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Understanding the life history strategy of organisms is key to predicting their population dynamics. The population of scyphozoan jellyfish has displayed an increasing trend in recent decades, yet its life history strategy is not fully understood. To interpret the reproduction strategy of scyphozoan jellyfish from an evolutionary ecology perspective, we dissected 10 asexual generations of Aurelia coerulea polyps to investigate the relationships between transgenerational effects on their budding reproduction and strobilation. Our results reveal that a polyp’s average budding reproduction rate declined 32.82% through asexual generations within the experimental time. Furthermore, a longer culture duration counteracted the transgenerational effects on budding rates and strobilation afterward. Thus, this effort provides insight into the necessity of sexual reproduction in organisms involving a metagenic life cycle, i.e., to renew the asexual reproduction ability of a population. Besides this, we suggest taking note that it is necessary to know the “asexual age” of polyps when performing experimental studies and mathematical modeling to explore their population dynamics. Our results also present a valuable data set to interpret the evolution of the scyphozoan jellyfish’s life history strategy under multifactorial environments.
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Introduction

Life history strategies of organisms have important implications from both evolutionary and demographic points of view; therefore, they have attracted many biologists’ attention (e.g., Partridge and Harvey, 1988; Llodra, 2002; Biro and Stamps, 2008). Reproduction is a key life history trait that determines the survival of a species that allows parental generation to produce offspring sexually or/and asexually (Combosch and Vollmer, 2013; Subramoniam, 2018). It plays a critical role in regulating an organism’s population dynamic and genetic inheritance.

Many aquatic invertebrates are capable of both sexual and asexual reproduction in their life history (Subramoniam, 2018). The moon jellyfish Aurelia spp. are cosmopolitan and common bloom-forming species, yet its reproductive strategy is not fully understood. In recent decades, jellyfish have drawn increasing attention in the light of global warming because of their occasional aggregations that have caused significant ecological and socioeconomic impacts (Condon et al., 2013; Tiller et al., 2017; Fuentes et al., 2018). The moon jellyfish exhibits a metagenic life cycle (Arai, 1997), involving a benthic polyp stage and a pelagic medusa stage (Figure 1A). The metagenic life cycle makes Aurelia spp. model organisms gain insights into the evolutionary development of its life history strategy. Yet the prediction of the rise and fall of jellyfish outbreaks remains challenging, regarding which attributes pertain to their complex life history. Though many efforts have been spent on explaining their population fluctuation, most studies examine polyps in response to environmental cues in a single or unknown asexual generation (e.g., Schiariti et al., 2015; Hubot et al., 2017; Treible and Condon, 2019). In addition, the modeling prediction often assumes polyps reproduce asexually at a constant rate along with time and through different asexual generations (e.g., Hočevar et al., 2018). To date, transgenerational effects are barely explored in scyphozoan polyps. But, in a recent study, transgenerational acclimation was found that may benefit invasive jellyfish species by facilitating budding reproduction under experimental conditions (Lu et al., 2020). Nevertheless, the long-term transgenerational effects on the asexual reproduction of polyps have not been explored.




Figure 1 | (A) Life cycle of Aurelia spp. and (B) the experimental design, consisting of 10 asexual generations and 72 replicates. Each experimental unit contained one polyp.



Besides the transgenerational effects on polyp population dynamics, getting insight into the energy allocation and shifts between different reproduction modes is a comprehensive understanding of their life history (Lucas, 2001). Strobilation that leads to ephyra production is a benthic-pelagic coupling process in the moon jellyfish’s life cycle. It is the key process of phase transition from the benthic polyp to the pelagic medusa stage and shifts to sexual reproduction afterward. The success of strobilation directly determines the recruitment of the medusae population (Lucas et al., 2012). From an evolution and ecology perspective, the shifting from budding reproduction to strobilation in the moon jellyfish is allowing polyps to escape the unfavorable environmental conditions to expand their habitat and improve genetic diversity through sexual reproduction (Sun, 2012; Gerber et al., 2018). However, less attention has been paid to understanding the transgenerational effects on energy allocation and mode shifting during this process. It is noteworthy that, even in the same treatment of an experimental study, usually not all of the polyps can strobilate (e.g., Treible and Condon, 2019; Loveridge et al., 2021). Similarly, in a field polyp population, strobilation observed about a 63% shift to the pelagic stage via strobilation (Purcell et al., 2009). As the polyps were cultured or lived under the same environmental conditions, the potential transgenerational difference draws our attention and might determine which polyp could strobilate and enter its pelagic stage.

In this study, we aim to interpret the life history strategy of scyphozoan jellyfish from an evolutionary ecology perspective. To dissect the relationships between transgenerational effects and reproduction traits, we capitalize on polyps of the moon jellyfish Aurelia coerulea in 10 asexual generations under the microcosm of experimental conditions. The experiment lasted for 56 weeks, and it was conducted under three mimicked temperatures and excess food conditions. This effort provides unique insight into the understanding of asexual reproduction as well as the trade-offs in life history strategy in scyphozoan jellyfish.



Materials and methods


Study organism

Polyps used in this experiment originated from matured medusae that were collected in August 2019 from the pier of Yangma Island, China (37°26’43” N, 121°34’27” E). Planula larvae collected from the oral arms of several ripe female medusae were mixed. Every 20 planula individuals were randomly allocated to each well of 12 pieces of six-well polycarbonate culture plates, thus making up 72 replicates. All the research units were filled with filtered (20 μm) seawater. All plates were maintained at 20°C ± 1°C under darkness and ensured by a temperature-controlled incubator for a week. During this period, no water exchange and no feeding were performed. When planula larvae metamorphosed into polyps, only the single most healthy polyp was left in each research unit, and others were removed using forceps. The remaining polyps in the experimental units were treated as the mother polyps (G0). They were maintained in the initial conditions at 20°C and fed newly hatched Artemia sp. nauplii in excess three times a week. The seawater was renewed before each feeding.



Experimental setup

We defined the “asexual generation” of polyps for the experiment in the case of budding reproduction. When a new bud was generated by vegetative budding, stolon formation, or pedal laceration, etc., it was treated as the offspring of the mother polyp. We cultured 10 asexual generations of each polyp to test their reproduction traits. To keep their same genetic background, 10 asexual generations of polyps in each replicate originated from the same mother polyp. To achieve the target, the mother polyps were cultured for two weeks till more than 10 buds were generated. The 10 most healthy buds confirmed to be the first asexual generation (G01) of the mother polyp were selected and randomly transferred to each of 10 prepared experimental units. One of them was labeled as G01, and its reproduction performance was quantified and recorded from the time when it was transferred. The other units were labeled as G02 to G10. To achieve the other target asexual generations, when a new bud was generated, the old one was removed. The process was repeated till the newly generated polyp reached the aimed generation (Figure 1B). For example, for the G02 group, when the polyp generated a new bud, the old one (G01) was removed, and the asexually reproduced new bud made the target G02 polyp and so forth for the other generations. Their reproduction data were collected when each targeted generation was achieved. The procedure was replicated 72 times, thus resulting in 720 research units in total (Figure 1B).

The experiment consisted of three temperature levels, 20°C, 13°C, and 5°C, representing the common summer, late autumn/early spring, and winter temperatures in the study area, respectively. The chosen temperatures fit the polyp’s budding, strobilation, and overwintering tolerance range (Chi et al., 2019). The target temperatures were achieved by increasing or decreasing 1°C d-1 from the previous temperature, following the temperature variation protocol as follows (Figure 2A). After most polyps (more than 70%) in the G10 group achieved the target asexual generation, polyps were cultured at 20°C for eight more weeks for collecting their budding reproduction data. Then, the temperature was decreased and increased to 13°C to mimic the temperature variation before and after overwintering (5°C). The final temperature was raised to 20°C to represent the average temperature condition in the next summer. During the experiment, polyps were fed with newly hatched Artemia nauplii in excess of three times a week. The research units were cleaned, and the water was renewed with filtered (20 μm) seawater maintained in the same incubator before each feeding. The experiment lasted for 56 weeks (w01~w56).




Figure 2 | (A) Time series of temperature change protocol, (B) bud production rate variations of polyps in each asexual generation over time (mean ± se), and (C) accumulative strobilation rate during the experiment.





Data collection

Each polyp’s status was checked before each water exchange and feeding performance; polyps that had decomposed were recorded as dead, and their data were not included in the analyses. Reproduction data were collected once a week. When signs of strobilation occurred, they were recognized as strobilae. Strobilation rates were calculated based on the number of vital surviving polyps. Ephyra production of each strobila was also recorded and quantified.



Statistical analysis

Data were checked for outliers, homogeneity, and collinearity in both response and explanatory variables before applying statistical models (Zuur et al., 2010). Following our research aims and hypotheses, generalized linear models (GLMs) were used to analyze the response variables, namely, survival, budding reproduction, strobilation rate, and ephyra production, respectively. The explanatory variables, transgeneration, temperature, and experimental time were included in the GLMs. Optimum models were selected by applying a stepwise backward method via an Akaike information criterion index (Zuur et al., 2009). The count data, including bud and ephyra production, were fitted in a Poisson family distribution, and survival rate and strobilation rate were fitted in a binomial family distribution. All data visualizations and statistical analyses in this study were conducted using R software (R Core Team, 2021).




Results


Time series of budding reproduction and strobilation overview

At the end of this experiment, 29 out of 720 (c.a. 4%) polyps died, and the final survival rate did not differ in transgenerations (GLM, χ2 = 15.42, df = 9, p = .08).

In general, budding reproduction was affected significantly by polyps’ asexual transgeneration, temperature, and experimental time (Table 1). Interestingly, the asexual transgeneration effect on budding reproduction at 20°C has not been detected since experimental time w23 (GLM, χ2 = 6.95, df = 9, p = .64, Figure 2B) nor when the temperature changed afterward. At 20°C, there was a steady increase in budding reproduction rates (BRR) of all polyps before they reach the maximum values; after that, their reproduction rates dropped along with time (Figure 2B). The BRR declined to similar values (1.75 ± 1.18 inds·polyp-1·week-1, mean ± sd and thereafter) at the end of the first 20°C period (w28, Figure 2B). After that, the BRR of polyps did not differ between asexual generations but varied with temperature changes (Figure 2B). Following the temperature decrease, BRR continuously declined during the mimicked late autumn (the first 13°C) and overwintering (5°C) period. It is noteworthy that the BRR followed a bell-shaped line during the mimicked spring (the second 13°C) period. The BRR reached the minimum values at the beginning and the end of the second 13°C period at experimental time w40 and w46 with the minimum values of 0.074 ± 0.032 inds·polyp-1·week-1. When the temperature was raised to 20°C again, the BRR recovered to similar values at the end of the first 20°C periods, but they cannot reach the previous maximum values during another 8 weeks of culture (Figure 2B).


Table 1 | Statistical outputs from GLMs selected by a stepwise backward method on budding reproduction overall and during the first 20°C period.



Strobilation of polyps occurred 2~3 weeks after the temperature shifted to 13°C before and after overwintering (5°C). About 14.6% of polyps strobilated during the first 13°C period before overwintering, and 83.2% of polyps strobilated in total at the end of the experiment, among which 8.7% of polyps strobilated twice. Asexual transgeneration was not found to significantly affect strobilation rate (GLM, χ2 = 6.67, df = 9, p = .67).



Effects of transgeneration on budding reproduction

To compare bud production rates between asexual generations, we standardized the starting time of each generation from the time when the target asexual generations were achieved. As Figure 3A shows, there is a significant difference in BRR of polyps through asexual generation and over time (Table 1). The BRR of all polyps in each asexual generation followed a bell-shaped curve, which increased once they were generated and decreased after they reached maximum values. As shown in Figure 3B, the maximum BRR decreased through asexual generations from G01 to G10 (GLM, χ2 = 86.3, df = 9, p <.01). Besides this, when comparing the average BRR during the first 20°C periods (Figure 3C), it generally declined with generations (GLM, χ2 = 27.13, df = 9, p <.01) except for the first generation. The average BRR declined from 3.23 ± 0.60 inds·polyp-1·week-1 in G02 to 2.17 ± 0.80 inds·polyp-1·week-1 in G10, which dropped 32.82% during the 20°C period.




Figure 3 | (A) Standardized bud production of polyps in 10 different asexual generations over time (mean ± se), (B) the maximum bud production in different asexual generations, and (C) the average bud production in different asexual generations.



The BRR finally declined to 0.55 ± 0.66 inds·polyp-1·week-1 when the temperature decreased to 13°C (Figure 4A), and it was not significantly different through transgenerations (GLM, χ2 = 3.04, df = 9, p = .96). During the overwintering period, the average BRR ranged from 0.213 ± 0.029 inds·polyp-1·week-1 to 0.30 ± 0.028 inds·polyp-1·week-1 (Figure 4B, GLM, χ2 = 1.59, df = 9, p = .996). When the temperature increased to 13°C again, the average BRR ranged from 0.246 ± 0.025 inds·polyp-1·week-1 to 0.341 ± 0.024 inds·polyp-1·week-1 (Figure 4C, GLM, χ2 = 2.11, df = 9, p = .99). When the temperature increased to 20°C, which mimicked the next summer, the BRR did not recover the maximum values during the first 20°C periods. It varied between 0.84 ± 0.087 inds·polyp-1·week-1 and 1.14 ± 0.088 inds·polyp-1·week-1 (Figure 4D), which was not significantly different between asexual generations (GLM, χ2 = 7.71, df = 9, p = .56).




Figure 4 | Bud production with temperature variation. (A) temperature at the first 13°C in mimicked autumn, (B) temperature during overwintering at 5°C, (C) temperature at the second 13°C in mimicked spring, (D) temperature at the second 20°C in mimicked the next summer.



At the end of this experiment, the G01 polyps produced the most buds with 99.93 ± 21.9 inds·polyp-1 on average, and the G10 polyps produced the least buds with 37.94 ± 12.53 inds·polyp-1 on average.



Effects of transgeneration on strobilation

In this study, strobilation occurred twice, i.e., before and after overwintering (Figure 2C). Polyps started strobilation 3 weeks after the temperature decreased to 13°C before overwintering and 2 weeks after the temperature increased to 13°C when going through overwintering.

As presented above, the strobilation rate was higher in the second strobilation than that in the first strobilation. Strobilation was paused during overwintering (5°C) and stopped 2 weeks after the temperature increased to 20°C. At the end of the experiment, ephyra production of each strobila was 15.86 ± 6.49 inds·polyp-1 on average. However, the fate of strobila was different in the two strobilation periods. From our observation, there was a strong trend of deformities when strobila experience an extremely low temperature of 5°C, whereas most strobilae can finish strobilation and release ephyrae successfully when the temperature increased from 13°C to 20°C. Interestingly, we also observed that several polyps that just showed signs of strobilation at the final 13°C period shifted to polyp mode when the temperature increased to 20°C, rather than metamorphosing into strobilae.




Discussion

The benthic polyp is recognized to be the key life stage regulating the population dynamics of scyphozoan jellyfish in the field (Lucas et al., 2012; Fuchs et al., 2014). Our results highlight the transgenerational effects on the asexual reproduction strategy of polyps. It reveals that budding reproduction rates of polyps declined through transgeneration and along with time. However, polyps from different asexual generations ended with similar reproduction rates after a long-run experimental culture. Although transgenerational effects were not detected significantly affecting strobilation in the current study, we suggest further in situ studies be performed to verify polyps’ reproduction strategy under fluctuating and multifactorial environmental conditions.


Transgenerational effects on asexual reproduction of scyphozoan jellyfish

Budding is one of the asexual reproduction modes of many invertebrates (Molnar and Gair, 2015). Temperature and food conditions were recognized as the main environmental factors regulating bud production of scyphozoan jellyfish (Amorim et al., 2018; Treible and Condon, 2019; Loveridge et al., 2021). Besides environmental factors, our results highlight the importance of transgenerational effects on budding reproduction and the variable budding reproduction rates along with time. Given the moderate temperature and excess food supply conditions, the budding reproduction of jellyfish polyps varies in two dimensions. First, the mother polyps and their daughter polyps are not equal; their budding reproduction rates declined through asexual transgeneration. Moreover, in all asexual generations, their budding reproduction rates varied with time and finally declined to similarly low levels. These results suggest that the physiological conditions of polyps are affected not only by environmental conditions but also by their “asexual age.” Under this circumstance, we suggest considering the “asexual age” of scyphozoan polyps in two aspects: (i) the age of the polyp sexually developing from a planula and (ii) the age of the polyp asexually budding from a mother polyp.

More interestingly, we found the transgeneration effect on budding reproduction rates disappeared after long-term experimental culture under the same environmental conditions as well as when temperature varied afterward. The budding reproduction rates did not recover when the temperature increased to the initial values. It implies that only the “new” polyps recruited from summer via sexual reproduction can reach the maximum budding reproduction rate. For a polyp population from permanent laboratory culture, the budding reproduction rates in mixed asexual generations cannot reach the maximum values of the new recruited population. For example, for those experiments applying polyps with mixed asexual generations under the same temperature (20°C) and food supply condition (excess Artemia nauplii), the budding reproduction rate exhibited 0.27 inds·polyp-1·day-1 in the North Sea population (Chi et al., 2019) or 0.25 inds·polyp-1·day-1 in the Adriatic Sea population (Hubot et al., 2017). These results are equivalent to the low values after long-run experimental culture in the current study. Therefore, to predict polyp population dynamics, the transgenerational effects on budding reproduction rates together with multifactorial environmental factors should be taken into account. For future experimental studies to explore polyps’ budding reproduction, it is necessary to know their “asexual age”.

Strobilation is suggested to be a strategy in response to physiological stress when polyps encounter unfavorable conditions, e.g., low temperature and food scarcity (Lucas et al., 2012; Treible and Condon, 2019; Loveridge et al., 2021). The optimum temperature for strobilation of Aurelia sp. in temperate regions ranges from 13°C~15°C (Lucas et al., 2012). Thus, there are two opportunities for polyps to fit their optimum temperature ranges of strobilation annually in the field, i.e., when temperatures decrease from summer to late autumn and when temperatures increase from winter to early spring. This is confirmed in our results as well as in a field observation (Marques et al., 2019). However, the strobilation rate of these two strobilation processes is significantly different. Our result implies that the second strobilation event after overwintering is the main process to recruit pelagic medusae in temperate regions. It is in line with one of our field observations in Kiel Fjord, Germany (Chi et al., unpublished). However, because of the widely distributed Aurelia spp. populations, the strobilation of polyps might show site-specific strobilation patterns (Lucas et al., 2012). For example, in the Mediterranean Sea, it was observed that there was a significantly higher strobilation rate that occurred in November than that from February to April (Marques et al., 2019). In addition, we found the state of ephyrae and strobilae varied during the temperature transformation period. There were more deformities when the temperature shifted from 13°C to 5°C than that from 13°C to 20°C. Thus, the fate of ephyrae produced before overwintering should be further investigated as they will encounter severe low temperature and food scarcity conditions during overwintering.

In addition, there is no evidence of transgenerational effects on strobilation in the current study. A possible explanation is that those polyps have adapted to moderate temperature and sufficient food conditions after a long-run culture, thus maintaining similar physiological situations. However, it should be taken into account that the duration for polyp acclimatization in the field is not too long because the new polyp population is established. They might be in different physiological conditions when temperature shifts to the first strobilation tolerance range. Thus, we suggest the transgenerational effect on polyps’ strobilation and whether it contributes to its mode shifting should be further studied under in situ conditions.



Energy allocation between different reproduction modes

Trade-offs play a central role in the evolution of life history strategy (Zera and Harshman, 2001; Smallegange, 2016). In our study, trade-offs between somatic growth and reproduction as well as between different reproduction modes were observed. Besides supporting the somatic growth of each newly generated bud, the excess food supply enables sufficient energy allocated to budding reproduction. When shifting to the strobilation temperature range, budding reproduction was limited; energy tended to be allocated to strobilation and ephyrae. Whereas during overwintering, the extremely low temperature inhibited both budding reproduction and strobilation, polyps grow to larger sizes and tend to stay in low metabolism activities (Han and Uye, 2010; Chi et al., 2019).

It is worth noting that a bell-shaped curve of budding reproduction rate was observed when the temperature rose to 13°C after overwintering. It seems that, to trigger strobilation of polyps, not only is “nutritive preparation” required (Thiel, 1962), but also the “time preparation” at the appropriate temperature range is needed. When the temperature shifted from 5°C to 13°C, the energy was first allocated to budding reproduction, which displayed a temporary increase in bud production rates. After two weeks under 13°C, strobilation was triggered, meanwhile, their budding reproduction rates declined. Afterward, the situation of energy allocation between budding reproduction and strobilation was altered again when the temperature was raised to 20°C. From this point of view, the sensitive threshold of the reproduction strategy of polyps to seasonal temperature variation is about 2~3 weeks. Therefore, following temperature and food supply variations in the temperate field conditions (Sommer et al., 2012), the annual life cycle of jellyfish involves sexual reproduction, major and minor budding reproduction, and strobilation. The total energy budget is allocated as a trade-off between survival and different reproduction modes (Figure 5). Thus, in light of future global warming, a long period of warm winter potentially contributes to a large polyp population and recruits more pelagic medusae once strobilation is triggered.




Figure 5 | A speculative scheme for trade-offs of energy allocation in Aurelia sp. life history with seasonal temperature and food variations.





Ecological implications

Jellyfish polyps are capable of tolerance to a wide range of environmental conditions, the plasticity of their life history strategy enables them to respond to seasonal environmental variations via shifting between different reproduction modes (Chi et al., 2019). From evolutionary and ecological implications, the moon jellyfish develops a metagenic life cycle that possesses a mixed strategy of asexual propagation and sexual reproduction. Polyps developing from planulae rapidly expand population size via asexually budding reproduction when settling in a new habitat. From a general perspective, the energy investment in asexual reproduction is typically lower than that required for sexual reproduction (Sebens, 1979), and it avoids the “twofold cost of male” (Smith and Maynard-Smith, 1978; Shuo et al., 2020). Thus, asexually budding seems to be the more efficient and advantageous reproduction strategy of jellyfish in terms of converting resources into offspring compared with sexual reproduction. However, our results highlight that the reproduction rate of asexual budding is not always constant even under the same environmental conditions. The reproduction rates decrease with time once they reach the maximum values and decline through asexual generations, which seems to be “asexually aging” in polyps. Therefore, asexual reproduction is not always an efficient reproduction strategy for scyphozoan jellyfish.

When budding reproduction declines, strobilation is the process for jellyfish to transition from benthic to pelagic life stages, which is a mechanism for persisting under harsh and unpredictable environments (Schiariti et al., 2014). The following sex reproduction enables more evolutionary advantages in genetic recombination and maintains genetic diversity (Nei, 1967; Barton and Charlesworth, 1998; Hartfield and Keightley, 2012). Besides contributing to genetic recombination, from our results, another advantage of sexual reproduction is to recover polyps’ asexual budding ability. Thus, in the case of Aurelia spp., the actual costs of sex are reduced by intermittent sexuality, i.e., a series of asexual generations followed by an occasional sexual generation. During this process, there are two opportunities for polyps to adapt to the new environment, i.e., polyps produced by budding reproduction (Lu et al., 2020) and polyps produced by sexual reproduction. Thus, from an evolutionary perspective, the long survival of the jellyfish population is attributed to the complexity and plasticity of their life history under fluctuating and multifactorial environmental conditions, which also is the attribution to the challenge to predict their occasional population outbreaks.

We suggest that special attention should be given to the experimental conditions. To be comparable with the most published results, we also supplied polyps with Artemia sp. as food. However, the lack of essential nutrients, such as highly unsaturated fatty acids in this very common experimental food, may cause bias in polyps’ budding reproduction (Chi et al., 2019), not to mention the interaction with other environmental cues such as light, salinity, etc. Thus, further studies should be performed to investigate the transgenerational effects on polyp’s asexual reproduction under in situ conditions. Anyhow, the asexual age of polyps plays an essential ecological significance in scyphozoan’s metagenetic life history strategy.
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