdomen turned 
clearly pink. Slides with injected wasp pupae were incubated in an Agar/PBS Petridish at 
25oC at the experimental photoperiods, either LD 08:16 for subsequent use in the diapause 
and locomotor activity experiments, or LD 16:08 for a second locomotor activity 
experiment. Control pupae were injected with red dye mixed with water in a 1:4 ratio.  
 

Entrainment and sample collection for gene expression analysis 

Control and RNAi females were kept under short photoperiod (LD08:16) at 20oC in groups 
of 5 and provided with hosts. After three days post eclosion, three biological replicates of 5 
wasps were collected every four hours throughout the light phase (ZT 0, ZT 4, ZT 8). They 
were put into liquid nitrogen to kill them instantly, and stored immediately at -80oC. 

RNA was extracted from pooled head samples as described before, and cDNA 
conversion was performed as per manufacturer’s instructions. The cDNA was diluted 50x 
prior to use for Real Time PCR (qPCR). qPCR was performed with SYBR green (Quanta 
Biosciences) and rox as the internal passive reference. 4µl of diluted cDNA was used for 
each reaction of 20µl total containing primer at the final concentration of 200nM and 10µl 
of SYBR green/ROX buffer solution. Three technical replicates for each reaction served to 
control for pipetting variation. Reactions were run on an ABI7300 with the following qPCR 
profile:  3 min of activation phase at 95oC, 35 cycles of 15s at 95oC, 30s at 56oC and 30s at 
72oC. Table 4.2 lists the primers for per, cry-2, cyc and clk. Elongation factor 1α (ef1α) and 
arginine kinase (ak) were used as reference genes. 

Expression data were first analysed with LinRegPCR (Ramakers, Ruijter, Deprez, 
& Moorman, 2003; Ruijter et al., 2009). Ef1α and ak were used as reference genes, after 
confirmation that their expression level is constant throughout the day (chapter 3) and 
between treatments (Fig. S2). A generalized linear mixed effect model (glm) was used to 
analyse expression levels with R statistical software (R version 3.4.1). A quasi-poisson 
distribution for the glm corrected for overdispersion and F-tests were used to compare 
differences in gene expression between treatments (control vs the two RNAi treatments) 
and among time points. Post-hoc analyses were performed with the multcomp package for 
effects of RNAi treatments within lines.  
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Locomotor activity 

Locomotor activity was measured of adult injected females from southern and northern 
lines entrained to 4 days of LD08:16 or LD16:8 and released either in constant darkness 
(DD) or constant light (LL) conditions. Temperature was kept constant at 20°C. To 
quantify animal movement over time, individuals were placed in small tubes (diameter 
5mm, height 70mm) a quarter filled with sugar-water gel medium. They were continuously 
monitored for movement by infrared beam arrays in Trikinetics Drosophila activity 
monitors (www.trikinetics.com), each monitor allowing for the recording of 32 wasps. The 
detector records how many times per minute each individual interrupts an infrared light 
beam that passes through a glass tube. The monitors were placed in separate light boxes in 
temperature-controlled environmental chambers with 50% humidity. The light source in the 
box consisted of white light with a maximum light intensity of about 60 lum/ft2 (3.15 
W/m2). Data were collected and analysed with DAM System 2.1.3 software.  
 

Table 4.1: Primers to produce dsRNA of period region A (named dsRNA_0708 or RNAi_A) and region B (named 
dsRNA_1213 (RNAi_B) 

Primers name Forward primer Reverse primer 

NV_per_dsRNA_0708 
(region A) 5’-CCTTCTTCCAACCCATACGG-3’ 5’-CTCAATGATCTTGGCTTCCTG-3’ 

NV_per_dsRNA_1213 
(region B) 5’-CTGCTGTCGTTAGATGTGAG-3’ 5’-GTCGCCATATCAGTTATCGG-3’ 

NV_per_dsRNA_1213_T7 
(region A) 

5’-TAATACGACTCACTATAGGGC 
CTTC TTCCAACCCATACGG-3’ 

5’-TAATACGACTCACTATAGGGCTC 
AATGATCTTGGCTTCCTG-3’ 

NV_per_dsRNA_1213_T7 
(region B) 

5’-TAATACGACTCACTATAGGG 
CTGCTGTCGTTAGATGTGAG-3’ 

5’-TAATACGACTCACTATAGGGGT 
CGCCATATCAGTTATCGG-3’ 

 

Table 4.2: Primers used for qPCR of clock genes and reference genes 
Gene NCBI Ref. seq. Forward primer Reverse primer 

per XM_008211021.1 5’-GCCTTCATTACACGCATCTC-3’ 5’-ACCATTCGCACCTGATTGAC-3’ 

cry-2 XM_008206206.1 5’-TCGCTTGTTTCCTCACCAG-3’ 5’-GGTAACGCCGAATGTAGTCTC-3’ 

cyc XM_008217573.1 5’-GATGCCAAGACGATGCTTCC-3’ 5’-GCTCTTTCCTTGATCTGCGAC-3’ 

clk XM_008216216.1 5’-ACTACCATATAGACGACCTTGAC-
3’ 

5’-CCTGTATCCTCAAATGTTTGACCA-
3’ 

ef1α XM_008209960.1 5’-CACTTGATCTACAAATGCGGTG-3’ 5’-CCTTCAGTTTGTCCAAGACC-3’ 

ak3 XM_016986045.1 5’-AATTCAATCGGGTTCTGCTC-3’ 5’-CAGCATCTCATCTAACTTCTCTG-3’ 
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Diapause induction 

Injected wasps were tested for diapause response under LD08:16 at 20oC to study per 
knockdown effects under diapause-inducing conditions. Following Paolucci et al. (2013), 
50 adult females post-injection were kept in cotton-plugged h60mm × d10mm polystyrene 
tubes with two hosts in a light box with a controlled light-dark regime and constant 
temperature. Females were exposed to the treatment for their entire life and the two hosts 
were replaced every other day. Parasitized hosts were transferred to a new vial and cultured 
at 25oC and constant light to ensure standardized conditions for development of offspring 
for all individuals in all treatments. Females produce normal developing offspring at the 
beginning of their life and switch to produce diapausing larvae after exposure to a certain 
number of light-dark cycles. As diapause in Nasonia occurs at the fourth instar larval stage, 
it can easily be scored by opening the hosts after 14 days. The diapause status is indicated 
by the presence of larvae at this stage (Paolucci, et al., 2013). For each female, the daily 
production of diapausing offspring per host was measured as the proportion of diapausing 
brood relative to the total number of host pair per day. The diapause switch point is 
calculated as the day at which wasps switch from producing developing offspring to 
diapause offspring. 
 

Behavioural data analysis and statistics 

The raw locomotor activity data were first visualized with the program ActogramJ (Schmid 
et al., 2011; available at http://actogramj.neurofly.de). Double-plot actograms obtained with 
this software represent activity levels. Under LD conditions the average activity was 
calculated according to Schlichting and Helfrich-Forster (2015) to find the onset, the peak 
and the offset of activity, and compare them between southern and northern wasps and 
between treatments (control vs. RNAi). To determine the onset and offset of activity of the 
average day data per wasp have to be plotted as bar diagrams with each bar representing the 
sum of activity within 20min. The onset represents the first time bar when activity starts to 
rise consecutively, whereas the offset is when activity reaches the level, which is stable 
during the night phase. To determine the timing of the peaks, the data are smoothed by a 
moving average of 30min. Through this process, randomly occurring spikes are reduced 
and the real maximum of the activity can be determined. The average phase of the onset, 
peak and offset, represented in Zeitgeber Time (ZT), was compared between strains and 
treatments. Statistical analysis on timing of activity was performed by ANOVA with a 
Tukey’s multiple-comparisons test. 

The free running period (τ) was determined under constant darkness and constant 
light, with periodogram analysis, which incorporates Χ2 analysis (Sokolove & Bushell, 
1978). τ values were compared between strains and treatments with ANOVA and a Tukey’s 
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multiple-comparisons in R.  
Survival tests were used to compare diapause response curves between strains 

(package survival in R (Therneau & Lumley, 2014) followed by pairwise comparisons with 
Log-Rank test (package survminer in R) (Kassambara et al., 2017). P-values have been 
corrected with Benjamini-Hochberg (BH) procedure (Benjamini & Hochberg, 1995). All 
statistical tests were performed with R statistical software (R version 3.4.1). 

 

Results 

Efficiency of per RNAi 

The level of per expression was analysed three days after eclosion under LD08:16 at ZT 0, 
to assess the efficiency of RNAi. In wildtype N. vitripennis, the expression of per is highest 
at this time point (chapter 3, Fig. 3.3B). The relative expression level of per in the dsRNA-
injected wasps was lower in both the southern and northern lines compared to their 
respective controls (p<0.001) (Fig. 4.1A, B; Table S1), indicating an efficiency of 50 to 60 
% of per knockdown. Two additional time points analysed during the light phase (ZT 4 and 
ZT 8) show that per expression decreased during the light phase in control wasps (p<0.001) 
whereas the RNAi-treated wasps, displayed a stable lower per expression (Fig. 4.1A, B; 
table S1). 
  

Fig. 4.1: Period expression in control and RNAi wasps 
(A) Southern period mRNA expression in control and RNAi wasps injected either with dsRNA_A or with 
dsRNA_B. (B) Northern period mRNA expression in control and RNAi wasps respectively injected with 
dsRNA_A and dsRNA_B. Zeitgeber time (ZT) is given in hours on the X-axis where ZT=0 represents light on. 
Letters indicate significant differences between ZTs and between treatments (p<0.05).  
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Free running rhythms under DD and LL 

In the locomotor activity assays, we exposed the wasps to a light-dark regime of either 
08:16 followed by constant darkness (DD) for 10 days, or 16:08 for 4 days, followed by 
constant light (LL) for 10 days. The free running rhythms under DD and LL were compared 
between each line and treatment. Under DD, the southern line shows a shorter free running 
rhythm (τ=24.67 + 0.10 h) compared to the northern one (τ=26.57 + 0.12 h) (Fig. 4.2). 
After per RNAi a significant shortening of about one hour of τ was observed (p<0.001), 
23.80 + 0.06 h and 25.25 + 0.17 h for the southern and northern lines, respectively (Fig 
4.2). The rhythmicity level was not clearly affected under DD in the southern wasps, 
whereas one of the RNAi treatments (dsRNA_A) in the northern line led to an increase in 
the number of arrhythmic wasps (Table S2).  

Under constant light (LL) the rhythms are shorter than under DD for both lines 
(Fig. 4.3). The southern line has a τ of 22.32 + 0.16 h, and a high level of arrhythmicity 
(83%); northern wasps have a rhythm of 23.24 + 0.32 h and 84% of arrhythmicity (Fig. 4.3; 
Table S2). Interestingly, per RNAi in southern wasps led to an even shorter τ of 21.10 + 
0.15 h and an increase in the number of rhythmic individuals by 20% (Fig. 4.3A, Table S2). 
In contrast, per RNAi increased the free running rhythm in the northern line by about 2h, 
with a τ of 25.01 + 0.44 h (Fig. 4.3B). Again, the number of rhythmic wasps increased in 
treatment RNAi_A by 10%, but in RNAi_B the number was unaltered (Table S2). 

 

 
Fig. 4.2: Constant darkness (DD) rhythms of control and RNAi wasps(A) Southern free running rhythms in 
DD in in control and RNAi- injected wasps with either dsRNA_A or with dsRNA_B. (B) Northern free running 
rhythms in DD in in control and RNAi wasps injected either with dsRNA_A or with dsRNA_B. (C-E) Southern 
double plot actograms and (F-H) northern ones. Black bars indicate activity. Different letters indicate significant 
differences.  
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Fig. 4.3: Constant Light (LL) rhythms of control and RNAi wasps 
(A) Southern free running rhythms in LL in in control and RNAi wasps injected either with dsRNA_A or with 
dsRNA_B. (B) Northern free running rhythms in LL in in control and RNAi wasps injected either with dsRNA_A 
or with dsRNA_B. (C-E) Southern double plot actograms and (F-H) northern ones. Black bars indicate activity. 
Different letters indicate significant differences.  
 

Timing of locomotor activity 

The timing of the locomotor activity was analysed under both LD conditions for 4 days. 
Both southern and northern wasps displayed a unimodal activity pattern (Fig. 4.4); 
however, significant differences were detected in the timing of onset, maximum peak and 
offset of activity (Table S3). Under LD 08:16 southern wasps started activity on average 
four hours before the light turn-on, while northern wasps became active four hours later, 
around the time the light was turned on (ZT 0)(p<0.001). The peaks of activity differ by 
about 1.5 hour, occurring around ZT 1 for the southern wasps and around ZT 2.5 for the 
northern ones (p<0.001). Interestingly, whereas southern wasps ceased activity when the 
light was turned off (ZT 8), the northern ones prolonged activity for more than 3 hours into 
the dark phase (until ZT 11.5) (p<0.001) (Fig. 4.4A, D, Table S3).  Average daily activity 
was not affected by RNAi in the southern wasps but was advanced significantly in the 
northern wasps (P<0.001). Northern RNAi wasps started activity about three-and-half hours 
into the dark phase, a four-hour shift compared to control wasps. Peak of activity and offset 
of activity, however, did not differ in timing between control and RNAi treatments although 
an increase of the level of activity in the dark phase for the northern RNAi-treated wasps 
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could be observed (Fig. 4.4A, Table S3).  
Under LD16:08 both southern and northern wasps started activity around ZT 0 

when the light was turned on, but the peak of activity occurred much earlier in the morning 
in the southern line; ZT 3 compared to ZT 10 at the end of the day in the northern line. 
Southern wasps ceased activity in the late afternoon at ZT 14, whereas the northern ones 
became inactive when the light was turned off around ZT 16 (Fig. 4.4B, Table S3). After 
per RNAi, southern wasps did not significantly change the timing of activity, whereas 
northern wasps displayed a strong advance of the activity peak to ZT 5.5 (p<0.001). Onset 
and offset of activity remained the same (Fig. 4.4B; Table S3). 

 

 
Fig. 4.4: Locomotor activity of control and RNAi wasps 
Locomotor activity profile of southern) and northern wasps (control and RNAi respectively) are shown as average 
of bin crosses/minute of 25-32 individuals each over 24 hours periods at (A) LD08:16 and at (B) LD16:08. The 
night phase is indicated by grey shading, the day phase in white. Zeitgeber time (ZT) is given in hours on the X-
axis where ZT=0 represents light on. Black arrows indicate the onset, stars the peak and white arrows the offset of 
activity. 
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Expression pattern of cry-2, clk and cyc 

Cry-2, clk and cyc expression was measured in control and per RNAi-treated wasps during 
three points in the light phase (ZT0, ZT4, ZT8) (Fig. 4.5; Table S4, S5, S6). In southern 
wild type (chapter 3, Fig. 3.3D) and control wasps, cry-2 decreased its expression during 
the light phase (Fig. 4.5A; Table S4), whereas per-RNAi-treated wasps displayed a lower 
and constant cry-2 expression for all the three time points (Fig. 4.5A; Table S4). Both clk 
and cyc had a significant lower expression during all ZTs (p< 0,001) (Fig. 4.5C, E; Table 
S5, S6). Moreover the oscillation of cyc, which increased during the light phase (Fig 4.5E; 
chapter 3, Fig. 3.4B, 3.5B), is disrupted in RNAi-treated wasps (Fig 4.5E; table S6). 
Similarly, in the northern wasps, cry-2 expression is significantly lower in per RNAi-
treated wasps compare to the control (p<0.05) (Fig. 4.5B; Table S4). Expression levels of 
clk and cyc are also significantly lower in RNAi-treated northern wasps (Fig. 4.5D, F; Table 
S5, S6), with a disruption of cyc oscillation, like in the southern wasps (Fig. 4.5F; Table 
S6). Thus, RNAi of per alters the phase and the expression of the whole circadian system. 
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Fig. 4.5. clock gene expression in control and per RNAi wasps 
Clock gene expression for (A, B) cry-2, (C,D) clk and (E,F) cyc respectively for southern and northern lines 
Zeitgeber time (ZT) is given in hours on the X-axis where ZT=0 represents light on. Letters indicate significant 
differences between ZTs and between treatments (P<0.005). 
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Diapause response 

The diapause response under LD08:16 was assessed in RNAi-treated wasps and controls 
for southern and northern lines. Although all wasps reach the switch point, the southern 
wasps started to produce diapause offspring much later than the northern ones. For both 
lines, RNAi-treated females showed a later switch point and a delayed diapause response 
curve (Long-Rank test for survival multiple comparison P<0.05). The average switch point 
of controls was day 8 in the southern wasps and day 4 in the northern ones, in agreement 
with earlier observations (Paolucci et al, 2013). After per knock-down, southern wasps 
delayed the switch point with 2 days to day 10 and the northern ones with 4 days to day 8 
(Fig. 4.6; S2). This means that both the absolute and relative delay time was twice as long 
for northern than for southern wasps.  
 
 

 
Fig. 4.6: Diapause response of control and RNAi wasps 
Diapause response of females under LD08:16. (A) Southern wasps, control, RNAi-treated wasps and RNAi_B 
treated ones. (B) Northern wasps, control, RNAi-treated wasps and RNAi_B treated ones. Letters indicates 
significance differences (pairwise comparisons using Log-Rank test).  
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Discussion 

In this study we investigated the role of the period gene in the regulation of circadian 
rhythms and photoperiodic response in Nasonia vitripennis. Knock down of per alters the 
daily rhythm under constant conditions (DD and LL), changes the timing of locomotor 
activity, and affects the expression of other clock genes. We further found that 
photoperiodic diapause response is delayed in RNAi-treated wasps, irrespective of their 
geographic origin. 
 

DD circadian rhythms are affected by per RNAi 

Wasps from southern and northern lines showed differences in circadian clock properties. 
Southern lines are more active during the first part of the day, whereas northern ones are 
active in the late afternoon. This different timing of activity reflects the speed of their 
clocks in constant darkness (DD). Southern lines show shorter free running rhythms (τ) 
close to 24 h, compared to northern ones that naturally have a τ longer than 24h. The 
presence of such a positive latitudinal cline in the DD rhythm for N. vitripennis was 
previously reported by Paolucci (2013) (see chapter 2) and also described for the linden bug 
Pyrrhocoris apterus (Pivarciova et al., 2016). This could mean that the latitudinal 
differences in free running period are the result of selection acting on traits genetically 
correlated with circadian rhythms (such as seasonal response), instead of acting on the 
circadian rhythm itself. The knockdown of per expression resulted in a shortening of the 
free running period in constant darkness, and advanced the activity phase of the northern 
wasps in LD16:08 and LD08:16. Moreover, it increased the speed of the clock (shorter τ) in 
both southern and northern lines. It is clear from these data that per is involved in setting 
the speed and the phase of the clock, in agreement with its described role in Drosophila 
(Konopka & Benzer, 1971) and mammalian systems (Chen et al., 2009; Lee et al., 2011). 
The effects of speeding up the clock in the northern lines are more pronounced, because 
after per RNAi the daily timing resembles that of the natural pattern in the southern lines, 
namely an advance in activity profile with a peak of activity in the morning rather than in 
the evening. 
  

LL circadian rhythms are affected differently in southern and northern lines by per 
RNAi 

Under LL conditions, per RNAi increased the duration of the free running rhythm in 
northern wasps, whereas it decreased in southern wasps. This indicates a different effect of 
per (and of light) in the regulation of DD and LL rhythms. This difference could reflect the 
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presence of different circadian oscillators in southern and northern wasps, of which the 
phases are set by dawn in the south and dusk in the north. As proposed by Pittendrigh and 
Daan (1976), in the dual oscillators model, the two oscillators show different responses to 
light: one is accelerated and the other decelerated by constant light. One oscillator will thus 
shorten and the other oscillator will lengthen its period when exposed to LL (Daan et al., 
2001; Pittendrigh & Daan, 1976). This difference is also visible in wildtype Nasonia wasps 
with an intact circadian clock, but as soon as we start manipulation by knocking down per, 
this differential regulation becomes more evident. This confirms that southern and northern 
wasps not only differ in the speed of their clock, but also in the phase of their circadian 
oscillator. It is in agreement with the gene expression data reported in Chapter 3, where the 
phase of per mRNA expression differed between southern and northern lines and between 
photoperiodic conditions. However, it must be noted that this is only one of a number of 
possible interpretations. If these differences indeed reflect the presence of two different 
neuronal oscillators with different phases in the south and the north, further analysis should 
identify neurons in the brain with different circadian expression between southern and 
northern wasps. 

Surprisingly, the fraction of wasps exhibiting circadian rhythmicity under LL was 
higher among the RNAi-treated wasps than the control wasps, indicating that per could be 
regulated by light, as is the case in the mammalian system where light induces per 
expression (Okamura et al., 1999). It has been shown that in mammals per is important for 
light induced resetting of the circadian clock (Albrecht et al., 2001), and recently Akiyama 
et al., (2017) showed geographical variation in the frequencies of per haplotypes in humans 
associated with variation in light sensitivity. In Drosophila a similar geographical variation 
was observed for the clock gene timeless (tim) (Tauber et al., 2007). Different tim alleles 
confer different light-sensitivity phenotypes (due to different interaction of TIM isoforms 
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. We hypothesize a similar role of per in Nasonia as its function seems to 
resemble tim in stabilizing the main clock repressor CRY-2 (Buricova et al., unpublished), 
and its knockdown increased wasp rhythmicity in LL. It has been argued that, due to the 
variable environment in temperate zones, the light sensitivity of the circadian clock needs 
to be adjusted to northern latitude. One possible mechanism for this process could involve 
different filters of the light input into the clock between southern and northern regions. We 
already showed that photoperiod differently affects clock gene expression patterns in the 
two lines carrying two different per alleles (chapter 3). This points to a higher photo-
responsiveness at higher latitude that, together with a weaker clock oscillation, could make 
northern wasp more flexible in adjusting to a variable environment. Furthermore, our data 
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point towards a role of per in the light sensitivity pathway. It would be very interesting to 
test whether the different per alleles in Nasonia also differ in light sensitivity as was 
reported for tim alleles in Drosophila (Sandrelli et al., 2007; Tauber et al., 2007), and 
whether the light signal is differently filtered into the clock system of southern and northern 
wasps. 

 

Cry-2, clk and cyc expression is affected by per RNAi 

We further analysed the effect of per knockdown on the expression of the clock genes cry-
2, clk and cyc. Generally the expression levels of cry-2 transcript in per RNAi wasps was 
altered and lower than the controls. In addition, its oscillation was disrupted in RNAi-
treated wasps and the expression of clk and cyc transcripts was also lowered in southern and 
northern wasps. Taken together, these data indicate, as expected, that manipulating one of 
the genes in the feedback loop of the circadian clock, causes the whole system to go out of 
phase. This obviously complicates the interpretation of results, i.e. whether the phenotypic 
differences are due to one of the genes altered by per RNAi or to the circadian system being 
out of phase as a whole. 
 

Diapause response is delayed in per RNAi-treated wasps 

Interestingly, in the RNAi-treated wasps photoperiodic diapause response was also 
affected. Although all wasps were able to induce diapause in their offspring after per knock 
down, the timing of the photoperiodic response was delayed in both lines. This indicates 
that per knockdown is not affecting the physiology of diapause itself, but the onset of it, i.e. 
the timer component of the photoperiodic calendar. These data can be interpreted in two 
ways: (i) there is a pleiotropic role of a single clock gene in photoperiodism or (ii) the 
circadian clock, as a functional module, underpins photoperiodism. Under the first 
hypothesis, period could have a pleiotropic role in both circadian and seasonal response. 
Alternatively, the pleiotropic role can be from one of the other genes whose expression is 
altered by per RNAi. On the other hand, the role of the circadian clock as a functional 
module cannot be excluded, both processes (daily and seasonal) rely primarily on the input 
of light and it is the interaction between light and the photosensitive element (unknown in 
Nasonia) to set the circadian clock. Moreover, the different per alleles, associated with 
different circadian and seasonal responses (Paolucci et al., 2013, 2016), seem to be 
responsible for the different speed and phase of the southern and northern circadian clock. 
Changing the phase and the speed of this circadian clock, by manipulating per expression 
profile, results in an altered diapause response. Taken together, these results indicate the 
presence of a single oscillator whose phase differs in the southern and northern wasps. 
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Thus, we can conclude that both the pace and the phase of the circadian clock are important 
for photoperiodic measurement. Moreover, the external coincidence model seems to be the 
system used by Nasonia to detect photoperiodic changes. New studies, using the newly 
designed T-cycle experiments of Vaze and Helfrich-Förster (2016), in conjunction with 
experiments aimed to identify this oscillator at the neuronal level, may help to test this 
hypothesis.  

This second hypothesis, in which the circadian clock as a module plays a role in 
photoperiodism, is in agreement with the results of knockdown experiments in the bug 
Riptortus pedestris (Bradshaw & Holzapfel, 2010; Ikeno et al., 2011a) and the mosquito 
Culex pipiens (Meuti et al., 2015).In these studies the disruption of the circadian clock by 
knocking down clock gene expression also induced disruption of a proper diapause 
response. In 1989, Saunders et al., showed that per null-mutations (per0) in D. 
melanogaster did not affect the diapause incidence. Initially, these results were hard to 
judge, but they showed a shift of the critical photoperiod (i.e. the photoperiod at which 50% 
of the population shows a diapause response), indicating that the timing mechanism was 
altered in this per0 flies (Saunders et al., 1989). Despite the difficulties to distinguish 
between pleiotropic and modular involvement of per and the circadian clock in 
photoperiodism, there are now more studies in favour of the involvement of the same robust 
oscillator in circadian activity control than there are against it. 

Our study also added a geographical variation component to clock gene 
involvement in seasonal adaptation. We found that per knockdown affects northern wasps 
twice as strong as southern ones. This can also be interpreted in the context of the two-
abovementioned hypotheses (e.g. pleiotropy and modular effect). Under both scenarios, per 
is important in sensing the photoperiodic changes, independently or through the circadian 
clock mechanism, and if it is light sensitive (directly or indirectly) as suggested from the 
LL data, the allelic differences between north and south might reflect the presence of a 
more sophisticate system in northern populations. This will allow them to detect small 
environmental changes, in which a small perturbation of the system generates a greater 
effect, allowing northern populations to respond faster and stronger to a changeable 
environment and allowing them to adjust their physiology and behaviour accordingly. We 
recently showed that northern Nasonia wasps have lower amplitude in circadian clock gene 
oscillation and that expression of per and the other clock genes, is also affected by 
photoperiodic changes (chapter 3). These data together suggest the evolution of more 
sensitive clocks at higher latitude that would allow northern wasps to adapt quicker to a 
variable environment. These clocks might represent a more sophisticated mechanism for 
LD measurement and/or counting that is the main cue for both daily and photoperiodic 
responses.  
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Conclusion 

Knockdown of the circadian clock gene per affects the speed of the circadian clock and the 
timing of photoperiodic diapause response. Our results indicate that per is a core 
component of the circadian clock generating daily rhythms in locomotor activity and also 
involved in photoperiodic time measurement in Nasonia vitripennis without affecting the 
diapause physiology itself. This effect on timing suggests that natural selection acted on the 
timer component of the wasps rather than on the physiology of diapause. Per could have a 
pleiotropic role in both circadian and seasonal clocks (Emerson et al., 2009). However, 
different per alleles are associated with different circadian and seasonal responses (Paolucci 
et al., 2013, 2016), they have different expression profiles, and are differently regulated by 
photoperiod (chapter 3). We showed that manipulating the expression of per also leads to 
shifts in the expression of the other clock genes cry-2, clk and cyc causing northern wasps 
to behave more similar to southern ones. Taken together, these results indicate that the 
circadian clock acts as a functional unit, rather than that an individual gene regulates 
diapause initiation in N. vitripennis. We also suggest a role for per in the light sensitivity 
pathway, as an increased rhythmicity was found for RNAi-treated wasps, and we suggest 
that the differences in per alleles can lead to different photo-sensitive proteins, in 
agreement with the idea that natural selection acted on the sensitivity of the wasps. 
Additional functional studies, like a complete knock out of per and/or inducing a targeted 
mutation aimed to slow down the circadian clock through CRISPR/CAS9 method, could 
give more information about the role of per in regulating photoperiodic diapause response 
in N. vitripennis. Furthermore, functional studies on other candidate clock genes and/or 
neuropeptides as Pigment Dispersing Factor (PDF) would also give a more complete 
picture of the molecular mechanism underlying photoperiodic time measurement.  
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Supplementary Tables and Figures 

Table S1. Comparison of per expression between treatments (control vs the two RNAi) and among time points. P 
value from Posthoc analyses, P<0.05 are in bold. 

per North 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 

ZT0 control  0.015  0.085   <0.001    
 <0.001    

ZT4 control   0.527  
 0.021  

 
 0.014  

ZT8 control    
 

  0.012  
  0.017 

            

ZT0 RNAi_A    
 

 0.999 1.000   1.000   
ZT4 RNAi_A    

 
  0.890  

 1.000  
ZT8 RNAi_A    

 
   

 
  1.000 

            
ZT0  

RNAi_B    
 

   
 

 1.000  1.000  

ZT4 RNAi_B    
 

   
 

  0.965 

ZT8 RNAi_B    
 

   
 

   
per South 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 

ZT0-control  <0.001  <0.001   0.006    
 <0.001    

ZT4 control   <0.001   
  0.035   

 
 0.002  

ZT-8 control    
 

  0.966   
  1.000  

            
ZT0-RNAi_A    

 
 1.000 0.947  1.000   

ZT4 RNAi_A    
 

  0.904   
 1.000  

ZT-8 RNAi_A    
 

   
 

  1.000 

            
ZT0-RNAi_B    

 
   

 
 1.000 1.000  

ZT4 RNAi_B    
 

   
 

  1.000  

ZT-8 RNAi_B    
 

   
 

   
 



 
 
|Chapter 4 

 

 
100 

 

Table S2. Free running rhythms and arrhythmicity. Letters indicates significant differences among treatments and 
southern and northern lines (ANOVA with Tukey’s multiple comparison p<0.001). 

Treatment 

DD  LL 

Tau (τ) Arrhythmicity  Tau (τ) Arrhythmicity 

h %  h % 

Control 
(north) 

26.57 ± 0.12 
(a) 65  23.24 ± 0.32 

(a) 83 

RNAi_A 
(north) 

25.25 ± 0.17 
(b) 73  25.01 ± 0.44 

(b) 72 

RNAi_B 
(north) 

25.41 ± 0.13 
(b) 60  25.21 ± 0.41 

(b) 89 

   
 

  
Control 
(south) 

24.67 ± 0.10 
(b) 43  22.32 ± 0.16 

(c) 84 

RNAi_A 
(south) 

23.78 ± 0.06 
(c) 38  21.10 ± 0.15 

(d) 55 

RNAi_B 
(south) 

23.80 ± 0.06 
(c) 35  21.26 ± 0.15 

(d) 72 

 

Table S3. Timing of locomotor activity. Letters indicates significant differences among treatments and southern 
and northern lines (ANOVA with Tukey’s multiple comparison p<0.001). 

Treatment 

LD08:16  LD16:08 

Onset  Peak  Offset  Onset  Peak  Offset 

ZT (h)  ZT (h)  ZT (h)  ZT (h)  ZT (h)  ZT (h) 

Control 
(north) 

23.98 ± 0.16 
(a) 

 2.21 ± 0.39 
(a) 

 11.61 ± 0.26 
(a) 

 0.08 ± 0.10 
(a) 

 10.06 ± 0.25 
(a) 

 15.74 ± 0.14 
(a) 

RNAi_A 
(north) 

20.53 ± 0.30 
(b) 

 3.04 ± 0.21 
(a) 

 11.55 ± 0.31 
(a) 

 23.89 ± 0.12 
(a) 

 5.35 ± 0.30 
(b) 

 20.32 ± 0.34 
(b) 

RNAi_B 
(north) 

19.92 ± 0.28 
(bc) 

 1.56 ± 0.19 
(a) 

 9.88 ± 0.82 
(a) 

 23.86 ± 0.14 
(a) 

 5.87 ± 0.37 
(b) 

 15.91 ± 0.08 
(a) 

 
Control 
(south) 

19.33 ± 0.16 
(c) 

 0.45 ± 0.16 
(b) 

 8.24 ± 0.24 
(b) 

 23.06 ± 0.14 
(b) 

 2.81 ± 0.15 
(c) 

 13.58 ± 0.21 
(c) 

RNAi_A 
(south) 

19.78 ± 0.18 
(b) 

 0.44 ± 0.24 
(b) 

 8.47 ± 0.14 
(b) 

 23.29 ± 0.14 
(b) 

 2.91 ± 0.21 
(c) 

 12.47 ± 0.47 
(c) 

RNAi_B 
(south) 

19.53 ± 0.23 
(b) 

 0.05 ± 0.19 
(b) 

 8.26 ± 0.23 
(b) 

 23.53 ± 0.10 
(b) 

 2.99 ± 0.20 
(c) 

 13.40 ± 0.27 
(c) 
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Table S4: Comparison of cry-2 expression between treatments (control vs the two RNAi) and among time points. 
P value from Posthoc analyses, P<0.05 are in bold. 

cry-2 North 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 
ZT0 

control  1.000 1.000  <0.001   
 <0.001   

ZT4 
control   1.000  

  0.010  
 

 0.030  
ZT8 

control    
 

  0.047  
  0.049 

            
ZT0 

RNAi_A    
 

 0.964 0.919  1.000   
ZT4 

RNAi_A    
 

  0.666  
 1.000  

ZT8 
RNAi_A    

 
   

 
  1.000 

            
ZT0 

RNAi_B    
 

   
 

 0.722 0.205 

ZT4 
RNAi_B    

 
   

 
  0.993 

ZT8 
RNAi_B    

 
   

 
   

cry-2 South 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 
ZT0 

control  0.047 0.047  <0.001    
 <0.001   

ZT4 
control   0.984  

  <0.001  
 

 <0.001  
ZT8 

control    
 

  <0.001  
  <0.001 

            
ZT0 

RNAi_A    
 

 1.000 0.125  0.974   
ZT4 

RNAi_A    
 

  0.124  
 0.755  

ZT8 
RNAi_A    

 
   

 
  0.197 

            
ZT0 

RNAi_B    
 

   
 

 0.999 0.995 

ZT4 
RNAi_B    

 
   

 
  0.866 

ZT8 
RNAi_B    

 
   

 
   

 
Table S5: Comparison of clk expression between treatments (control vs the two RNAi) and among time points. P 
value from Posthoc analyses,  P<0.05 are in bold. 
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clk North 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 
ZT0 

control  0.681 0.197  <0.001   
 <0.001   

ZT4 
control   0.988  

 0.046  
 

 0.048   
ZT8 

control    
 

  <0.001  
  <0.001 

            
ZT0 

RNAi_A    
 

 0.234 0.963  0.996   
ZT4 

RNAi_A    
 

  0.319  
  0.997  

ZT8 
RNAi_A    

 
   

 
  1.000 

            
ZT0 

RNAi_B    
 

   
 

 0.584 0.999 

ZT4 
RNAi_B    

 
   

 
  0.896 

ZT8 
RNAi_B    

 
   

 
   

clk South 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 
ZT0 

control  1.000 0.990   <0.001   
  <0.001   

ZT4 
control    0.999  

  <0.015  
 

 <0.029  
ZT8 

control    
 

  0.007  
  0.005 

            
ZT0 

RNAi_A    
 

 0.012  0.149  0.450   
ZT4 

RNAi_A    
 

   0.995  
 1.000  

ZT8 
RNAi_A    

 
   

 
  0.639 

            
ZT0 

RNAi_B    
 

   
 

 0.635 0.999 

ZT4 
RNAi_B    

 
   

 
  0.948 

ZT8 
RNAi_B    

 
   

 
   

 
 
Table S6. Comparison of cyc expression between treatments (control vs the two RNAi) and among time points. P 
value from Posthoc analyses, P<0.05 are in bold. 
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cyc North 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 
ZT0 

control  0.836 0.048  0.001   
 0.004   

ZT4 
control   0.973  

  0.002  
 

 <0.001  
ZT8 

control    
 

  <0.001  
  <0.001 

            
ZT0 

RNAi_A    
 

 0.703 0.891  0.999   
ZT4 

RNAi_A    
 

  0.600  
  0.999  

ZT8 
RNAi_A    

 
   

 
  0.012 

            
ZT0 

RNAi_B    
 

   
 

 0.983 0.533 

ZT4 
RNAi_B    

 
   

 
  0.983 

ZT8 
RNAi_B    

 
   

 
   

cyc South 

 
ZT0 

control 
ZT4 

control 
ZT8 

control 
 ZT0 

RNAi_A 
ZT4 

RNAi_A 
ZT8 

RNAi_A 
 ZT0 

RNAi_B 
ZT4 

RNAi_B 
ZT8 

RNAi_B 
ZT0 

control  0.936 0.049   <0.001   
  0.002   

ZT4 
control   1.000  

  0.015  
 

  <0.001  
ZT8 

control    
 

   <0.001  
   <0.001 

            
ZT0 

RNAi_A    
 

 1.967 0.999  1.000   
ZT4 

RNAi_A    
 

  0.999  
 0.194  

ZT8 
RNAi_A    

 
   

 
  0.999 

            
ZT0 

RNAi_B    
 

   
 

 0.892 1.000 

ZT4 
RNAi_B    

 
   

 
  0.844 

ZT8 
RNAi_B    
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Fig S1: period gene structure and location of dsRNAs 
Schematic representation of period in Nasonia vitripennis. Exons are indicated with boxes and intron with lines. 
The total length is 22.4Kb. Red boxes indicated the PAS domains, in green the PAC domain and in blue the 
Period_C domain. dsRNA_A and dsRNA_B indicates the region targeted by RNAi. 
 

 
Fig. S2. Expression of the reference genes in southern and northern lines and all treatments. 
A The average relative expression of EF1α and Ak3 is compared among time points, in the southern and northern 
lines in controls and RNAi-treated wasps by two way ANOVA.  

 

 
Fig S3: Switch point for diapause induction in control and RNAi-treated females 
(A) southern and (B) northern switch point for diapause induction, in controls, RNAi_A and RNAi_B, calculated 
as the day at which wasps switch from producing developing offspring to diapause offspring. Different letters 
indicate statistical differences (Pairwise comparison using Long-Rank test, p<0.001). 
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