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Introduction

How selection influences phenotypic plasticity is an important question in evolutionary biology. We report an experimental evolution study that examined how prolonged selection at cold vs. warm temperature impacts the thermal plasticity of traits like reproductive output, body size, and body water content in Drosophila melanogaster.





Methods

We conducted the study on two sets of large, outbred fly populations: one maintained at the standard fly rearing temperature, i.e., 25°C, and another selected at cold temperature, i.e., 17°C, for 3.5 years. Both selection lines were derived from the same ancestral population.





Results and discussion

We found that while 25°C selected females lay significantly fewer eggs in cold compared to warm or optimal rearing temperature of 25°C, the 17°C selected females have consistent or canalized fecundity levels across warm and cold conditions. Sustained fecundity levels across cold and warm conditions are potential marks of adaptation to a broader thermal range. While phenotypic plasticity may aid in adaptation to new environments, for traits such as fecundity, consistent levels across environments, that is, low plasticity, may be more adaptive. We also found that male flies from cold vs. warm selection regimes differ in their thermal plasticity. Plasticity of dry weight and body water content was reduced in the cold-selected males, indicating the evolution of canalized levels for these traits too. While canalized fecundity levels across temperatures can potentially help in thermal adaptation, the significance of reduced plasticity of male body size and water content needs to be investigated in the future.
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Introduction

Temperature induces both plastic and evolutionary changes in organisms. Short-term or within-generation effect of temperature on a trait, that is, thermal plasticity, is observed in a wide variety of biological traits. Thermal plasticity is often viewed as an inevitable effect of temperature on different biological parameters like growth, metabolism, and physiology (Van Der Have and De Jong, 1996; Angilletta and Dunham, 2003; Zuo et al., 2012; Ghosh et al., 2013). Nonetheless, there is ample empirical evidence that suggests thermal plasticity could be adaptive, and different species harbor genetic variation controlling how a trait is influenced by temperature. Therefore, thermal plasticity can be shaped by selection (Nettle and Bateson, 2015; van Heerwaarden and Sgrò, 2017; McDonald et al., 2018; Lafuente et al., 2018; MacLean et al., 2019).

Whether selection can alter the level of plasticity for a trait is an interesting question in evolutionary biology. The impact of selection on plasticity is context-dependent (Leonard and Lancaster, 2020; Barley et al., 2021; Carbonell et al., 2021; Schaum et al., 2022). How selection changes the level of plasticity of a trait in a given population would depend on various factors, such as a) if the population is inhabiting a stable or unpredictable environment, b) if plasticity for the trait incurs any energetic cost in its bearers, c) if there is genetic variation for the extent of phenotypic plasticity in the trait and whether or not there are genetic constraints influencing plasticity of the trait, and d) whether high or low plasticity is favored for that given trait.

Direct selection for high or low plasticity may alter the plasticity of a trait. Moreover, selection for a trait per se—and not its plasticity—can also lead to evolved changes in the plasticity of the trait as a by-product of selection. For empirical investigation of the effect of selection on plasticity, temperature can be a suitable factor as it engenders both proximate and ultimate changes, reflecting thermal plasticity and thermal evolution. Ectothermic organisms experience a greater impact of temperature because they do not have internal thermoregulation the way endotherms do. The ectotherm Drosophila is particularly well-suited for studies focusing on temperature-induced plasticity and evolution, because of its a) amenability to studies manipulating temperature in the laboratory and (b) wide geographic range across latitudes and continents covering thermally diverse regions (James et al., 1997; Trotta et al., 2006; Mayekar et al., 2023). In Drosophila, cold developmental temperature leads to slow growth and metamorphosis, which translates into the emergence of bigger flies, demonstrating the temperature size rule (Atkinson, 1994; Kingsolver and Huey, 2008; Ghosh et al., 2013). Cold temperature during the adult stage usually leads to prolonged lifespan but reduced reproductive output or fecundity (Partridge et al., 1995; Mołoń et al., 2020). The plastic effects of cold temperature on growth, body size, and fecundity are mostly consistent across studies. However, the evolutionary impact of temperature may vary from population to population, depending upon the genetic composition and evolutionary history of the concerned population and also upon the specific thermal range considered for the study. Studies exploring the effect of temperature in Drosophila have often explored thermal selection response, clinal adaptation, or thermal plasticity, but it is rare to find research focusing on how thermal selection shapes the thermal plasticity of life history traits.

Studies performed on fly populations collected from different latitudes have added important information about thermal adaptation, but clinal adaptation may be influenced by factors other than temperature, like humidity, photoperiod, and altitude. Therefore, some of the evolved changes may have been shaped by factors other than temperature. In contrast, the experimental evolution approach enables one to study evolution in a carefully controlled laboratory setup, under the influence of clearly defined selection pressures (Garland and Rose, 2009; Kawecki et al., 2012; Lenski, 2017; Prasad and Joshi, 2003; Schlötterer, 2023). While experimental evolution studies may not mimic multidimensional and complex selection pressures experienced by populations in a natural environment, they nonetheless hold considerable merit in identifying evolutionary responses to specific selection pressures. Consequently, tracking the evolution of populations subjected to specific thermal regimes under regulated laboratory conditions for many generations can potentially help us understand the role temperature plays in shaping adaptive evolution.

While experimental evolution has been used by a number of research groups to study thermal evolution in Drosophila (James and Partridge, 1995; Partridge et al., 1995; Santos et al., 2006; Schlötterer, 2023), there is more than one reason that warrants renewed efforts to study thermal selection using experimental evolution. For example, some laboratory thermal selection studies were conducted for a very short duration (Fragata et al., 2014; Tobler et al., 2014), while others employed a small population size, making it difficult to draw meaningful conclusions at the evolutionary level (Cavicchi et al., 1995). One long-term thermal selection study conducted by Linda Partridge’s group performed extensive characterization of life history, growth, and size traits (James and Partridge, 1995; Partridge et al., 1995; Gilchrist et al., 1997). However, this study did not control for rearing densities that can potentially interfere with thermal selection, as warm temperature leads to crowding that, in turn, leads to evolutionary changes caused by high densities and not warm temperature per se [see Santos et al. (2004) for a discussion]. We used a well-replicated selection design for studying the laboratory thermal evolution of Drosophila, focusing majorly on how the plasticity of various traits evolves with thermal selection.

The thermal range of D. melanogaster ranges from ~11°C to ~32°C (Trotta et al., 2006; Klepsatel et al., 2019). While 25°C is optimal for the growth and survival of this species and can be considered warm, 17°C is cold, which extends the developmental time twofold compared to that at 25°C, produces bigger flies (Ghosh et al., 2013; McDonald et al., 2018), and suppresses fecundity (Mołoń et al., 2020; Partridge et al., 1995). In this study, we investigated how some life history traits of the fly and the plasticity thereof change as a result of evolving at 17°C vs. 25°C for many generations. Reproductive output is a direct measure of the Darwinian fitness of an organism, and in Drosophila, it can be measured as the number of eggs laid and/or as the offspring produced by the flies. We used fly fecundity, i.e., the number of eggs laid per female, as a measure of reproductive output or fitness of flies. Except for a few studies (Nunney and Cheung, 1997; Novoseltsev et al., 2005), fecundity is often measured as reproductive output during the early life of flies (Fragata et al., 2014; Klepsatel et al., 2019; Santos et al., 2020). However, we chose to measure eggs laid by individual females every day, up to 22 days of adult life, covering a large part of their lifespan, in order to get a clearer picture about the distribution of egg output across age. Another important life history trait in Drosophila is body size. Body size is positively correlated with a) female fecundity and b) male mating success in Drosophila (Pitnick, 1991; reviewed in Prasad and Joshi, 2003; Flatt, 2020) and shows plastic and evolutionary changes to rearing temperatures. Therefore, we investigated the evolved and plastic changes in the body size of flies caused by temperature. Different researchers have examined the variability in wing area, thorax length, and body weight to measure body size variation in flies. In this study, we measured body weight variation, similar to various earlier studies focusing on the life history traits in Drosophila (James et al., 1997; reviewed in Cavicchi et al., 1995; Watanabe and Riddle, 2021). However, there are some concerns that the body weight of a fly can vary considerably depending upon its age, activity, and in the case of females its egg, laying status (before and after peak fecundity). Taking these factors into consideration, we measured the weights of only freshly eclosed unmated flies, within 4 h of emergence from pupae, keeping age, activity, and reproductive status consistent.





Materials and methods

We employed a 2 × 2 full factorial design, in which flies from the two thermal selection regimes were reared and assayed at two treatment temperatures (17°C and 25°C). This design allowed us to investigate both a) the evolutionary effect of cold vs. warm selection and b) the plastic effect of cold and warm temperatures on traits like fecundity and body size of flies. While we examined the egg production of flies for fecundity, the wet and dry body masses of flies were assayed for body size. This also allowed us to quantify the relative content of water with respect to the body mass of the flies. The main effect of selection temperature revealed the evolutionary change in fecundity and body size traits, and a comparison of the trait values across treatment temperatures for a given selection regime allowed us to evaluate the extent of plasticity of the traits. The study design thus allowed us to find out whether selection in warm vs. cold has changed the extent of plasticity of the traits under study.




Study populations and selection regimes

We used six large, outbred (see Garland and Rose, 2009) laboratory populations of D. melanogaster: three populations allowed to evolve at 17°C (KIIT Base populations 17 or KB17 1–3) and three populations maintained at 25°C (KIIT Base populations 25 or KB25 1–3). Both KB17 and KB25 populations are descendants of MB (melanogaster Base) populations, whose ancestry has been described in detail in Sheeba et al. (1998) and Sarangi et al. (2016). MBs were maintained on cornmeal medium at 25°C on a 21-day discrete generation cycle, under constant light and high humidity in the laboratory of Amitabh Joshi for over 200 generations (Sheeba et al., 1998). Five replicate populations of MB were mixed and maintained for ~2 years, and two thermal selection lineages were initiated from the mixed population, namely, KB17 (KIIT Baseline 17) 1–3 and KB25 (KIIT Baseline 25) 1–3. KB17 populations were allowed to evolve at 17°C, on a discrete generation cycle of 24 days. KB25 populations were maintained at 25°C, on a 14-day discrete generation cycle. Both sets of populations were maintained on cornmeal medium, 24 h light, and high humidity. At the time of this study, both lineages had evolved for a little over 3.5 years at their respective temperatures. Drosophila melanogaster takes 17–20 days to develop from egg to adult at 17°C, whereas it takes 8–10 days to develop at 25°C. Thus, the generation time is much longer at 17°C. Except for temperature and generation time, the same protocol was followed for maintaining both sets of populations. For each replicate population, flies were reared in 25 vials containing food, and the larval density was controlled at ~70 per vial. Upon eclosion, flies from all 25 vials were transferred to plexiglass cages containing food smeared with supplementary live yeast-acetic acid paste. On the 14th day after the previous generation egg collection in KB25 populations and the 24th day after the previous egg collection in KB17 populations, eggs were collected for the next generation. Thus, egg collection was done on the 4th–6th day of adult age for KB25 and the 4th–7th day of adult age for KB17 populations. A day prior to the egg collection, each population cage was provided with a Petri dish filled with fly food. Flies were then allowed to oviposit on it. After 12 to 16 h, the food plate was taken out and placed under a microscope, and the food was cut into small pieces, each containing approximately 60–80 eggs. Each piece was placed inside a vial containing 6 mL of food. Twenty-five such vials were used for each replicate population. These vials were then incubated at a specific temperature (25°C or 17°C), and upon eclosion, all flies were transferred to a population cage for the next generation and the cycle was repeated.





Generation of flies for the experiments

Body weight and fecundity of both 25°C and 17°C selection lines were assayed at two treatment temperatures, namely, a) 25°C and b) 17°C. For comparing the selection lines at a) 25°C, flies from both 17°C and 25°C selection lines were reared at a common temperature of 25°C for one generation, and these flies were referred to as standardized flies. The progeny of standardized flies was reared and assayed at 25°C. This way both selection lines were standardized, and any non-genetic parental effect of divergent temperature on the progeny was eliminated, and only selection response or evolved changes between the two thermal selection lines could be identified (Rose, 1984). Similarly, to compare the selection response at 17°C, both 17°C and 25°C selected populations were standardized at 17°C for one generation, and their progeny was subsequently reared and assayed at 17°C. The larval density was controlled at ~70 per vial for the generation of flies for all our experiments.

All assays reported here were conducted between 56 and 63 generations of selection for KB17 populations. The KB25s, the predecessors of the MB flies and their ancestors, all had been maintained at the optimal rearing temperature of 25°C for decades. Hence, the number of generations is somewhat irrelevant for the KB25s, and they should rather be considered as control baseline or populations that had been adapted to 25°C for very long.





Fecundity assay

This assay was conducted after 56 generations of selection of the KB17 populations. Twenty vials of eggs were collected from all three replicates of KB17, over an oviposition window of 13–14 h at 17°C, and the vials were transferred to 25°C. From this step onward, the entire assay was conducted at 25°C. Upon eclosion, these flies were transferred to cages and were referred to as the standardized flies (for 25°C assay temperature). These flies were then provided with food and excess yeast-acetic acid paste for 3 days, and their eggs were collected in vials over a small oviposition window of 3 h. The flies growing from these eggs are referred to as assay flies. After 8 days of egg collection, flies started eclosing, and those eclosed in the first 4 h were discarded. After this point, every 4 h, freshly eclosed flies were transferred from the rearing vials to empty vials and subjected to chill coma for ~30 min by placing the vials in ice. After being immobilized by chill coma, the male and female flies were separated and then transferred to vials containing food. By this time, the flies recovered from the chill coma. This process was repeated every 4 h, till the next day, and males and females were thus collected in separate storage vials. Several such storage vials were maintained, each containing 30–40 flies. Once flies were collected in sufficient numbers covering the complete middle part of the eclosion time distribution, virgin collection was stopped. Similar to very early flies, very late eclosed flies too were excluded from the assay. Given the KB25 populations were already maintained at 25°C, no standardization was needed for them. Eggs were collected from them over an oviposition window of 3 h and incubated at 25°C. Once eclosed, these were our assay flies. A similar protocol was followed for virgin separation in these flies. Once the virgin collection was completed for both selection lines, one male and one female randomly drawn from the storage vials were introduced into one fecundity assay vial containing 2 mL of food. Fifteen such vials were set up for the fecundity assay for each selection regime and replicate population. Upon completion of oviposition for 24 h, each fly pair was transferred to a fresh food vial to allow for the next day’s egg laying, and the previous day’s vial was taken under a microscope and the eggs laid in it were counted. This cycle was repeated for 22 days. The assay was conducted at 25°C. If a male from a pair died, it was replaced with an unmated male of the same age. If a female died, it was not replaced, and data from the same vial were included in the analysis up to the death of the female. Similarly, for the treatment temperature of 17°C, eggs were collected directly from the generation 56 flies of the 17°C selection lines, and assay flies were generated at 17°C. Simultaneously, 25°C selected populations were standardized for a generation at 17°C, and the fecundity assay was performed using their offspring, also maintained at 17°C. KB17 flies were reared similarly at 17°C, and after virgin separation, a similar assay setup was done for them. Total fecundity was analyzed cumulatively over a period of 22 days using a 2 selection × 2 treatment temperature full factorial design. The total number of eggs laid by the female was averaged across 15 vials and used for the analysis. The fecundity data were also analyzed separately to investigate the age-specific pattern of egg production. For this, the weekly total fecundity was calculated for weeks 1, 2, and 3, and an ANOVA was performed that included age (week) as a variable. The data for day 22 were not included in the analysis.





Weight assays

The dry and wet weights of the flies from all replicates of KB25 and KB17 populations were assayed after 63 generations of cold selection. The assays were conducted at both 25°C and 17°C, and the weight of the progenies of standardized flies was assayed. The assay flies were collected within 4 h of eclosion, stored immediately in microcentrifuge tubes (MCTs), and freeze-killed by keeping the flies at −20°C for 40–45 min. Wet weight was assayed for males and females separately. For each combination of selection regime, treatment temperature, replicate population, and sex, eight MCTs were set up with five flies in each. After freeze-killing, these flies were taken out of the freezer and weighed immediately. Five flies were weighed at a time using a Sartorius Quintix 35 (d = 0.01 mg) balance, and the average weight per fly was calculated for each MCT. After measuring the wet weight of the flies, the dry weight of the same flies was also assayed. For this, after collection of the wet weight data, the flies were returned to their respective MCTs and placed in a hot air oven set at 70°C. They were kept at 70°C for 36 h, thus being dehydrated completely, and then taken out and weighed again.





Relative water content of the flies

The water content of the flies was calculated by measuring the water lost during dehydration in the hot air oven. The total dry weight of five flies stored in each MCT was subtracted from the wet weight of the same flies to obtain the water content (in mg) of flies in each MCT. The relative water content was calculated by dividing the water content by the wet weight of the flies in the respective MCT (in percent).





Statistical analysis

Mixed model analyses of variance (ANOVA) were performed for all the assays. Replicate population means were used for testing the significance of fixed factors and their interactions in all the analyses. Post-hoc comparisons were done using Tukey’s honest significant difference (HSD) test. Data analyses were carried out on JMP Pro 17. To analyze the fecundity data, 22 days’ total fecundity per female was averaged across vials to obtain replicate population means. ANOVA was performed on replicate population means. Selection and treatment temperature were treated as fixed factors, and replicate population was treated as a random factor nested within selection and treatment temperature. We also analyzed the week-wise fecundity data (weeks 1, 2, and 3) to investigate the effects of selection and treatment temperature on early fecundity, mid-stage fecundity, and late fecundity till 21 days of adult life. A three-way ANOVA was conducted with selection, treatment, and age (week post-eclosion) as fixed factors, with the random factor population replicate nested within all three of these.

For both wet weight and dry weight measurements, the mean weight per fly from each MCT was averaged across eight MCTs to obtain the replicate population mean. ANOVA was performed on replicate population means of individual fly weight, with selection, treatment temperature, and sex being treated as fixed factors. The replicate population was treated as a random factor nested within all three fixed factors. Similar analyses were performed separately for wet weight and dry weight data. The relative water content data were obtained in percentage and therefore were subjected to arcsine-square root transformation to meet the normality assumption of ANOVA. Population means were used for testing the significance of fixed factors such as selection, treatment temperature, sex, and their interactions.






Results



Total fecundity

After evolving at 17°C for 56 generations, KB17 populations did not show any significant difference in total fecundity from KB25 populations (p = 0.1672) (Supplementary Tables 1; 4A, B), but treatment temperature had a significant main effect on fecundity (p = 0.0001) as fecundity was significantly less at 17°C treatment compared to 25°C. However, the interaction of selection temperature and treatment temperature was significant (p = 0.0356), and post-hoc comparisons showed that KB25 populations exhibit a significant drop in fecundity from 25°C to 17°C treatment temperature (p < 0.05), but KB17 populations did not show any significant change between 25°C and 17°C treatment (Figure 1).




Figure 1 | Mean total egg production per female in KB25 and KB17 replicate populations, assayed at 25°C and 17°C. The error bars represent standard error across replicate vials.







Age-specific fecundity

Separate analysis of the week-wise fecundity data showed significant effects of treatment temperature, age (week), and interaction of treatment temperature and age (p < 0.0001, for all three effects) (Supplementary Tables 2; 4A, B). The 17°C treatment reduced the overall fecundity compared to 25°C (Figure 2). Pooled over treatments and selection regimes, post-hoc comparisons showed that fecundity was significantly higher during the first week compared to weeks 2 and 3 (p < 0.05). However, the interaction of treatment temperature and age showed that fecundity declined significantly across weeks only in the 25°C treatment. In contrast, fecundity did not differ significantly across weeks in the 17°C treatment. The main effect of selection and its interactions was not significant for the week-wise fecundity data (Figure 2).




Figure 2 | Mean daily egg production per female of (A) KB25 and (B) KB17 populations, assayed at 17°C and 25°C. The error bars represent standard error across replicate populations.







Wet weight

After 63 generations of selection at 17°C, the wet weight of the flies was strongly affected by selection temperature, treatment temperature, and sex (Figures 3A, B). Overall, the flies of KB17 populations were significantly heavier than their counterparts from KB25 (p = 0.0093), and the flies reared at 17°C had significantly greater wet weight than those reared at 25°C (p < 0.0001) (Supplementary Table 5). Females had significantly greater wet weight than males (p < 0.0001) (Figures 3A, B). Fixed factor interactions were not significant (Supplementary Table 3).




Figure 3 | Mean wet weight of individual (A) male and (B) female fly at eclosion, mean dry of individual (C) male and (D) female fly at eclosion, and mean relative water content per (E) male and (F) female fly at eclosion, in KB25 and KB17 populations, reared at 25°C and 17°C. The error bars represent standard error of the three replicate population means.







Dry weight

The dry weight of the flies was strongly affected by treatment temperature and sex, but not selection temperature (Supplementary Tables 3, 5). Flies reared at 17°C had significantly greater dry weight than those reared at 25°C (p < 0.0001) (Figures 3C, D). Females were significantly heavier than males across conditions (p < 0.0001). Two-way interaction between treatment and sex (p < 0.0001) and three-way interaction among selection, treatment, and sex were significant (p = 0.025) (Supplementary Table 3). Both males and females of the KB25 population and females of the KB17 population had 44% to 47% greater dry weight at 17°C than at 25°C. However, KB17 population males had only 24% increase in dry weight in the same thermal range (Figures 3C, D).





Relative water content of the flies

For water content per unit wet weight of flies, the main effects of selection temperature and treatment temperature were significant (p = 0.0031 and p = 0.0001, respectively) (Supplementary Tables 3, 5; Figures 3E, F). The two-way interactions between selection temperature and treatment temperature and between sex and treatment temperature were significant (p = 0.0083, for both interactions) and so was the three-way interaction among selection, treatment temperature, and sex (p = 0.0303). KB25 males and females had significantly less water content (68%–69%) when reared at 17°C compared to 25°C (71%–72%) (p < 0.05). Similarly, KB17 females had significantly less water content (69%) when reared at 17°C compared to 25°C (73%) (p < 0.05), but KB17 males did not show a significant change in relative water content when reared at 17°C vs. 25°C (72%–73%) (Figures 3E, F). Consequently, the relative water content of KB17 and KB25 males was not significantly different at 25°C, but it was significantly higher in KB17 males than KB25 males at 17°C (p < 0.05).






Discussion



Evolution of fecundity

Cold temperature reduced the pooled fecundity of the two selection regimes, but the interaction of selection and treatment temperature revealed that the impact of cold treatment on the fecundity of warm- and cold-evolved flies was different. The control groups, i.e., the warm selection lines, suffered a significant decline in fecundity when assayed at cold temperature, in comparison to their fecundity in warmer conditions. In contrast, the cold selection lines did not suffer any significant reduction in fecundity at cold treatment temperature compared to the warm treatment. For D. melanogaster rearing, 25°C is the laboratory optimum, and the findings from our control populations show that 17°C represses their fecundity, as observed in numerous previous studies (Nunney and Cheung, 1997; Klepsatel et al., 2019; Mołoń et al., 2020). However, the cold-selected populations seem to have evolved the ability to withstand cold, such that cold temperature does not cause a significant reduction in their egg production. This clearly indicates that the cold-evolved flies have adapted to cold as a result of selection. The sustained fecundity of the cold-adapted flies transitioning from warm to cold environments, an attribute not observed in the warm-evolved controls, hints at an evolved ability to neutralize the cold’s suppressive effect. There could be various possibilities, such as a) cold perception that potentially modulates egg production might have diverged in the two selection lines or cold tolerance might have improved in cold selected flies, and/or b) cold selection might have led to bigger flies such that an increased size buffers against the repressive effect of cold on fecundity, as body size and fecundity are positively correlated in flies (Pitnick, 1991; Lefranc and Bundgaard, 2000; Flatt, 2020). There was a main effect of selection temperature on the wet weight of flies in our study, indicating that KB17 flies had evolved a higher wet weight compared to KB25. This could be one of the factors contributing to an increased fecundity of cold-evolved flies, while there could be possible alternative or additional mechanisms accounting for their thermally canalized fecundity. We also evaluated the progeny survivorship in a later generation (gen 78) and found no significant effect of selection, treatment temperature, or their interaction on the trait (Chattopadhyay et al., unpubl. data). This indicates that the different effects of cold temperature on the reproductive output of warm- and cold-selected populations were primarily exerted through an effect of cold on egg production and not through progeny survivorship.





Comparison of different thermal selection studies

Interestingly, one study conducted by the research group of Mauro Santos involved the selection of Drosophila subobscura populations at 13°C, 18°C, and 22°C for over 4 years. In this study, warm-adapted populations showed greater net fitness at all three test temperatures, while cold-adapted populations had low fitness in the warm environment (Santos, 2007). On the other hand, in a thermal selection study under laboratory conditions conducted by Linda Partridge’s research group, cold-adapted populations of D. melanogaster lived longer and laid more eggs compared to warm-adapted flies, at their maintenance temperature, i.e., 18°C (Partridge et al., 1995). Similarly, the warm-adapted flies (25°C) lived longer and laid more eggs than warm-adapted flies when tested at 25°C. Thus, while our study suggests “colder is better,” Santos’ work suggests “warmer is better,” and Partridge’s findings indicate the existence of a trade-off between adaptation to cold vs. warm environments. The contrasting findings from the different studies suggest that thermal adaptation may manifest diverse evolutionary patterns as it can vary across populations and species.





Age-specific fecundity pattern

Apart from total fecundity, our study revealed a noticeable impact of treatment temperature on the age-specific pattern of fecundity. The distribution of fecundity along the age axis in wild-caught Drosophila and those maintained in the laboratory tends to be positively skewed. A triangular shape of the lifetime fecundity distribution characterized by an early peak is a typical feature of iteroparous insects (Dixon and Agarwala, 2002). This peak has been shown to be triggered by the onset of mating in flies (Modak, 2009). In our study, the typical early-life spike in fecundity was observed at 25°C treatment, which also coincides with the age of egg collection in our fly populations. Surprisingly, we did not observe such a spike at the 17°C treatment for either of the selection lines, which suggests that the early-life fecundity spike may not be canalized across conditions and can be absent in colder environments. When flies were reared and assayed at 25°C, fecundity was the highest during the first week, after which it showed a gradual decline during weeks 2 and 3. At 17°C, in contrast, the pooled fecundity did not differ across 3 weeks, and the data rather show a somewhat moderate steady fecundity level at 17°C throughout the duration of the assay, which is different from the pattern observed at 25°C. These differences between the 25°C and 17°C treatments can be suitably explained by the lifespan of the flies at the said temperatures. Cold temperature increases the lifespan in flies, and a trade-off between lifespan and reproductive output is well-documented in evolutionary biology (reviewed in Prasad and Joshi, 2003). In conjunction with the existence of this trade-off, flies appear to maintain a relatively steady yet reduced egg production throughout their entire lifespan at cold temperature. In contrast, at warm temperature, flies lay a maximum number of eggs early in life which subsequently dwindles to a lesser egg output for the remaining part of their lifespan. The strategy at cold temperature seems to be conserving resources, facilitating a prolonged lifespan and an extended period of egg production. The energy needs to support a longer lifespan perhaps do not allow flies to exhaust too much resource early in life. The age-specific fecundity pattern, therefore, may correspond to the energy need of the flies to live and reproduce during their respective lifespans at warm vs. cold conditions. It was observed that this temperature-dependent age-wise fecundity pattern remained unaffected by selection. However, it is important to note that in our cold selection regime, neither a long lifespan nor a consistent egg output throughout the lifespan was relevant to fitness, because similar to KB25, eggs for the next generation were collected from KB17 populations on the 4th–7th day of adult life. It is possible that a somewhat flat pattern of fecundity as a plastic response to cold environmental temperature is hardwired in flies. Whether continued cold selection in which a) only early-life fecundity is favored and b) a longer lifespan is not relevant to fitness can alter this pattern can be potentially investigated in these populations in the future. It is important to note that some flies from the KB25-1 and KB25-3 populations approximately days 8–9 laid a large number of eggs that led to a smaller second peak in the daily fecundity pattern (Figure 2). In the MB populations and their ancestor JBs, eggs were collected after 10–12 days of eclosion, which led to the evolution of a subsidiary peak at that age (Prasad and Joshi, 2003). We speculate that the small second peak observed in the KB25 populations could be a result of their evolutionary history. However, it was not found in KB17 populations.





Evolution and plasticity of body size and relative water content

Cold temperature of 17°C led to greater wet weight of flies both at plastic and evolutionary levels. Dry weight on the other hand was influenced only by the treatment temperature implying the plastic influence of cold temperature, but it remained unaffected by cold selection. Females being heavier than males under all conditions is expected and hence does not require much discussion. As revealed by the interactions of selection temperature, treatment temperature, and sex, KB17 males showed significantly less thermal plasticity of dry weight compared to KB17 females and KB25 flies. While cold vs. warm selection did not alter wet weight plasticity, this indicates that cold selection however lowered the dry weight plasticity, albeit only in male flies. At present, it is not very clear why cold selection led to reduced plasticity of the dry weight, albeit only in the male flies. In future generations, investigating how body weight plasticity evolves further may reveal some more details about this trend. Male Drosophila take a longer time to develop, yet they are smaller and lighter than females. Flies become sexually mature and start mating within a few hours of eclosion, and it is suggested that the reproductive maturation of males takes more time than that of females, accounting for the longer development time of the former (reviewed in Prasad and Joshi, 2003). How the development time difference of the two sexes fares across the two selection regimes and treatments would be worth investigating, in order to gain more insight about the reduced size plasticity observed only in cold-evolved males.

Apart from the weights, the trend observed for relative water content was interesting. KB25 flies as well as KB17 females had a plastic reduction in relative body water content when developing in cold temperature. Some earlier studies suggest that a reduced body water content may be a sign of cold tolerance in insects in freezing temperatures as it may help to reduce the damage caused by water crystal formation (Worland, 1996). However, it is not clear why flies would have a lower water content at a tolerable cold temperature like 17°C than at a warmer temperature of 25°C. Given that both KB25 flies and KB17 females showed a small but significant reduction in relative water content when developing at 17°C, this could be common in Drosophila, but that KB17 males instead evolved the same body water percentage across 25°C and 17°C is surprising. Whether or not these flies have evolved a different metabolism, retaining more water at cold temperatures compared to the females of their population and the ancestral flies from which they have evolved, would be worth investigating in the future. Our work thus indicates that the cold-evolved males have diverged from the warm-evolved populations both in terms of thermal plasticity of dry weight and relative body water content.

To sum up, we show that while cold temperature suppresses the reproductive output of D. melanogaster, prolonged cold selection can lead to improved egg production in cold temperature, showing clear evidence of adaptation to the cold environment. The fecundity of the cold-evolved flies also remained unaffected under warm conditions. Therefore, compared to warm-adapted populations that suffer a significant decrease in egg production from warm to cold conditions, cold-adapted populations evolved fecundity levels that were less thermally plastic or more canalized. We speculate that the evolution of canalized or more consistent fecundity levels across environmental conditions can potentially aid in range expansion of a species. While for some traits phenotypic plasticity may aid in adaptation, for others, canalization might be more adaptive. In addition to fecundity, we found that male flies of cold-selected populations evolved reduced plasticity of dry body weight and relative body water content. Future studies exploring the connections between weight, body composition, temperature, and metabolism can potentially help us understand the significance of the evolution of low plasticity in these traits.
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