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Abstract

:

The spurge hawkmoth Hyles euphorbiae L. (Sphingidae) comprises a remarkable species complex with still not fully resolved taxonomy. Its extensive natural distribution range covers diverse climatic zones. This predestinates particular populations to cope with different local seasonally unfavorable environmental conditions. The ability of the pupae to overcome outer frosty conditions is well known. However, the differences between two main ecotypes (‘euphorbiae’ and ‘tithymali’) in terms of the inherent degree of frost tolerance, its corresponding survival strategy, and underlying mechanism have not been studied in detail so far. The main aim of our study was to test the phenotypic exhibition of pupae (as the relevant life cycle stadia to outlast unfavorable conditions) in response to combined effects of exogenous stimuli, such as daylight length and cooling regime. Namely, we tested the turnout of subitan (with fast development, unadapted to unfavorable conditions) or diapause (paused development, adapted to unfavorable external influences and increased resistance) pupae under different conditions, as well as their mortality, and we measured the super cooling point (SCP) of whole pupae (in vivo) and pupal hemolymph (in vitro) as phenotypic indicators of cold acclimation. Our results show higher cold sensitivity in ‘tithymali’ populations, exhibiting rather opportunistic and short-termed cold hardiness, while ‘euphorbiae’ produces a phenotype of seasonal cold-hardy diapause pupae under a combined effect of short daylight length and continuous cold treatment. Further differences include the variability in duration and mortality of diapause pupae. This suggests different pre-adaptations to seasonal environmental conditions in each ecotype and may indicate a state of incipient speciation within the H. euphorbiae complex.
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1. Introduction


The natural distribution range of the spurge hawkmoth Hyles euphorbiae Linnaeus covers large parts of the Palearctic region in Europe, Asia, and North Africa, involving diverse climate and vegetation zones. Although extensive genetic and whole genome studies show that all populations of H. euphorbiae constitute one genetic entity [1,2], previous investigations focused on morphological as well as genetic variability [3,4,5,6,7] revealed a correlation between the distribution of larval and adult morphotypes, mitochondrial DNA (mtDNA) lineages, and the geographical occurrence of the populations. Moreover, based on mtDNA and nuclear DNA, Mende et al. [1] found two main genetic lineages with geographical correlation, suggesting environmental and climatic barriers as main factors influencing their distribution and the location of the contact zone between them. The lineage ‘euphorbiae’ (according to Hundsdoerfer, Lee et al. [2]) is distributed in the area of Central, Western, and Eastern Europe with seasonal frosty climatic conditions, while ‘tithymali’ is prevalent across regions without pronounced cold seasons in Southern Europe and Northwestern Africa. Diverse environmental adaptations must not necessarily lead to obvious morphological differences during all life cycle stages, even though two main larval patterns have been observed [6]. A subdivision of the species into geographically delimited entities with ecologically distinct preferences appears to be common in Lepidoptera [8] (reviewed in Aardema et al. [9]), and a correlation with the occurrence of mitochondrial lineages [1,5] could indicate an incipient stage of speciation [1].



Recent gene and protein expression studies notably suggest distinct physiologically adapted ‘euphorbiae’ pupal phenotypes [10,11]. Especially the pupal stages, although morphologically uniform, are predestined for the study of physiological plasticity, because of their presumed variability in the ability to overcome periods of various unfavorable environmental conditions [5]. Depending on local seasonal weather patterns, populations can establish one or more generations per year. The final larval stage before pupation (fifth instar) shows a high sensitivity to differences in photoperiod and temperature, which are the main factors determining the kind of the pupa stage [12]. The pupae of the ‘tithymali’ populations from the most southwestern localities in the subtropical climatic zone (e.g., Macaronesia), where the daylight length varies only slightly and the coldest winter temperatures do not fall below an average of 10 °C [13], are not confronted with distinctive seasonal climatic fluctuations during the year. Although the appearance of all developmental stages throughout the whole year is documented, the most abundant occurrence of adult individuals comprises more or less the winter months (e.g., predominantly September–April on Canary Islands or February–October on Cape Verde). This timing corresponds to seasonal availability of leaves on larval food plant (Euphorbia). In the summertime, the leaves drop off, the food is scarce, and the majority of larvae do not survive (own observations MG, [14]).



In ‘euphorbiae’ populations adapted to four seasons (e.g., in temperate Central Europe), the presence of frost-sensitive developmental stages is clearly delimited to the warmer part of the year due to the regular advent of subzero temperatures. During the favorable vegetation period characterized by the ‘long day’ conditions (up to over 16 light hours per day) together with warm outdoor temperatures, metamorphosis proceeds in quick-hatching (subitan) pupae. This pupal stage develops within only about 2–5 weeks, omitting the stage with externally induced developmental delay - the diapause [14,15,16]. During the annual advent of inconvenient environmental conditions, the day length shortens (to slightly less than 8 light hours per day). Simultaneously, the temperature decreases successively, reaching its minimum markedly below 0 °C in winter months [13]. These two external changes initiate cold hardening and trigger diapause of the pupae, the overwintering stage, which may insist up to 2 years [11,17] (own observation). Furthermore, the remarkable temperature and daylight length variation not only influence but also synchronize the annual population cycle [12].



Diapause in insects is a complex process [11,18,19,20,21], which is characterized by modifications in the metabolism. The resulting pupa phenotype is manifested by its increased capability to survive ambient conditions [10,11,21].



Focusing on diapause induced by decreasing external temperatures in freeze avoiding insects, which do not tolerate the formation of internal ice inside of their bodies [22], the ability to supercool their body fluids is crucial to cope with subzero temperatures [18,23]. This means, they are able to depress the temperature, at which freezing is initiated spontaneously, below the melting point of water, without changing the phase due to the lack of nucleation sources [18]. Cryoprotectants such as polyols (e.g., glycerol), sugars (glucose, trehalose), and proteins (e.g., antifreeze proteins) facilitate supercooling in the organism and prevent freezing damage [24]. The supercooling point (SCP) is the temperature at which spontaneous crystallization cannot be further suppressed. Freeze-avoidant insects are not able to survive SCP temperatures or below [25]. The physiological phenotype of the pupae is thus expected to be indirectly detectable by calorimetric measurements of the SCP. This in combination with the direct experimental detection of the survival ability (mortality) of individuals at various ambient temperatures may discern overwintering diapause stages from subitan pupae, as well as differentially cold-hardy phenotypes of distinct H. euphorbiae populations.



That diapause pupae of ‘euphorbiae’ populations survive subzero temperatures is well known. In contrast, no cold-induced diapause as well as no ability of pupae to survive at lower temperatures (under 7 °C) was observed in eremial North African ‘tithymali’ populations [14,26] (and own observations MG). For ‘euphorbiae’, Harbich (pers. comm.) reported that gradual cooling to 4 °C under laboratory conditions allowed overwintering of diapause pupae under subzero temperatures. Precooled pupae were able to reach stronger cold hardiness than un-acclimated ones. Harris and Alex [15] demonstrated almost 100% survival of the diapause pupae at 2 °C and 80% mortality at −17 °C after gradual cooling. A low number of pupae survived even −20 °C, which was in accordance with their field experiments and previous studies (e.g., [27,28]). Thus, we assume that all ‘euphorbiae’ pupae that entered diapause are able to gradually enhance their cold hardiness and cope even with subzero temperatures [11], while for ‘tithymali’, this ability should be remarkably constricted (own observations MG).



Despite scattered evidence of differences in cold survival and the indications of an underlying genetic regulation [10,11], a clear association between temperature regime and phenotypic cold hardiness in different populations has not yet been systematically investigated. This would be an important basis to understand different physiological adaptations between lineages/ecotypes or formerly recognized species and subspecies in an elsewise over large geographic areas genetically uniform species [2]. The main goal of our study is thus to increase our understanding of how the two incipient subspecies, ecotypes, or lineages (not homologous with mitochondrial lineages) of H. euphorbiae, which are geographically as well as climatically constrained (e.g., [5], own observations MG) and genetically distinguished by two main mtDNA haplotype lineages, change their phenotype in biophysical characteristics, while being exposed to various experimentally simulated winter conditions. We use pupae for our tests, as the life stage with two different states, namely subitan (non-overwintering, cold sensitive) and diapause (overwintering, cold resistant).



The Hyles euphorbiae individuals of the ecotype consisting of ‘euphorbiae’ populations are expected to precisely follow the annual temperature and daylight cycle resulting in accentuated phenotypic differences between subitan and diapause pupae. In contrast, those from ‘tithymali’ populations are expected to be less synchronized with the daylight annual cycle and distinctly less cold tolerant, even if these pupae could be able to undergo cold hardening to some extent. To our knowledge, this has not yet been investigated in detail to date.



The null hypothesis H0 states that the environmental conditions of the pupae are the only factors determining cold hardiness: (i) Differences in light treatment leads to cold-hardy diapause (short-day regime) or cold-sensitive subitan (long-day regime) pupae; and (ii) differences in temperature, i.e., precooled or not precooled pupae, influence the degree of cold-hardiness. Thus, (i) larvae bred under long-day conditions develop to cold-sensitive subitan pupae with no difference between the two ecotypes H. euphorbiae ‘euphorbiae’ and ‘tithymali’. Larvae bred under short-day conditions would be cold hardy, since they produce diapause pupae for overwintering, irrespective of which population they were from. (ii) Precooled diapause pupae (cold acclimation) would be cold hardier than pupae that were not precooled (irrespective of the population of origin). Hypothesis H1 states that certain differences in the genetic constitution of each ecotype determine the degree of cold hardiness in reaction to environmental conditions. The exact mechanism of underlying genetic/epigenetic determination (e.g., [10]) is beyond the scope of this paper. Thus, (i) pupae from ‘euphorbiae’ populations would differ from those of ‘tithymali’ in that they are generally more cold resistant. Conversely, they are able to react more appropriately to environmental signals and cold acclimation so that (ii) light regime and precooling would increase cold hardiness in ‘euphorbiae’ more than in ‘tithymali’. (iii) Long-term winter conditions would lead to a stronger increase in cold hardiness in ‘euphorbiae’.



We measure supercooling ability and mortality of the pupae after different light and cooling regimes in order to test these hypotheses within and between the ecotypes. We expect that a combined effect of light (determines pupa type) and temperature (degree of acclimation) in the cold-adapted ‘euphorbiae’ populations would lead to a cold-resistant diapause pupae phenotype with the highest degree of cold hardiness.



With our experiments, we focus on the following basic questions for biological understanding:



Do we find evidence of phenotypic differences (supercooling, mortality) between ecotypes of H. euphorbiae, suggesting physiological adaptation as a basis for the observed lineage distribution? To which extent is H. euphorbiae (subitan as well as diapause pupae) resistant to decreasing (even subzero) external temperatures? Which conditions or their combination are crucial for triggering the switch between subitan and diapause pupae? How high is diapause mortality, and how long is diapause duration in different populations?




2. Materials and Methods


2.1. Sampling


Investigated pupae were bred as F1 and F2 generations from wild individuals (Table 1) sampled in three populations from the temperate climatic zone (Hyles euphorbiae ‘euphorbiae’ populations, abbr. Hee) and in two populations from subtropical climatic regions (Hyles euphorbiae ‘tithymali’ populations, Het).



Breeding was carried out in two consecutive years 2014 and 2015 (F1 and F2 generation). The breeding in the year 2014 came from a single female sampled using light trapping in Viernheimer Heide, Germany (representing Hee) and from larvae sampled on Fogo Island, Cape Verde (Het). In the year 2015, larvae caught in Altmühlthal and Münnerstadt, both Germany (Hee), and larvae originating from Madeira, Madeira Archipelago (Het), were used for the breeding. Larvae used for breeding were kept at LD conditions (see below) until pupation. The pupae and emerging imagines were kept at room temperature (RT). Imagines were placed together (one female with one to three unrelated males) in flight cages at 23 °C (RT) and fed with sugar solution ad libidum until mating and egg-laying. The first experimental generation (F1) of each lineage was bred from these two to three unrelated females (F0, Table 1).




2.2. Larval Breeding


For breeding, larvae were initially fed with Euphorbia segetalis Linnaeus 1753 or E. myrsinites Linnaeus 1753 leaves [10] and, once the L4 stage was reached, with a semiartificial diet ([3,29] for details).



The larvae from each ecotype and accordingly climatic region were divided into two groups and kept in a climate chamber (KB 720, Binder) under two different light conditions and uniform temperature regime, as follows:




	
Long day (LD): 16.5 h light duration at 25 °C and 7.5 h darkness at 23 °C, with a ramp time between light/dark of 1 h.



	
Short day (SD): For Het, 11 h light at 25 °C and 13 h darkness at 23 °C, ramp time 1 h, and for Hee, 13 h light at 25 °C and 11 h darkness at 23 °C with 1 h ramp time was needed to ensure larval prosperity (corresponding with natural September daylight lengths in Western African and Central European latitudes, respectively).








The humidity values were constantly 60% in both light regimes. When the larvae were ready to pupate, they were kept dark at RT until the beginning of the experiments.




2.3. Cooling Treatments of the Pupae


Immediately after the larvae entered the pupa stage, different cooling treatments were started. Starting and cooling down from an initial 23 °C, the cooling groups were held at 13 °C for one week, at 6 °C for one week (cooling group to 6 °C) and at −2 °C for one week (cooling group to −2 °C), including 24 h ramp times (36 h for the −2 °C group), between the temperatures. Cooling treatments to −10 °C and long-term cooling treatment (LTC) were carried out only for the larvae reared at SD conditions. For these, one week at −10 °C followed, including a 72 h ramp time (cooling group to −10 °C). The LTC groups received the whole cooling program until −10 °C and were then held for 3 months at 6 °C, including 2–3 weeks of −2 °C alternating with 6 °C weeks. The control groups were left to develop at 23 °C (RT). Warming up of the mortality testing groups (and during the LTC program) proceeded in the exactly opposite way as the cooling scheme. All cooling treatments proceeded in small climate chambers (ICP 110, Memmert). All cold treatment groups are listed in Table 2.




2.4. Experimental Design: SCP and Mortality Tests


SCPs were measured at a total of 225 individuals (sex ratio m/f = 0.87). Of each population, the individuals were distributed over three different groups of LD pupae (control, 6 °C and −2 °C) and four groups of SD pupae (control, 6 °C, −2 °C, and LTC) (Table 2). Individuals in each group were equally and randomly (with proportional sex ratios) divided into two subgroups—one subgroup was used for hemolymph extraction for calorimetric analyses to measure the hemolymph SCP in vitro and another one for in vivo SCP measurements on intact pupae. The cold-treated pupae were processed immediately after the cooling program was finished. Pupae from control groups were processed in the same way within a week after pupation. Hemolymph extractions were carried out by piercing with a sterilized scalpel into the wing disc of the pupae. Of the effluent liquid, 25 µL was aliquoted and shock-frozen at −80 °C for subsequent usage for calorimetric SCP determination.



Mortality was tested in six different groups: four groups of uncooled pupae (LD and SD of each ecotype) and, for comparison, two groups of the −10 °C treatment of SD pupae (one per ecotype) (Table 2). The survival of cold-treated pupae (to −10 °C) was checked after each cooling step. Presence of abdomen movement after mechanic irritation was used to diagnose a living pupa. Remaining control pupae were left to develop to check for baseline mortality, as well as for the duration of the pupa stage. For all mortality groups, duration of pupa stage and further survival in terms of successful hatching was recorded.




2.5. In Vitro Calorimetric Hemolymph SCP Analyses


Calorimetric in vitro SCP measurements of the 25 µL pupa hemolymph were carried out by differential scanning calorimetry (DSC) [30,31] with the hemolymph placed in a DSC micropan in a NETZSCH DSC 204F1 Phoenix 240 machine (SGS Institut FRESENIUS GmbH, Dresden, Germany). This method measures the exothermic or endothermic energy change when matter changes its aggregation state, such as energy release by ice crystal formation, allowing to record the SCP, the temperature at which spontaneous freezing occurs in a supercooled system [18]. The sample was cooled down to −40 °C by 1 °C per minute. The temperature, at which the exothermic energy peak was detected, represents the SCP [25,31]. The SCP value was measured two times for each sample to test if rethawing would change the result.




2.6. In Vivo SCP of Entire Pupae


The SCP of each pupa was also measured in vivo in the laboratory following Carrillo et al. [32,33]. In brief, polystyrene foam boxes (material Styrodur 3035 CS, density 33 kg/m3, BASF) were constructed with a cavity drilled into the middle. The size of the box was constructed in a way that the temperature in the middle decreased by 1 °C per minute when placed in a −80 °C freezer, starting with a box tempered at 0 °C. One pupa was attached to a copper-constantan thermocouple (with freeze-stable tape stickers and high-vacuum grease to guarantee full contact) as a temperature detector and a YCT 4-channel data logger (Yu Ching Technology, Provider TC Mess- and Regeltechnik GmbH, Mönchengladbach Germany), and placed in each box. Afterwards, the box was closed with a silicon plug and placed into the freezer at −80 °C. The temperature of the pupa was measured every 3 s until the sudden temperature rise (exothermic energy of freezing) was detected. This temperature corresponds to the SCP. The acclimation of the pupae to and back to 0 °C was conducted at the same rate (1 °C per minute) immediately before and after the experiment. The survival of the pupae was checked immediately (controlling the presence/absence of abdomen movement after irritation).



The following statistical analyses were carried out using general linear models (GLM) in STATISTICA [34]. Since pupae mass differed between the sexes (t-test, t = 4.8, p < 0.001, mean male mass = 2.05 mg, mean female mass = 2.28 mg, mean total mass = 2.18 mg, see Appendix B), we tested for an influence of sex or pupal body mass on the SCP results by running a GLM model with sex nested within ecotypes and setting the pupal mass as a covariate of sex. For both in vitro and in vivo SCP measures, the model showed no significant effect of sex (see also [35]) or mass (whole model SCP in vitro: R2 = 0.03, p = 0.67; in vivo: R2 = 0.07, p = 0.23). Thus, we used simple GLM models further on to test for differences of SCP data across all test groups.





3. Results


3.1. In Vitro Calorimetric Hemolymph SCP Analyses


The two subsequent SCP measurements that were carried out to test for an effect of cooling and rethaw were significantly in line (linear regression, R2 = 0.88, p < 0.001). Therefore, only the first measurement was used for further analyses.



The mean SCP values of the hemolymph varied between −14.9 °C and −21.0 °C (see Appendix B for details) with a significant effect of the 14 different test groups (ANOVA, F = 5.71, p < 0.001) (Figure 1). The highest SCP were detected for the uncooled LD pupae groups of ‘tithymali’ (Het: mean = −14.9 °C +/− 1.07 standard deviation) and ‘euphorbiae’ populations (Hee: −15.3 °C +/− 0.33). Analyzing the pairwise comparisons among all groups showed an interesting general trend: all SD pupae and the cooled LD pupae of Het seem to have similarly low SCP, compared to the LD groups of Hee, no matter whether cooled or uncooled. The contrast between the LD Het control and cooled groups is remarkable (Figure 1), even though not all pairwise post hoc tests (Bonferroni) are significant. However, some significant post hoc comparisons between SD and LD groups confirm this trend. Namely, the 6 °C SD Hee group, both cooled SD Het groups and both SD long-term cooled groups differ significantly from the LD control groups of both Hee and Het. The long-term cooled SD Hee group differed as well from each of the cooled LD Hee groups (Figure 1). GLM models testing for the separate effects of ecotype, day length, and cooling across all groups (excluding the long-term groups, since only SD was tested here) showed significant effects of all three factors (Table 3). However, testing within the lineages showed only day length to be a significant factor for Hee, while day length and cooling were significant for Het (Table 3). Tests among only the SD groups (including long term) showed no significant effect of lineage or cooling, confirming the light regime to have an overall important effect on cold hardening.




3.2. In Vivo SCP Measurements on Entire Pupae


The pupae for the SCP in vivo measurements received the same treatment and were thus divided into the same treatment groups as the in vitro hemolymph measurement pupae (Table 2). All pupae for which the SCP of the entire pupa was measured were dead at the end of the measurements, indicating no survival of actual body tissue freezing. The SCP values measured with the thermocouple detectors on the pupae in vivo reached mean temperatures between −14.3 °C and −20.5 °C (see Appendix B for details) with a significant effect of the 14 different test groups (ANOVA, F = 5.49, p < 0.001) (Figure 1). SCP values were mostly slightly higher (almost identical for the control groups) but not significantly different than the respective values obtained by the in vitro analyses (pairwise t-tests, Bonferroni corrected), with two interesting exceptions: The SD Het long term in vivo group had a strongly and significantly higher SCP than in vitro (−14.3 °C +/− 1.61 to −20.0 °C +/− 2.62, p < 0.001). In contrast, the SD Hee group precooled to −2 °C had a significantly lower SCP than the respective in vitro group (−20.5 °C +/− 1.81 to −17.9 °C +/− 1.67, p = 0.008), even though this latter comparison was slightly not significant after Bonferroni correction. A correlation between the in vitro and the in vivo SCP values (correlation coefficient = 0.43, p < 0.05) shows these two values to be clearly outside of the 95% confidence interval (Figure 2).



Interestingly, the Bonferroni pairwise comparisons among the in vivo groups indicate a different trend than the in vitro comparisons. Here, only the SD Hee group precooled to −2 °C reaches a significantly lower SCP than almost all other groups (significant difference to groups marked with a green no. 1 in Figure 1). Furthermore, the long-term cooled SD Hee group had a significantly lower in vivo SCP than the long term SD Het group. Accordingly, the latter does not differ from the Het control groups, in contrast to the in vitro results. Analogously to the in vitro results, GLM models testing the effects of ecotype, day length and cooling separately across all groups confirm a significant effect of day length for both ecotypes but a particular effect of ecotype and significant effect of cooling among the SD in vivo groups (Table 3).




3.3. Mortality Tests


Six different groups of pupae were used for mortality tests (see Table 2 for details). The LD control individuals yielded only subitan pupae, regardless of population origin. The duration of the pupal stage of both LD groups varied between 18 and 24 days (mean 20 days), with 100% survival.



The SD control pupae showed a mixture of diapause and subitan pupae, with 82% diapause among the surviving pupae in Hee and 78% in the Het. The duration of the remaining subitan pupal stage was slightly longer than in LD groups, varying between 27 and 35 days (mean 31.5 days). There was a clear difference in the duration of subitan and diapause pupa stages with diapause ranging from 86 to 438 days (mean 272 days for Hee and 277 days for Het, respectively). Occasionally, in Het, the diapause can even last from more than one up to several years (own observation). Total survival in terms of successful emergence among the Hee samples was 85%, whereas only 59% of the Het pupae survived and emerged successfully.



SD pupae from both populations cooled to −10 °C had 100% diapause between 107 and 559 days (mean 195 days for Hee and 289 days for Het, respectively). Survival rate in cooled SD groups was 90% for Hee and 63% for Het. Thus, Hee and Het had an about similar survival rate of cooled and uncooled pupae under SD conditions, respectively, while the total survival rate under SD conditions was higher in Hee (85–90%) compared to Het (59–63%).





4. Discussion


The main results of this study demonstrate combined phenotypic effects of day length, cold regime, and different H. euphorbiae ecotypes, Hee and Het, with respect to the ability to supercool cold-hardy diapause pupae, accompanied by different survival rates of the cold-hardy pupa stage of Hee and Het. Phenotypic changes during cold hardening of H. euphorbiae (Hee) have already been proposed on the basis of protein metabolic [11] and transcriptomic [10] changes. Furthermore, older studies have investigated phenotypic effects of day length [12] or cold ([15] for Hee, [14] for Het) in diapause separately. However, the combined effects, including implications on H. euphorbiae ecotype adaptation [1,2,3,4,5,6,7] and the possible cold (even subzero) acclimation and cold-induced diapause of Het, have not been investigated yet.



4.1. In Vitro and In Vivo SCP Analyses


Comparing all SCP in vitro values, LD precooled groups of Het together with all SD pupae of both ecotypes clearly reach lower levels (Figure 1) than LD control groups and LD precooled pupae of Hee. This corroborates the trend that precooling without an additional influence of the light regime lowers the SCP particularly in Het, while rather a combined effect of light and cooling affects the hemolymph SCP in Hee. Evidently, the cold temperature stimulus facilitates the occurrence of freeze-insusceptible hemolymph, but only in Het populations the temperature stimulus alone initiates the maximal SCP decrease. This seems to be an effective adaptation in Het regions, where the lowest temperatures are not so extreme, come less regularly and/or are not strictly joined with other external factors such as pronounced daylight duration changes [36,37]. On the other hand, in regions such as Central Europe, where the subzero temperatures appear regularly, an early reaction on the usual environmental day-length shortening gives a higher chance to acclimate the phenotype on-time to upcoming unfavorable frosty seasonal conditions [11,38]. During long-day conditions, the (extreme) cold temperatures are not usual and therefore not prepared for. Consequently, we suppose no hereditary adaptation enabling a sudden distinctive SCP decrease. The results of all LD Hee groups corroborate this. We presume that a higher number of studied individuals would further elucidate these trends.



Comparing SCP values obtained from in vitro and in vivo measurements for particular groups, nearly the same values were measured only for both LD controls (Figure 1), which were the only groups developing without any stress-signalizing factors. Moreover, their values do not differ for Hee and Het individuals. Therefore, we conclude that both ecotypes are similar in subitan pupal states. They have widely overlapping temperature optima and their SCP values cannot be discriminated, implying a similar frost resistance for un-acclimated populations.



For all other groups, the in vivo values tend to be slightly, even though not significantly, higher, or in case of the long-term cooled SD Het group even strongly, significantly higher, than the in vitro values, with the one exception of the remarkably lower in vivo SCP of the SD Hee pupae cooled to −2 °C (Figure 2, discussed below). This may indicate that not only the hemolymph, but also intracellular cryoprotection of body tissue, e.g., through the production of antifreeze proteins and carbohydrates [23,24,25,39], participates in the resulting frost-resistant phenotype of the whole individual. Similarly, no pronounced tendency of SCP changes depending on decreasing temperatures of prior cold treatment can be observed for in vitro hemolymph values. On the other hand, comparing in vivo values for Hee vs. Het populations, only in the SD Hee group the SCP decrease associated with precooling temperature decrease is apparent in contrast to SD Het or the LD groups, where this effect or any other clear tendency is not recognizable. This can be interpreted as a highly targeted reaction of Hee populations on stress intensity caused by lowering temperatures and stands in contrast to the less specific reaction of Het populations, e.g., [40,41]. Concluding the long-term SCP results, the observed higher, yet still low, in vivo SCP value in the Hee group may represent the optimally adjusted level of protection according to longer-lasting intensity of temperature stress. Furthermore, the Hee long term SCP value is significantly lower compared to Het. Therefore, in Het the mechanism to achieve long-term freeze avoidance of the whole pupa (hemolymph and body tissue) is probably modified/lacking, which is manifested as a high in vivo SCP value as for untreated control groups. These differences are supported by the results of ANOVA post hoc tests (Bonferroni) as indicated in Figure 1.



The SD Hee samples precooled to −2 °C reached the lowest in vivo SCP value of all groups, and it differs from its respective control group (in contrast to the 6 °C cooled group), ascertaining a SCP decrease in relation to precooling temperature for Hee under SD conditions. This suggests that the adaptation to subzero outer temperatures in Hee populations is specific (in comparison with Het populations) and is not limited only to the hemolymph frost resistance.



The in vivo SCP results clearly demonstrate the actual biologically relevant phenotype of the pupae [11]. Accordingly, all pupae were dead after the end of the SCP measurement, confirming freeze susceptibility and cold survival based on lowering the SCP.



Thus, we propose an adaptive freeze avoidance strategy and seasonal cold hardening [18,42,43,44] in the Hee populations of H. euphorbiae. The Het population, in contrast, appears to exhibit a rather opportunistic strategy of chill tolerance enabling it to react more flexibly to temporary unfavorable environments, independently of further external conditions, by lowering the hemolymph SCP if exposed to cold, but without a long-term prepared metabolic change of the whole pupa. This kind of variability is often observed between closely related species or populations of the same species in different climate zones [44,45,46].



Seasonal cold hardening under climatic conditions with seasonal winters is often achieved by long-term prepared metabolic changes during diapause development, induced by a combined effect of day length and decreasing temperature [20,21,46,47,48]. This results in the biochemical accumulation of carbohydrate cryoprotective substances, which lower the SCP (such as sugars and polyols), and increased stress tolerance of cell tissue [10,18,23,24,25,38,44,49]. Even though we have no direct evidence for such metabolic changes, we assume a seasonal adaptive metabolic mechanism in the Hee pupae. For example, Barth et al. [10] showed transcriptomic signals of changes in the carbohydrate metabolism and cell signaling, as well as metabolic depression of the energy expensive respirator metabolism in H. euphorbiae Hee populations—all signals of seasonal diapause acclimation [50,51]. Lowered SCPs during diapause have as well been related to cold hardiness and the presence of biochemical cryoprotectants in various Lepidoptera and other insects [20,35,52,53,54,55]




4.2. Mortality Tests and Survival Strategies in Pupa Stage


Sufficiently long daylight durations together with warm ambient temperatures are clearly recognized as favorable living conditions during the pre-adult life-stages of insects [22,37,44]. This facilitates quick development to adults, which was fully confirmed for all our tested LD individuals (Table 2).



On the other hand, lowering ambient temperatures together with short-day conditions are interpreted as upcoming inconvenient living conditions and unambiguously trigger the diapause in all tested individuals. These two factors are assumed to be crucial in most studies dealing with seasonal ecology in insects, e.g., [56,57,58]. In several insect groups including Lepidoptera, e.g., [57,59,60,61] and references therein, geographic variation of critical conditions determining diapause and its intensity or duration was ascertained among different populations. In H. euphorbiae, variability of duration of the diapause between both ecotypes was detected. The Hee populations periodically come in contact with cold inconvenient seasons (winter) within an expectable time span, and they accordingly optimized the duration of the diapause. In contrast, the Het populations more likely face less predictable seasonal changes (including cold, dry, or wet periods), which probably advance faster and with less explicit signals beforehand. Higher variability in diapause duration can be useful to increase the chance that at least some individuals achieve successful reproduction. Nevertheless, more test individuals would be needed to corroborate the observed trend in diapause length duration.



Short-day test conditions without a period of a low temperature stimulus do not correspond with common natural conditions of Hee. Accordingly, we observed overall raised mortality, which however, does not change much under additionally cooled conditions and is considerably lower in Hee compared to Het (survival 85% uncooled vs. 90% cooled in Hee and 59% uncooled vs. 63% cooled in Het) (Table 2). This supposedly lower “baseline mortality” of SD pupae in Hee supports the idea of a better-adapted phenotype of the Hee ecotype diapause pupae to survive seasonal cold conditions.



Lacking the low-temperature impulse, a fraction of the pupae of both ecotypes is not able to switch to diapause, developing subitan pupae with slightly prolonged development instead (on average 11 days longer), probably due to difficulties to react properly, if receiving conflicting outer signals (Table 2). These results underline the importance of both short-day lengths and temperature decrease for appropriate diapause progress.



Persistent shifts of such environmental conditions, such as ongoing temperature changes during global warming, may thus lead, in turn, to a shift in the distribution of ecotypes [37,44]. In insects with a short generation time, such changes can pass during several decades, as this was, e.g., documented by tracing the genetic composition of H. euphorbiae populations from Italy over the past 120 years [7]. In other studies dealing with insects [62,63], the effect of climatic changes was simulated in order to estimate changes in survival success. Increased winter temperatures or heat waves during the cold phase reduced overwintering success [63] and even post-diapause reproductive potential [62]. Our findings and previously published phylogeographical studies [2,3,6] thus allow for expectations of shifts in distribution area, contact zones, and ecotype prevalence in H. euphorbiae. The ecotypes, which are able to cope with stronger weather fluctuations, but not necessarily extremely low temperatures, are expected to colonize more northern areas (e.g., Central Europe). On the other hand, cold-hardy ecotypes would be able to survive in Northern Europe, where nowadays only single individuals are rare guests without stable populations [1,64]. However, further changes of other factors or their combination, e.g., humidity, may have unpredictable influences on the population dynamics [63].



Further studies on the presence of biochemical cryoprotective substances in differentially treated pupae are expected to further elucidate the exact physiological mechanisms underlying cold hardiness in H. euphorbiae, as well as its potential ecotype dynamics.





5. Conclusions


Based on the results of our analyses, we propose two regulation mechanisms controlling low-temperature resistance in H. euphorbiae.



The first approach includes short-term hemolymph changes regulated through the sensitivity of the late larva instar and/or early pupa (supposedly the first activated response in Hee) to daylight duration shifts, also induced by low-temperature stress alone (proposed main responsible pathway for the cold-stress feedback in Het). This defense is present in all individuals regardless of population origin and may evoke an opportunistic or short-term cold tolerance [42,43,44]. The resulting phenotype is slightly more cold acclimated than the subitan pupae but possibly not able to provide long-term cold resistance. Despite this, the ability for cold acclimation, including subzero temperatures, leading to cold-induced diapause was ascertained also for Het populations, which was not known before.



Only the additional effect of cold/lowering temperature following short day conditions may trigger the second mechanism, which is necessary to reach an appropriate efficient and long-persisting cold tolerance in terms of a seasonal cold hardening [21,22,47,48,49]. This ability, due to a combined effect of light and cooling regime, was detected only for the Hee ecotype. Thus, our results support the hypothesis H1, stating that there are differences between the ecotypes of H. euphorbiae in their responses to cold stress, which can be detected as different extents of cold hardiness in each of the two ecotypes. These phenotypic differences correspond with the influence of diverse climatic living conditions of each population. In the frosty winter season, the appropriate longstanding cold tolerance is crucial. By contrast, in rather moderate climates with less predictable weather changes, but no hard winter, the occasional change to diapause helps to survive stochastic unfavorable conditions.



Even though these distinguished environmental conditions may facilitate an incipient species differentiation process [1], persisting similar optima of living requirements, climatic fluctuations, and good mobility of adult individuals can act in the opposite way, enabling contact, hybridization, and gene flow between ecotypes. This may explain the apparent genetic unity of all populations of H. euphorbiae despite adaptation to different climatic conditions [2]. For the accurate understanding of ongoing processes, further studies are needed.
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Figure A1. Map of localities of sampled wild H. euphorbiae F0 individuals used to breed progeny for the experiments. Orange diamonds: Het ecotype, blue circles: Hee. Locality codes according to Table 1. Map built using QGIS 2.18.4 (qgis.org, accessed on 15 Mrch 2021), edited using Inkscape 1.0.1 (inkscape.org, accessed on 15 Mrch 2021). 
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Table A1. Data of in-vitro and in-vivo supercooling point (SCP) measurements, including pupae mass and sex, as well as an original ID based on the locality code (see table in the original text).
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In-Vitro

	

	

	

	

	

	
In-Vivo

	

	

	

	

	

	




	
Ecotype

	
Day Length

	
Treatment

	
ID Sample

	
Sex

	
Mass (g)

	
SCP

	
Ecotype

	
Day Length

	
Treatment

	
ID Sample

	
Sex

	
Mass (g)

	
SCP






	
Hee

	
LD

	
control

	
VH31

	
f

	
2.34

	
−15.9

	
Hee

	
LD

	
control

	
VH015

	
m

	
1.588

	
−14.7




	
Hee

	
LD

	
control

	
VH32

	
f

	
2.443

	
−15.5

	
Hee

	
LD

	
control

	
VH035

	
m

	
2.707

	
−15.2




	
Hee

	
LD

	
control

	
VH26

	
m

	
2.028

	
−14.9

	
Hee

	
LD

	
control

	
VH041

	
f

	
1.961

	
−16.2




	
Hee

	
LD

	
control

	
VH27

	
m

	
2.273

	
−15.4

	
Hee

	
LD

	
control

	
SA001

	
m

	
1.077

	
−15




	
Hee

	
LD

	
control

	
VH23

	
m

	
1.657

	
−14.9

	
Hee

	
LD

	
control

	
SA002

	
f

	
2.533

	
−14.7




	
Hee

	
LD

	
control

	
VH49

	
f

	
2.298

	
−15.3

	
Hee

	
LD

	
control

	
SA003

	
m

	
2.011

	
−16.3




	
Hee

	
LD

	
control

	
VH16

	
m

	
2.305

	
−14.8

	
Hee

	
LD

	
control

	
SA004

	
f

	
1.943

	
−7.3




	
Hee

	
LD

	
control

	
VH19

	
m

	
1.923

	
−15.3

	
Hee

	
LD

	
control

	
SA005

	
m

	
1.959

	
−18




	
Hee

	
LD

	
control

	
VH03

	
m

	
2.76

	
−15.3

	
Hee

	
LD

	
6 °C

	
VH021

	
f

	
2.117

	
−16.7




	
Hee

	
LD

	
6 °C

	
VH28

	
m

	
2.512

	
−16.2

	
Hee

	
LD

	
6 °C

	
VH030

	
f

	
2.262

	
−16.1




	
Hee

	
LD

	
6 °C

	
VH39

	
m

	
2.393

	
−18.4

	
Hee

	
LD

	
6 °C

	
VH036

	
f

	
2.207

	
−8.2




	
Hee

	
LD

	
6 °C

	
VH42

	
f

	
2.206

	
−14.6

	
Hee

	
LD

	
6 °C

	
VH038

	
f

	
2.373

	
−16.5




	
Hee

	
LD

	
6 °C

	
VH43

	
f

	
2.38

	
−15.4

	
Hee

	
LD

	
6 °C

	
VH040

	
f

	
2.766

	
−15.1




	
Hee

	
LD

	
6 °C

	
VH29

	
m

	
2.006

	
−16.7

	
Hee

	
LD

	
6 °C

	
VH045

	
f

	
2.673

	
−17.2




	
Hee

	
LD

	
6 °C

	
VH08

	
f

	
2.644

	
−18.6

	
Hee

	
LD

	
6 °C

	
VH001

	
m

	
2.644

	
−15.8




	
Hee

	
LD

	
6 °C

	
VH09

	
f

	
2.517

	
−15.1

	
Hee

	
LD

	
6 °C

	
VH012

	
m

	
1.729

	
−15.2




	
Hee

	
LD

	
6 °C

	
VH14

	
f

	
2.655

	
−19.9

	
Hee

	
LD

	
6 °C

	
VH024

	
m

	
1.942

	
−16.1




	
Hee

	
LD

	
−2 °C

	
VH82

	
f

	
2.528

	
−13.2

	
Hee

	
LD

	
−2 °C

	
VH046

	
f

	
2.21

	
−15.4




	
Hee

	
LD

	
−2 °C

	
VH83

	
f

	
1.939

	
−15.6

	
Hee

	
LD

	
−2 °C

	
VH047

	
f

	
2.301

	
−10.6




	
Hee

	
LD

	
−2 °C

	
VH90

	
f

	
2.282

	
−15

	
Hee

	
LD

	
−2 °C

	
VH052

	
f

	
2.071

	
−13.7




	
Hee

	
LD

	
−2 °C

	
VH80

	
f

	
2.423

	
−16.5

	
Hee

	
LD

	
−2 °C

	
VH055

	
f

	
2.474

	
−15.1




	
Hee

	
LD

	
−2 °C

	
VH76

	
f

	
2.6

	
−15.7

	
Hee

	
LD

	
−2 °C

	
VH056

	
f

	
2.206

	
−16.3




	
Hee

	
LD

	
−2 °C

	
VH78

	
m

	
1.988

	
−17.3

	
Hee

	
LD

	
−2 °C

	
VH070

	
f

	
1.215

	
−18.1




	
Hee

	
LD

	
−2 °C

	
VH79

	
m

	
1.729

	
−17.7

	
Hee

	
LD

	
−2 °C

	
VH060

	
m

	
2.622

	
−17.2




	
Hee

	
LD

	
−2 °C

	
VH87

	
m

	
2.138

	
−17.4

	
Hee

	
LD

	
−2 °C

	
VH066

	
m

	
2.053

	
−16.8




	
Het

	
LD

	
control

	
CF37

	
m

	
2.478

	
−16.3

	
Hee

	
LD

	
−2 °C

	
VH077

	
m

	
2.27

	
−12.1




	
Het

	
LD

	
control

	
CF65

	
f

	
2.143

	
−16.2

	
Het

	
LD

	
control

	
CF005

	
f

	
2.707

	
−16




	
Het

	
LD

	
control

	
CF80

	
f

	
2.776

	
−13.6

	
Het

	
LD

	
control

	
CF009

	
f

	
2.06

	
−15.1




	
Het

	
LD

	
control

	
CF91

	
f

	
1.867

	
−15.2

	
Het

	
LD

	
control

	
CF017

	
f

	
2.398

	
−14.7




	
Het

	
LD

	
control

	
CF76

	
m

	
1.369

	
−15.3

	
Het

	
LD

	
control

	
CF026

	
f

	
2.292

	
−15.7




	
Het

	
LD

	
control

	
CF83

	
m

	
2.189

	
−13.4

	
Het

	
LD

	
control

	
CF011

	
m

	
1.938

	
−13




	
Het

	
LD

	
control

	
CF90

	
m

	
2.217

	
−15.5

	
Het

	
LD

	
control

	
CF014

	
m

	
2.196

	
−15.9




	
Het

	
LD

	
control

	
CF92

	
m

	
1.671

	
−13.9

	
Het

	
LD

	
control

	
CF025

	
m

	
2.319

	
−16




	
Het

	
LD

	
6 °C

	
CF66

	
f

	
1.971

	
−21.2

	
Het

	
LD

	
control

	
CF055

	
m

	
2.115

	
−14.3




	
Het

	
LD

	
6 °C

	
CF74

	
f

	
1.982

	
−20.8

	
Het

	
LD

	
6 °C

	
CF006

	
f

	
2.378

	
−13.9




	
Het

	
LD

	
6 °C

	
CF78

	
f

	
2.685

	
−17.3

	
Het

	
LD

	
6 °C

	
CF020

	
f

	
2.491

	
−16.9




	
Het

	
LD

	
6 °C

	
CF46

	
m

	
1.906

	
−22

	
Het

	
LD

	
6 °C

	
CF021

	
f

	
1.935

	
−16.7




	
Het

	
LD

	
6 °C

	
CF69

	
m

	
2.4

	
−18.1

	
Het

	
LD

	
6 °C

	
CF030

	
f

	
2.085

	
−17.2




	
Het

	
LD

	
6 °C

	
CF72

	
m

	
2.033

	
−17.9

	
Het

	
LD

	
6 °C

	
CF034

	
f

	
2.933

	
−15.5




	
Het

	
LD

	
6 °C

	
CF36

	
m

	
1.604

	
−15.6

	
Het

	
LD

	
6 °C

	
CF039

	
f

	
2.137

	
−16.2




	
Het

	
LD

	
6 °C

	
CF64

	
f

	
2.18

	
−16.7

	
Het

	
LD

	
6 °C

	
CF003

	
m

	
1.622

	
−16




	
Het

	
LD

	
−2 °C

	
CF82

	
f

	
2.503

	
−17.4

	
Het

	
LD

	
6 °C

	
CF033

	
m

	
2.262

	
−16




	
Het

	
LD

	
−2 °C

	
CF86

	
f

	
2.846

	
−17.9

	
Het

	
LD

	
−2 °C

	
CF040

	
n.a.

	
n.a.

	
−13.6




	
Het

	
LD

	
−2 °C

	
CF87

	
f

	
2.479

	
−17.9

	
Het

	
LD

	
−2 °C

	
CF043

	
n.a.

	
n.a.

	
−14.3




	
Het

	
LD

	
−2 °C

	
CF88

	
f

	
2.428

	
−21.2

	
Het

	
LD

	
−2 °C

	
CF044

	
n.a.

	
n.a.

	
−15




	
Het

	
LD

	
−2 °C

	
CF93

	
f

	
2.944

	
−22.5

	
Het

	
LD

	
−2 °C

	
CF052

	
n.a.

	
n.a.

	
−17.6




	
Het

	
LD

	
−2 °C

	
CF08

	
m

	
1.492

	
−17.7

	
Het

	
LD

	
−2 °C

	
CF054

	
n.a.

	
n.a.

	
−16.8




	
Het

	
LD

	
−2 °C

	
CF81

	
m

	
1.768

	
−18.9

	
Het

	
LD

	
−2 °C

	
CF041

	
n.a.

	
n.a.

	
−15.8




	
Het

	
LD

	
−2 °C

	
CF31

	
f

	
1.91

	
−15

	
Het

	
LD

	
−2 °C

	
CF045

	
n.a.

	
n.a.

	
−15.7




	
Hee

	
SD

	
control

	
AT008

	
m

	
1.677

	
−15.8

	
Het

	
LD

	
−2 °C

	
CF067

	
n.a.

	
n.a.

	
−16.1




	
Hee

	
SD

	
control

	
AT010

	
m

	
1.612

	
−19.2

	
Hee

	
SD

	
control

	
AT32

	
m

	
1.819

	
−17.6




	
Hee

	
SD

	
control

	
AT012

	
m

	
1.714

	
−19.4

	
Hee

	
SD

	
control

	
AT34

	
m

	
1.922

	
−18.1




	
Hee

	
SD

	
control

	
AT024

	
f

	
2.203

	
−22.7

	
Hee

	
SD

	
control

	
AT36

	
m

	
1.73

	
−15.7




	
Hee

	
SD

	
control

	
MS032

	
m

	
2.011

	
−19.3

	
Hee

	
SD

	
control

	
AT51

	
f

	
2.372

	
−18.4




	
Hee

	
SD

	
control

	
MS036

	
f

	
1.874

	
−11.1

	
Hee

	
SD

	
control

	
AT52

	
f

	
1.8

	
−16.6




	
Hee

	
SD

	
control

	
MS039

	
f

	
2.324

	
−23.8

	
Hee

	
SD

	
control

	
MS33

	
m

	
1.613

	
−18.5




	
Hee

	
SD

	
control

	
AT025

	
f

	
1.756

	
−19.8

	
Hee

	
SD

	
control

	
MS43

	
f

	
2.173

	
−11




	
Hee

	
SD

	
6 °C

	
AT016

	
f

	
2.134

	
−20.6

	
Hee

	
SD

	
control

	
MS46

	
f

	
1.933

	
−18.1




	
Hee

	
SD

	
6 °C

	
AT018

	
m

	
1.634

	
−14.5

	
Hee

	
SD

	
6 °C

	
VH003

	
m

	
1.633

	
−15.5




	
Hee

	
SD

	
6 °C

	
AT022

	
m

	
1.948

	
−20.6

	
Hee

	
SD

	
6 °C

	
VH004

	
f

	
2.392

	
−16.8




	
Hee

	
SD

	
6 °C

	
MS005

	
m

	
2.374

	
−20.5

	
Hee

	
SD

	
6 °C

	
VH006

	
f

	
3.068

	
−18.9




	
Hee

	
SD

	
6 °C

	
MS010

	
f

	
2.432

	
−17.9

	
Hee

	
SD

	
6 °C

	
VH007

	
m

	
2.184

	
−18.1




	
Hee

	
SD

	
6 °C

	
MS014

	
f

	
1.753

	
−21.5

	
Hee

	
SD

	
6 °C

	
VH013

	
m

	
2.015

	
−18.4




	
Hee

	
SD

	
6 °C

	
AT017

	
f

	
2.197

	
−19

	
Hee

	
SD

	
6 °C

	
VH015

	
m

	
2.513

	
−19.2




	
Hee

	
SD

	
6 °C

	
AT023

	
m

	
1.711

	
−19.8

	
Hee

	
SD

	
6 °C

	
VH017

	
f

	
2.401

	
−18.4




	
Hee

	
SD

	
−2 °C

	
AT028

	
m

	
2.396

	
−18.2

	
Hee

	
SD

	
6 °C

	
VH020

	
f

	
2.152

	
−19.1




	
Hee

	
SD

	
−2 °C

	
AT029

	
m

	
1.985

	
−17.2

	
Hee

	
SD

	
−2 °C

	
MS19

	
f

	
2.514

	
−18.1




	
Hee

	
SD

	
−2 °C

	
AT039

	
f

	
2.259

	
−17.1

	
Hee

	
SD

	
−2 °C

	
VH021

	
m

	
2.366

	
−18.7




	
Hee

	
SD

	
−2 °C

	
AT062

	
f

	
2.307

	
−20.8

	
Hee

	
SD

	
−2 °C

	
VH023

	
f

	
2.46

	
−20.9




	
Hee

	
SD

	
−2 °C

	
MS007

	
m

	
2.189

	
−20.2

	
Hee

	
SD

	
−2 °C

	
VH029

	
m

	
1.625

	
−22.6




	
Hee

	
SD

	
−2 °C

	
MS015

	
f

	
2.499

	
−17.2

	
Hee

	
SD

	
−2 °C

	
VH030

	
m

	
1.992

	
−22.8




	
Hee

	
SD

	
−2 °C

	
MS016

	
f

	
2.472

	
−17.4

	
Hee

	
SD

	
−2 °C

	
VH035

	
f

	
2.559

	
−20.1




	
Hee

	
SD

	
−2 °C

	
AT042

	
f

	
1.968

	
−15.3

	
Hee

	
SD

	
−2 °C

	
VH036

	
m

	
2.611

	
−22.2




	
Het

	
SD

	
control

	
Mad143

	
f

	
2.599

	
−18.8

	
Hee

	
SD

	
−2 °C

	
VH039

	
f

	
2.033

	
−18.4




	
Het

	
SD

	
control

	
Mad073

	
f

	
3.08

	
−19.2

	
Het

	
SD

	
control

	
CF099

	
f

	
1.912

	
−16.6




	
Het

	
SD

	
control

	
Mad029

	
m

	
2.549

	
−17.3

	
Het

	
SD

	
control

	
CF103

	
f

	
1.626

	
−17.1




	
Het

	
SD

	
control

	
Mad003

	
m

	
2.704

	
−16.8

	
Het

	
SD

	
control

	
CF037

	
m

	
1.956

	
−15.2




	
Het

	
SD

	
control

	
Mad072

	
f

	
2.452

	
−20.1

	
Het

	
SD

	
control

	
CF077

	
m

	
2.195

	
−17.6




	
Het

	
SD

	
control

	
Mad014

	
m

	
2.675

	
−17.5

	
Het

	
SD

	
control

	
CF004

	
f

	
0.996

	
−14.7




	
Het

	
SD

	
control

	
Mad074

	
m

	
2.224

	
−19

	
Het

	
SD

	
control

	
CF009

	
f

	
2.061

	
−19.2




	
Het

	
SD

	
control

	
Mad001

	
m

	
2.186

	
−20.2

	
Het

	
SD

	
control

	
CF013

	
m

	
1.232

	
−17.9




	
Het

	
SD

	
6 °C

	
CF024

	
f

	
2.148

	
−19.6

	
Het

	
SD

	
control

	
CF018

	
f

	
1.791

	
−17.5




	
Het

	
SD

	
6 °C

	
CF028

	
f

	
2.1

	
−20.9

	
Het

	
SD

	
6 °C

	
CF017

	
f

	
2.397

	
−16.7




	
Het

	
SD

	
6 °C

	
CF029

	
f

	
2.265

	
−19.9

	
Het

	
SD

	
6 °C

	
CF019

	
f

	
1.853

	
−17.5




	
Het

	
SD

	
6 °C

	
CF023

	
m

	
1.646

	
−22.3

	
Het

	
SD

	
6 °C

	
CF020

	
f

	
2.166

	
−14.2




	
Het

	
SD

	
6 °C

	
CF027

	
m

	
2.207

	
−16.1

	
Het

	
SD

	
6 °C

	
CF022

	
f

	
2.03

	
−19.1




	
Het

	
SD

	
6 °C

	
CF030

	
m

	
2.207

	
−16.3

	
Het

	
SD

	
6 °C

	
CF001

	
m

	
2.107

	
−16.5




	
Het

	
SD

	
6 °C

	
CF033

	
f

	
2.036

	
−17.8

	
Het

	
SD

	
6 °C

	
CF005

	
m

	
2.333

	
−16.3




	
Het

	
SD

	
6 °C

	
CF016

	
m

	
2.182

	
−21.1

	
Het

	
SD

	
6 °C

	
CF010

	
m

	
2.216

	
−16.9




	
Het

	
SD

	
−2 °C

	
CF097

	
f

	
2.696

	
−17.8

	
Het

	
SD

	
6 °C

	
CF013

	
m

	
1.847

	
−16.9




	
Het

	
SD

	
−2 °C

	
CF098

	
f

	
2.286

	
−22.9

	
Het

	
SD

	
−2 °C

	
CF041

	
f

	
2.762

	
−20.7




	
Het

	
SD

	
−2 °C

	
CF101

	
f

	
2.217

	
−16.5

	
Het

	
SD

	
−2 °C

	
CF053

	
f

	
2.575

	
−18.7




	
Het

	
SD

	
−2 °C

	
CF102

	
f

	
2.21

	
−19.9

	
Het

	
SD

	
−2 °C

	
CF057

	
f

	
2.532

	
−16.7




	
Het

	
SD

	
−2 °C

	
CF064

	
m

	
2.253

	
−20.8

	
Het

	
SD

	
−2 °C

	
CF075

	
f

	
2.338

	
−16.4




	
Het

	
SD

	
−2 °C

	
CF070

	
m

	
2.287

	
−18.2

	
Het

	
SD

	
−2 °C

	
CF093

	
m

	
1.755

	
−18.6




	
Het

	
SD

	
−2 °C

	
CF104

	
m

	
1.814

	
−18.5

	
Het

	
SD

	
−2 °C

	
CF039

	
m

	
1.91

	
−11.3




	
Het

	
SD

	
−2 °C

	
CF069

	
m

	
1.636

	
−23.7

	
Het

	
SD

	
−2 °C

	
CF051

	
m

	
2.389

	
−16.6




	
Hee

	
SD

	
long term

	
MS31

	
f

	
2.273

	
−19.5

	
Het

	
SD

	
−2 °C

	
CF096

	
m

	
2.019

	
−16.1




	
Hee

	
SD

	
long term

	
AT53

	
f

	
2.267

	
−20.7

	
Hee

	
SD

	
long term

	
MS25

	
f

	
2.228

	
−17.4




	
Hee

	
SD

	
long term

	
AT58

	
f

	
2.467

	
−22.4

	
Hee

	
SD

	
long term

	
MS26

	
f

	
1.781

	
−17




	
Hee

	
SD

	
long term

	
AT47

	
f

	
1.838

	
−23.6

	
Hee

	
SD

	
long term

	
MS28

	
f

	
2.237

	
−17.1




	
Hee

	
SD

	
long term

	
AT59

	
m

	
1.793

	
−21.3

	
Hee

	
SD

	
long term

	
AT30

	
f

	
2.002

	
−20.4




	
Hee

	
SD

	
long term

	
AT60

	
m

	
1.641

	
−20.8

	
Hee

	
SD

	
long term

	
MS24

	
f

	
2.571

	
−19.1




	
Hee

	
SD

	
long term

	
MS11

	
m

	
2.204

	
−22.1

	
Hee

	
SD

	
long term

	
MS48

	
m

	
1.539

	
−16.6




	
Hee

	
SD

	
long term

	
MS30

	
f

	
1.75

	
−17.6

	
Hee

	
SD

	
long term

	
AT31

	
m

	
1.618

	
−17.6




	
Het

	
SD

	
long term

	
Mad077

	
f

	
2.757

	
−22.6

	
Hee

	
SD

	
long term

	
AT43

	
m

	
1.766

	
−21.6




	
Het

	
SD

	
long term

	
Mad060

	
f

	
2.144

	
−16.6

	
Het

	
SD

	
long term

	
Mad082

	
f

	
2.328

	
−14.3




	
Het

	
SD

	
long term

	
Mad103

	
f

	
2.972

	
−24.3

	
Het

	
SD

	
long term

	
Mad059

	
f

	
2.408

	
−11.8




	
Het

	
SD

	
long term

	
Mad114

	
m

	
1.922

	
−17.7

	
Het

	
SD

	
long term

	
Mad098

	
f

	
3.154

	
−15.9




	
Het

	
SD

	
long term

	
Mad079

	
m

	
2.399

	
−21.4

	
Het

	
SD

	
long term

	
Mad030

	
m

	
2.653

	
−14.2




	
Het

	
SD

	
long term

	
Mad017

	
m

	
2.471

	
−18

	
Het

	
SD

	
long term

	
Mad051

	
m

	
2.723

	
−14.3




	
Het

	
SD

	
long term

	
Mad087

	
m

	
2.082

	
−19.7

	
Het

	
SD

	
long term

	
Mad126

	
m

	
2.113

	
−12.7




	

	

	

	

	

	

	

	
Het

	
SD

	
long term

	
Mad041

	
m

	
2.773

	
−16.9
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Figure 1. Average SCP values for all studied groups +/−95% confidence intervals. Blue circle: Hemolymph SCP value of the first in vitro measurements. Green diamonds: Entire pupae in vivo SCP measurements. Numbers under the bars denote significant comparisons of the Bonferroni post hoc tests. Different numbers of the same color show significant pairwise differences between at least two of these groups for the respective SCP measurement (see text for more details). Asterisks denote significant pairwise differences between the different SCP measurements of the same test group. 






Figure 1. Average SCP values for all studied groups +/−95% confidence intervals. Blue circle: Hemolymph SCP value of the first in vitro measurements. Green diamonds: Entire pupae in vivo SCP measurements. Numbers under the bars denote significant comparisons of the Bonferroni post hoc tests. Different numbers of the same color show significant pairwise differences between at least two of these groups for the respective SCP measurement (see text for more details). Asterisks denote significant pairwise differences between the different SCP measurements of the same test group.



[image: Diversity 13 00207 g001]







[image: Diversity 13 00207 g002 550] 





Figure 2. A correlation between the in vitro and the in vivo SCP values (correlation coefficient = 0.43, p < 0.05) shows the two groups that differ strongly between the two different measurements as clearly outside of the 95% confidence interval (dashed lines) of the correlation. 
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Table 1. Localities of sampled wild H. euphorbiae F0 individuals used to breed progeny for the experiments. Hee–‘euphorbiae’ ecotype, Het–‘tithymali’. See also the map in Appendix A.
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	Locality Code
	Locality Name
	GPS Coordinates
	Climatic Zone and Ecotype
	Date of Sampling
	Sampled Stage
	Collectors





	VH
	Viernheimer Heide, Hessen, Germany
	49°33′ N, 8°32′ E
	Temperate Hee
	2014
	adult female
	B. Barth and R. Schidlowski



	CF
	Cabeça Fundão, Fogo island, Cape Verde
	14°54′ N, 24°20′ W
	Subtropical Het
	2014
	larvae
	B. Barth



	AT
	Altmühlthal, Bavaria, Germany
	48°54′ N, 11°06′ E
	Temperate Hee
	2015
	larvae
	L. Langer



	MS
	Münnerstadt, Bavaria, Germany
	50°14′ N, 10°10′ E
	Temperate Hee
	2015
	larvae
	H. Harbich



	Mad
	Madeira, Madeira Archipelago, Portugal
	32°45′ N, 17°00′ W
	Subtropical Het
	2015
	larvae
	G. and B. Richter










[image: Table] 





Table 2. Overview and sample size of all studied groups (SCP analyses and mortality tests): Hee–‘euphorbiae’, Het–‘tithymali’, LD–long-day breeding conditions, SD–short day, SCP control–without cold treatment, 6 °C and −2 °C–cold treatments, MT control–mortality test groups without cold treatment, −10 °C–cooled mortality test groups, LTC–long-term cold treatment, N–number of individuals per group.
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Hee

	

	
Het

	




	
Treatment (Total N = 225)

	
LD

	
SD

	
LD

	
SD






	
SCP control

	
17

	
16

	
16

	
16




	
6 °C

	
17

	
16

	
16

	
16




	
−2 °C

	
17

	
16

	
16

	
16




	
LTC

	
-

	
16

	
-

	
14




	
MT (survived)

	

	

	

	




	
control

	
17 (17, 100%)

	
20 (17, 85%)

	
20 (20, 100%)

	
17 (10, 59%)




	
control nondiapause/diapause

	
17/0

	
3/14 (3 < 3 months)

	
20/0

	
3/7 (1 < 3 months)




	
−10 °C

	
-

	
10 (9, 90%)

	
-

	
8 (5, 63%)




	
−10 °C nondiapause/diapause

	
-

	
0/9

	
-

	
0/5
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Table 3. Results of the GLM models showing the significances of the effects of the different H. euphorbiae ecotypes, the day length, and the cooling regime on the SCP measurements. *—p < 0.05, **—p < 0.01, ***—p < 0.001, n.s.—not significant.
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Effect

	
SCP In Vitro

	

	
SCP In Vivo

	




	

	
F

	
Significance

	
F

	
Significance






	
Ecotype

	
4.55

	
*

	
1.26

	
n.s.




	
Day length

	
26.45

	
***

	
32.09

	
***




	
Cooling group

	
4.91

	
**

	
2.43

	
n.s.




	
Within Hee

	

	

	

	




	
Day length

	
17.57

	
***

	
25.05

	
***




	
Cooling group

	
1.22

	
n.s.

	
2.91

	
n.s.




	
Within Het

	

	

	

	




	
Day length

	
9.35

	
**

	
7.80

	
**




	
Cooling group

	
6.70

	
**

	
0.22

	
n.s.




	
Within SD

	

	

	

	




	
Ecotype

	
0.06

	
n.s.

	
20.02

	
***




	
Cooling group

	
1.66

	
n.s.

	
4.30

	
**
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