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Transgenerational acclimation influences asexual reproduction in Aurelia aurita jellyfish polyps in response to temperature
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Abstract: Climate change events and anthropogenic activities (e.g. translocation of non-indigenous species) have been proposed to account for the rise of jellyfish blooms in coastal environments. Bloom-forming scyphozoan jellyfish of the genus Aurelia have successfully invaded new habitats and have caused damaging blooms. In attempting to understand the underlying reasons for their success, researchers have investigated immediate effects of changing environmental conditions (e.g. temperature) on scyphistomae of single/unknown generations, with a particular focus on asexual reproduction. However, it remains unclear how scyphistomae respond to changing conditions over longer time-scales or across generations, and how those responses influence bloom occurrence. Here, we examined the role of transgenerational acclimation in asexual reproduction of A. aurita scyphistomae in a 72 d orthogonal experiment, combining 3 parental with 3 offspring temperatures of 8, 12 and 16°C. The null hypothesis was that the thermal history of the parental (F0) generation will not affect asexual reproduction in the offspring (F1) generation. Our results indicated that, provided with a transgenerational temperature change, parent scyphistomae do modify the reproductive output and timing of offspring. Scyphistomae from ‘cold’ (8°C) parents displayed the greatest reproductive output (2.86 buds per scyphistoma) and earliest budding commencement (23.86 d) at warm temperature (16°C). Scyphistomae from ‘warm’ (16°C) parents displayed the greatest reproductive potential (2.63 buds) at medium temperature (12°C). Cold temperature (8°C) caused considerable inhibition of asexual reproduction in offspring scyphistomae, independent of the parental thermal history. Transgenerational acclimation may benefit potentially invasive jellyfish species by facilitating asexual reproduction and subsequent bloom events, facing climate-related and/or human-induced changes in the global marine environment.
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1.  INTRODUCTION

As a critical component of marine biota (Hays et al. 2018), jellyfish populations that fluctuate periodically and often predictably are a natural feature of a healthy pelagic ecosystem (Graham et al. 2001). However, more spatially severe and temporally frequent outbreaks or blooms have been reported in some, but not all, regions of the world (Dong et al. 2010, Uye 2011, Condon et al. 2012), several of which have resulted in potentially deleterious interactions with fisheries, tourism, and other human industries (Graham et al. 2014, Bosch-Belmar et al. 2017). While climate change events (Attrill et al. 2007) and human-induced causes, such as over-fishing (Lynam et al. 2011), eutrophication (Arai 2001), translocation (Bayha & Graham 2014) and marine urbanisation (Makabe et al. 2014, Vodopivec et al. 2017), have been proposed to account for recurrent jellyfish blooms (see Kogovšek et al. 2018), robust quantitative evidence is often lacking (Pitt et al. 2018). In addition, the abundance of jellyfish populations often exhibits significant seasonal, inter-annual and decadal differences (Condon et al. 2013, Decker et al. 2014, Hosia et al. 2014), depending on scales of observations, making the possible causes even more complicated.

In the marine environment, life-history and behavioural traits that enable large numbers of individuals to be produced quickly, assuming high survivorship through to the adult phase, will predispose a species to form numerically large populations and potentially blooms or outbreaks (Lucas & Dawson 2014). The bloom-forming genus Aurelia, like other members of the Scyphozoa, has a flexible life history, characterized by an alternation between sexual and asexual generations (Arai 1997). The likelihood of anthropogenic introductions of Aurelia may reflect an elastic, flexible life history and ecology as well (Dawson & Martin 2001), allowing it to be potentially invasive (Bayha & Graham 2014). A. aurita is native to the NE Atlantic (Schroth et al. 2002), but the genus Aurelia is also found in Korean waters (Park 2000), the Inland Sea of Japan (Uye & Shimauchi 2005), the northern Adriatic Sea (Malej et al. 2007, Hubot et al. 2017), Chile (Häussermann et al. 2009), the Caspian Sea (Korsun et al. 2012) and many other coastal areas around the world (note that SE Asian and many other populations of A. aurita s.l. are now designated as A. coerulea). Molecular studies coupled with phylogenetic analyses have indicated the presence of as many as 13 locally adapted species of Aurelia worldwide (Dawson 2003, Chang et al. 2016), of which 4 species appear to have been dispersed anthropogenically into distant water bodies (Bayha & Graham 2014). This makes Aurelia an excellent model for studying causes of blooms created by exotic species.

Apart from the capacity for producing direct and/or stolon buds to increase their abundance, scyphozoan polyps can switch flexibly between up to 7 other reproduction modes, e.g. producing planuloid buds, motile bud-like particles, podocysts and free-swimming propagules (Adler & Jarms 2009, Schiariti et al. 2014, Hubot et al. 2017). Relative longevity coupled with the potential to multiply in large numbers, and their capacity to withstand a wide range of adverse environmental conditions, make polyps a vital part of the scyphozoan life cycle. Of all the abiotic cues (e.g. oxygen, food supply, light, salinity) that influence polyp reproduction (Miller & Graham 2012, Dong et al. 2015, Chi et al. 2019, Treible & Condon 2019), temperature appears to exert the greatest impact on polyps in terms of numerical growth rates (Ma & Purcell 2005), survival (Chi et al. 2019) and the timing of strobilation (Fuchs et al. 2014). Furthermore, taking Aurelia sp. as an example, the actual temperature required for peak budding rates of a population shows species- and/or location-specific variability (Schroth et al. 2002, Pascual et al. 2015, Hubot et al. 2017), indicating the occurrence of local adaptation (Lucas et al. 2012). While most studies have examined polyps in response to environmental cues in a single or unknown generation, little is known about the potential influence of conditions experienced by one generation on the growth and reproduction of the next generation.

The conditions experienced by parents can shape the performance of offspring via non-genetic maternal effects (or ‘parental effects’ for effects of a more general class) (Bernardo 1996, Marshall et al. 2008) and/or epigenetic processes (Donelson et al. 2018). This ability, referred to as transgenerational acclimation or plasticity, can act as a key strategy to optimize individual fitness in fluctuating environments (Massamba-N’Siala et al. 2014) and an important mechanism for coping with rapid environmental variations across generations (Salinas & Munch 2012, Donelson et al. 2018). In animal and plant ecology, the terms ‘transgenerational plasticity’ (TGP) as well as ‘parental’ and/or ‘maternal effects’ are usually reserved for sexual reproduction (Latzel & Klimešová 2010). However, mounting evidence indicates that asexually generated offspring can also acquire adaptive phenotypic traits from their ancestor or previous generations (Latzel & Klimešová 2010, plants; Hafer et al. 2011, Collembola; Norouzitallab et al. 2014, Artemia; Garbutt et al. 2014, Daphnia magna; Ye et al. 2019, hydra–algae symbiosis). Here, we use the term ‘generation’ as defined by the physiological individual (Latzel & Klimešová 2010); in the case of budding propagation for scyphozoan polyps, an individual bud is considered as the offspring of the individual parent from which it is derived.

Introduced jellyfish species may possess a particular suite of traits that enhance ‘invasiveness’ and predispose them to exert significant ecological and economic impacts, e.g. in the form of a bloom (Bayha & Graham 2014). Despite the large number of papers on jellyfish blooms in the last decade (see meta-analyses by Condon et al. 2012, Sanz-Martin et al. 2016, Pitt et al. 2018), studies examining the causes of blooms and research on transgenerational acclimation remain poorly integrated (but see Klein et al. 2017 on Irukandji jellyfish polyps). Consequently, we have limited knowledge on how the extrinsic characteristics of current ocean conditions and intrinsic traits of these influential species interact to cause jellyfish blooms in exotic habitats. In the context of rapid climate change and extreme climate regimes occurring on a global scale (IPCC 2018), it is essential to investigate how marine species may respond to predicted environmental conditions via transgenerational studies under a ‘winners and losers’ scenario (Byrne & Przeslawski 2013, Torda et al. 2017).

Here, we aimed to investigate whether TGP exists in the widespread bloom-forming jellyfish A. aurita, and to determine the role this may have in potentially acclimating polyps for predicted (elevated/reduced) thermal conditions. For this purpose, asexual reproductive traits of 2 generations (F0, the mother generation; and F1, the offspring generation) of polyps were tested at 3 temperatures (8, 12, 16°C). Horsea Lake (UK), the source of the medusae used to generate F0 scyphistomae, has a seasonal temperature range of 5.5–22°C (Lucas 1996, Hoehn 2017). According to a 12 mo SCUBA photographic survey in Horsea Lake, asexual budding occurs during the spring to autumn months, peaking at temperatures around 16°C (Hoehn unpublished data). Hence, our experiment was confined to temperatures experienced in the spring and autumn period (i.e. 8–16°C), omitting both the lowest winter and highest summer temperatures when strobilation or podocyst production may dominate. The null hypotheses were that environmental temperature does not affect (1) the asexual reproduction strategy of A. aurita polyps (i.e. reproductive mode and proportion of buds produced by each mode), (2) the total number of buds produced per polyp (i.e. reproduction rates) and (3) the timing (i.e. initiation) of asexual reproduction, when parents were exposed to different temperatures.

2.  MATERIALS AND METHODS

2.1.  Animal origin and acclimation

Scyphistomae of Aurelia aurita used in this experiment originated from reproductively ripe female medusae collected in January 2018 from Horsea Lake, an enclosed, brackish body of water on the south coast of England (50° 83' 68.26" N, 1° 10' 19.11" W), where temperatures range from 5.5°C in February to 22.0°C in August (Lucas 1996, Hoehn 2017). Planula larvae released from the oral arms of several individuals settled on petri dishes and metamorphosed into scyphistomae after 5–7 d. The newly settled scyphistomae were maintained in a plankton kreisel tank for 1 mo at a mid-range temperature of 14°C and fed a diet of 1 d old Artemia nauplii. The water was renewed and scyphistomae were fed 3 times a week. These scyphistomae made up the first acclimated generation (F0).

Three weeks before acclimation, 75 well-fed, healthy scyphistomae with fully developed and extended tentacles were carefully removed from the wall of the kreisel tank with a Pasteur pipette, and each was transferred into a cylindrical plastic pot of 50 ml volume, filled with the original seawater from the kreisel tank. The 75 pots with individual scyphistomae were then moved into 3 temperature-controlled incubators (16 ± 0.5°C), each containing 25 pots, and maintained in darkness. Dark conditions were chosen to minimise algae growth and mimic their natural habitat (Jarms et al. 2002, Raskoff et al. 2003). Scyphistomae were allowed to reattach to the plastic pot and acclimate to the new ambient conditions for 14 d.

Temperatures of 8, 12 and 16°C were chosen for this study to imitate the mid-season thermal range that A. aurita scyphistomae may experience in their natural habitat. At 24 d prior to the experiment, 25 scyphistomae destined for the 8°C treatment were slowly acclimated from 16 to 12°C at the rate of 1.0°C every 3 d. Once 12°C had been reached, these and a second group of 25 scyphistomae were acclimated simultaneously at the same speed (i.e. 1.0°C every 3 d), from 12 to 8°C and from 16 to 12°C, respectively, so that all scyphistomae arrived at their acclimated temperature of 16, 12 or 8°C at the same time. The newly settled scyphistomae were the first acclimated generation (F0), while their asexually reproduced buds made the first experimental generation (F1) for transgenerational exposure.

2.2.  Culture maintenance

The initial culture was set up with the original seawater. Thereafter, the water was renewed and scyphistomae were fed 3 times a week, according to the following protocol.

Seawater with debris, uneaten food and translucent biofilm were discarded. Particles settled on the bottom and biofilm adhering to the wall were removed using a pipette. In normal conditions, a minimum of 65% of the water was changed, depending on the turbidity. Water for exchange was stored in 3 clean beakers kept in the 3 incubators and refilled after every cleaning, so that the correct temperature was maintained throughout the experiment. Salinity of the water was maintained at 31.5 by mixing 1 μm filtered natural seawater (water obtained from the National Oceanography Centre, Southampton, salinity ca. 33–35) and reverse osmosis water.

After each water change, each scyphistoma was fed with 1 d old Artemia nauplii mixed with dried zooplankton (ZM Fish Food & Equipment, ZM-100, particle size 80–200 μm) to excess (based on the standard food portion in Hubot et al. 2017). This was intended to provide equal feeding in all treatments, avoiding food limitation at higher temperatures (Ma & Purcell 2005). After the Artemia nauplii were added, the culture pots were maintained in darkness to ensure even distribution of food in the water. Artemia nauplii are positively phototactic and would normally assemble where light intensity is greatest, typically somewhere near the surface where the scyphistomae cannot capture them (Jarms et al. 2002). Handling time was kept to an absolute minimum.

2.3.  Transgenerational exposure design

The acclimated generation (F0) consisted of 3 temperature treatments (8, 12, 16°C) with 25 replicates per treatment. The experimental generation (F1) was also exposed to the 3 ecologically relevant temperatures of 8, 12 and 16°C, capturing the full range experienced by polyp populations from southern England in late winter to late spring and early autumn to early winter, avoiding minimum winter and maximum summer temperatures. However, scyphistomae at each temperature had different histories of maternal temperature. The orthogonal combination of 3 maternal temperatures and 3 offspring temperatures resulted in 9 treatments in the F1 generation in total (Fig. 1). The 9 treatments are classified into 3 groups according to offspring temperature (i.e. X–8°C group, X–12°C group, X–16°C group), with each group composed of scyphistomae from different origins. For example, the X–12°C group is composed of 8 polyps that came from the F0 generation exposed to 8°C (i.e. 8–12°C treatment), 8 polyps that came from the F0 generation exposed to 12°C (i.e. 12–12°C treatment) and 8 polyps that came from the F0 generation exposed to 16°C (i.e. 16–12°C treatment) (Fig. 1).

From the third week after temperature stabilization of the F0 generation, every newly produced bud (F1 generation) with fully developed tentacles was gently liberated from the parent scyphistoma with a pipette and transferred into a new pot containing water of the equivalent temperature and salinity. After 3 d of maintenance in the original incubator, the F1 generation was then acclimated slowly to the test temperature at the same pace as their parents (1.0°C every 3 d). During the acclimation phase of the F1 generation, 2 extra incubators were used for temperature transition. Eight individual polyps were cultivated for each treatment of F1, resulting in 72 samples in total (Fig. 1).

2.4.  Data collection and statistical analyses

Immediately prior to each of the 3 times weekly cleaning events, each individual scyphistoma was checked for survival, attachment, fitness (colour and state of tentacles) and bud production. During data collection and cleaning, scyphistomae experienced some microscope light and indirect ceiling fluorescent room light, but this was kept to a minimum.

The new buds or scyphistomae produced were identified and quantified following the description of Adler & Jarms (2009) and Schiariti et al. (2014). Briefly, direct buds, stolon buds and podocysts were identified. Fully developed buds were excised with a soft pipette from the pot to retain only the initial scyphistoma in the experimental pot. Buds with tentacles that were not yet fully developed were counted, but retained in the experimental pot until fully developed and a record was made to avoid repeated counts later. Podocysts were not removed.

Scyphistomae lost or killed by handling were removed from the initial scyphistoma numbers and their data were not included in the analyses. Survival in each treatment was evaluated as the proportion of scyphistomae that survived to the end of the experimental phase. Surviving scyphistomae included both healthy individuals and those that were unhealthy but still alive. Actively budding scyphistomae referred to individuals that produced at least 1 bud and survived to the end of the experiment (i.e. actively budding scyphistomae ≤ surviving scyphistomae). Budding rate was calculated from the total bud production per scyphistoma divided by the number of days that each scyphistoma survived and multiplied by the total days of the experiment to eliminate the effect of different survival times. The cumulative number of buds per scyphistoma was calculated as the addition of buds that each individual produced weekly. The proportion of stolon buds is the number of stolon buds divided by number of total buds.

In summary, the following asexual-reproductive response variables were recorded: (1) observed asexual reproduction modes, (2) number of total reproductive products, (3) number of each type of reproductive product, (4) attachment or detachment of scyphistomae, (5) number of living scyphistomae, (6) days to produce first bud (podocysts excluded).

All statistical analyses in this study were conducted using GraphPad Prism 8 statistical software. Kolmogorov-Smirnov tests were initially performed on all datasets to test for normality. For each experimental group (the F0 generation itself as a group; see Section 2.3. for definition of the 3 groups in the F1 generation) that passed assumptions of normality, parametric ANOVAs were performed; for those datasets that failed these assumptions, non-parametric Kruskal-Wallis analyses were carried out. For parametric datasets, if assumptions of homogeneity of variances were accepted, multiple comparisons via Fisher’s LSD method were performed following the ANOVA. Otherwise, Brown-Forsythe and Welch ANOVA tests were performed instead of 1-way ANOVA.
Response variables (mean no. of direct buds scyphistoma–1, mean no. of stolon buds scyphistoma–1, mean no. of total buds scyphistoma–1 and mean proportion of stolon buds) were compared across temperature treatments for both the F0 and F1 generations. Additionally, we examined temperature effect on days to produce the first bud in the F1 generation. A Kruskal-Wallis test followed by multiple comparisons via an uncorrected Dunn’s test was performed for all response variables in the F0 generation and for most variables in the F1 generation. However, 1-way ANOVA was applied to ‘mean no. of direct buds scyphistoma–1’ and ‘mean no. of total buds scyphistoma–1’ for the X–12°C group, since the dataset passed the normality test. For the X–8°C group, there were insufficient live specimens in the 8–8°C treatment regarding ‘proportion of stolon buds’ and ‘days to produce the first bud’; thus, statistical analyses were only performed on the remaining 12–8°C and 16–8°C treatments. In this case, an unpaired 2-tailed t-test was applied to ‘days to produce the first bud’ where the normality test passed, while a Mann-Whitney test was applied to ‘mean proportion of stolon buds’ where the normality test failed. Two-way ANOVA was used to examine the effects of maternal temperature, offspring temperature and their interactions on total number of buds produced scyphistoma–1 and days to produce first bud in the F1 generation. Levels of statistical significance were set at  = 0.05 (Sokal & Rohlf 1995).

3.  RESULTS

3.1.  Overall fitness and mode of reproduction

The stalk colour of polyps at all temperatures of both generations was a healthy orange. In the F0 (parental) generation, there was 100% survival of Aurelia aurita scyphistomae in all 3 temperature treatments (Table 1). In the F1 (offspring) generation, however, on the basis of a comparatively low sample number (8 individuals per treatment initially), scyphistomae survival ranged from 75–100%. The lowest survival in the F1 generation, 75% (i.e. 6 out of 8), occurred in 4 treatments, of which the ‘current’ temperature was either 8 or 16°C (Table 2). The overall high survival (100%, F0 generation and ≥75%, F1 generation) of A. aurita scyphistomae throughout the experiment suggests good tolerance to experimental conditions, which were well within their natural temperature range.

The proportion of attached individuals of surviving scyphistomae was high (88–100%) in the F0 generation (Table 1) and ranged between 50 and 100% in 9 treatments of the F1 generation (Table 2). The lowest proportion (50%) of attached scyphistomae occurred in the 12–16°C treatment. In the other 8 treatments of the F1 generation, the attachment proportion was within a more reasonable range (83–100%).

Asexual reproduction occurred in both generations. No strobilation took place during the experimental period. Overall, 3 types of asexual reproduction modes were observed in this study: buds directly produced off the parental stalk (direct buds, Fig. 2a), buds formed at the middle or end of the parental pedal stolon (stolon buds, Fig. 2b) and cysts covered with a hard cuticle (podocysts, Fig. 2c). Direct buds and stolon buds were produced in both generations. Podocyst formation was noted in all 3 treatments in the F0 generation. Nevertheless, not every single scyphistoma in the F0 generation produced podocysts, and not every podocyst endured to the end of experiment.

3.2.  Effects of temperature on asexual reproduction of the parental (F0) generation

During the 45 d experiment, asexual reproduction did not occur in every surviving scyphistoma in the F0 generation (see ‘actively budding scyphistomae’ in Table 1). A total of 158 direct buds were produced by 58 scyphistomae, and a total of 43 stolon buds were produced by 29 scyphistomae. Production of direct buds dominated asexual reproduction, accounting for 78.6% of total bud production (i.e. direct buds + stolon buds). The mean proportion of stolon buds scyphistoma–1 was significantly affected by temperature (Kruskal-Wallis test, p = 0.0429), with a significantly higher proportion at 12 than at 8°C (p = 0.0130).

When standardized by days (i.e. number of buds scyphistoma–1 d–1), reproduction rate of stolon buds at 12°C changed from 0.005 buds scyphistoma–1 d–1 in the first 16 d to 0.022 buds scyphistoma–1 d–1 afterwards (Fig. 3b). In 8 and 16°C treatments, reproduction rate of stolon buds experienced no remarkable change. The cumulative number of direct buds and total buds in all 3 treatments increased almost linearly with time, indicating a relatively stable reproduction rate (Fig. 3a,c).

At the end of the 45 d experiment, the greatest numbers of direct, stolon and total buds scyphistoma–1 were produced at 16°C and the fewest were produced at 8°C (Fig. 3). Effects of temperature were significant on the number of direct buds scyphistoma–1 (Kruskal-Wallis test, p = 0.0211). Significantly greater numbers of direct buds scyphistoma–1 were produced at 16 than at 8°C (p = 0.0162) and 12°C (p = 0.0160), while in 8 and 12°C treatments, similar numbers of direct buds scyphistoma–1 were produced (p > 0.05). There were no significant differences in number of stolon buds scyphistoma–1 at the 3 temperatures (Kruskal-Wallis test, p > 0.05). Temperature effects on the number of total buds scyphistoma–1 were significant (Kruskal-Wallis test, p = 0.0117), with greater production of total buds at 16 than at 8°C (p = 0.0039) and at 12°C (p = 0.0375). The number of days to produce the first bud was similar across the 3 treatments, ranging from 8 to 11.

3.3.  Effects of temperature on asexual reproduction of offspring (F1) generation

During the 72 d exposure process, 46 out of 62 surviving scyphistomae reproduced by budding in the F1 generation (see ‘actively budding scyphistomae’ in Table 2). A total of 68 direct buds were produced by 40 scyphistomae, and a total of 27 stolon buds were produced by 20 scyphistomae. Thus, production of direct buds dominated asexual reproduction, accounting for 71.6% of total bud production (i.e. direct buds + stolon buds). In the 8–8°C treatment, only 1 scyphistoma produced buds (1 direct bud and 1 stolon bud) (Table 2). In the other 8 treatments, the mean proportion of stolon buds was <50%, with the highest proportion (46.7%) in the 8–12°C treatment and lowest (15.6%) in the 8–16°C treatment. Preliminary analysis revealed that temperature exerted significantly different effects on number of direct buds scyphistoma–1 in X–12°C treatments (1-way ANOVA, p = 0.0146) and X–16°C treatments (Kruskal-Wallis test, p = 0.0015), but not on the number of stolon buds scyphistoma–1 nor proportion of stolon buds produced in the F1 generation (Table A1 in the Appendix). Direct buds and stolon buds are therefore not considered separately in the following sections; total buds (direct buds + stolon buds) are shown instead.

When standardized by days (Table 2), the 12–8°C treatment displayed the greatest reproduction rate (0.0625 buds scyphistoma–1 d–1) among X–8°C treatments. For X–12°C treatments, the highest budding rate occurred in the 16–12°C treatment (0.164 buds scyphistoma–1 d–1). Among X–16°C treatments, the 8–16°C treatment displayed a budding rate of 0.026 buds scyphistoma–1 d–1 between Days 7 and 62, before increasing sharply to 0.143 buds scyphistoma–1 d–1 during the last 10 d of the experiment (Fig. A1).

At the end of the 72 d experiment, the X–8°C group produced similar numbers of total buds (Kruskal-Wallis test, p > 0.05) (Table 2, Fig. 4), ranging from 0.33 bud scyphistoma–1 (8–8°C treatment) to 1 bud scyphistoma–1 (12–8°C treatment). For scyphistomae in X–12°C treatments, parental temperature exerted significant effects on the number of total buds produced per polyp (1-way ANOVA, p = 0.049). The 16–12°C treatment produced significantly more total buds than the 8–12°C treatment (p = 0.021). The number of total buds in the 12–12°C treatment did not differ significantly from those in the 8–12 or 16–12°C treatments (both p > 0.05) (Table 2, Fig. 4). The number of total buds produced in X–16°C treatments was significantly affected by parental temperature (Kruskal-Wallis test, p = 0.0394). Scyphistomae in the 8–16°C treatment produced significantly more total buds than the 16–16°C treatment (p = 0.0156), although the number of total buds did not differ significantly between 8–16°C and 12–16°C treatments (p > 0.05), nor between 12–16°C and 16–16°C treatments (both p > 0.05) (Table 2, Fig. 4).

The number of days to produce the first bud was similar among treatments at an F1 temperature of 8°C (unpaired 2-tailed t-test, p > 0.05) (Fig. 5). For X–12°C treatments, the effects of parental temperature on timing of budding were significant (Kruskal-Wallis test, p = 0.0306); the 8–12°C treatment took significantly less time (55.2 d) to produce the first bud than the 12–12°C treatment (63.6 d) (p = 0.0104). For treatments at 16°C, the timing of budding differed significantly with different parental temperature (Kruskal-Wallis test, p < 0.001). Scyphistomae in the 16–16°C treatment started budding significantly later (58.2 d) than those in the 8–16°C (23.9 d) and 12–16°C (32.4 d) treatments (p = 0.001 and 0.033, respectively).

Two-way ANOVA showed the effects of parental temperature, offspring temperature and their interactions on 2 reproduction variables in the F1 generation. We found that after 72 d of transgenerational temperature exposure, the interaction between parental temperature and offspring temperature was abundantly clear on the number of total buds produced per scyphistoma (interaction term p < 0.05, Table 3), with a significant effect of offspring temperature (p = 0.003) and no significant effect of parental temperature (p = 0.941). Concurrently, the parental temperature × offspring temperature interaction was significant on the number of days to produce first bud (interaction term p < 0.05, Table 3), with a significant effect of both parental and offspring temperature (p = 0.0493 and p < 0.0001, respectively).

4.  DISCUSSION

4.1.  Asexual reproduction patterns

Among the diverse modes of asexual reproduction of Aurelia aurita scyphistomae, e.g. direct buds, stolon buds, planuloid buds, longitudinal fission, podocyst formation, free-swimming propagules and regeneration (Vagelli 2008, Arai 2009, Schiariti et al. 2014), only direct buds, stolon buds and podocysts were observed in our study.

Production of direct buds dominated asexual reproduction in both parental and offspring generations (78.6 and 71.6% of total buds, respectively). A similar finding was reported by Han & Uye (2010), whereby direct budding accounted for 94% of asexual reproduction displayed by A. coerulea scyphistomae in a laboratory culture. Additionally, podocysts, with the ability to protect the population against predatory pressure and ensure survival during adverse conditions, can potentially develop into new scyphistomae by excystment (Thein et al. 2012, Schiariti et al. 2014). Unfavourable environmental factors related to temperature and food availability have been suggested to cause podocyst production in scyphozoan jellyfish polyps (Arai 2009, Thein et al. 2012), but it is unclear why podocysts formed in the current study.

4.2.  Evidence of transgenerational acclimation in the F1 generation

Under the designed temperature conditions, there were 3 major scenarios encountered by scyphistomae of the F1 generation: constant temperature, transgenerational warming (+4, +8°C) and transgenerational cooling (–4, –8°C) (Fig. 6). Comparisons were drawn among treatments with the same F1 temperature to evaluate the effects of parental temperature and the transgenerational temperature gap on reproductive output and timing in the F1 generation. Hence, transgenerational cooling with constant temperature is discussed for X–8°C treatments, while transgenerational warming with constant temperature is discussed in X–16°C treatments. The X–12°C treatments include all encountered scenarios.

For X–8°C treatments, scyphistomae started budding at similar times and produced similar number of total buds, independent of the thermal history of the parental generation. In addition, the proportions of actively budding scyphistomae to surviving scyphistomae were <50%. It seems that cooling down to 8°C or being maintained at 8°C caused significant inhibition of bud production and budding onset in A. aurita scyphistomae. As 8°C is near the lower limit of the thermal window of A. aurita in Horsea Lake, stagnation of asexual reproduction was predicted, and is consistent with observations from other studies. For naturally occurring scyphistomae colonies, asexual bud production may decline to nearly zero during the coldest part of the year (Willcox et al. 2007). In a laboratory test, scyphistomae cultured at 14°C, whose medusae were derived from the Red Sea (temperature range 20.9–26.4°C), showed markedly lower budding rates than at warmer temperatures (Pascual et al. 2015).

Among X–12°C treatments, scyphistomae whose parents were exposed to a warmer (16°C) temperature had significantly greater output (number of buds polyp–1) compared with scyphistomae whose parents were from cold (8°C) conditions. The early- to mid-spring temperature in Horsea Lake is ~12°C when budding commences in natural populations (Lucas et al. 2012). We speculate that scyphistomae produced by parents from the warmer temperature showed greater reproductive potential than those from ‘cold parents’ at the intermediate temperature of 12°C, suggesting a transgenerational effect.

In X–16°C treatments, a significant difference occurred in the production of total buds between the +8°C (8–16°C) and constant temperature (16–16°C) treatments (2.86 and 1.17 buds scyphistoma–1, respectively), indicating enhancement of reproductive output in the F1 generation by transgenerational warming of +8°C. However, there was a lack of significant difference observed between treatments of +4°C warming (12–16 and 8–12°C) versus corresponding constant (16–16°C and 12–12°C) temperatures. As such, the amplitude of environmental fluctuation influences the parental effect (Mousseau & Fox 1998): the greater the environmental fluctuation, the greater the selection for an inherited environmental effect (Rossiter 1996). These hypotheses may explain the results in +4°C treatments, whereby transgenerational warming of 4°C may not be great enough to induce statistically significant effects on reproductive output within the experimental temperature range tested.

Regarding the time taken to produce the first bud, +4/+8°C treatments started budding significantly earlier than treatments with constant temperatures. This indicates that a positive across-generation temperature change (i.e. transgenerational warming) triggered an earlier budding event in offspring scyphistomae within the experimental thermal range. In a similar manner, egg hatching of the copepod Acartia sp. has been shown to accelerate with warmer egg production temperature (Vehmaa et al. 2012).

The acclimation process experienced by the parental (F0) generation (from settlement temperature of 16°C to experimental temperatures of 8, 12 and 16°C) may be regarded as being equivalent to a short-term exposure phase, with 16°C as the control. The timeline of the offspring (F1) generation consisted of a preparation phase and a reproductive phase, so the scyphistomae whose parental temperature was 16°C experienced a somewhat similar process as the F0 generation. Hence, we might be able to compare the trends, but not the exact values, of budding output and timing, as displayed by both groups. In the F0 generation, the greatest budding output occurred at 16°C (3.68 buds scyphistoma–1, p = 0.0117) (Fig. 3), while in the F1 generation, the 16–12°C treatment produced significantly more buds (2.63 buds scyphistoma–1) than the 16–8°C treatment (0.88 bud scyphistoma–1) (p = 0.0028) and 16–16°C treatment (1.17 buds scyphistoma–1) (p = 0.0279) (Fig. A2). The start-time of budding was similar in both the F0 generation and 16–X°C treatments in the F1 generation. This suggests that differences in reproductive parameters of the F1 generation were caused by the thermal transgenerational effects, not the independent influence of the offspring generation (short-term exposure).

4.3.  Ecological implications

In the current study, the gap between parental and offspring temperature can be deemed as rapid environmental fluctuations (Paenke et al. 2007). In this case, a mismatch between the temperature environment of parents and offspring can elicit a phenotypic response by individuals in the offspring generation (i.e. reproductive traits in this study) (LaMontagne & McCauley 2001). TGP, in particular thermal TGP, has been investigated for a variety of traits and taxa. The walking speed of Drosophila melanogaster was greater for offspring whose parents were reared at higher temperatures, independent of the offspring thermal environment (Gilchrist & Huey 2001). For the marine bryozoan Bugula neritina that reproduces by asexual budding, offspring from parents kept in warmer water had smaller and more variable size, with increased dispersal potential and higher metamorphic success than those from ‘cooler’ parents (Burgess & Marshall 2011). Parthenogenetic Daphnia magna females held at a higher temperature produced offspring with greater resistance to parasite infection (Garbutt et al. 2014) and with enhanced tolerance to toxic Microcystis (Lyu et al. 2017). In addition to thermal TGP, a growing body of research has investigated the transgenerational consequences of ocean acidification (Parker et al. 2012), hypoxia (Wang et al. 2016), salinity stress (Jeremias et al. 2018) and contaminants (Schwindt 2015), with increasing evidence elucidating the molecular mechanisms (e.g. DNA methylation) (Wang et al. 2016, Ryu et al. 2018).

The most common scenario of transgenerational thermal acclimation for naturally occurring scyphistomae populations may be the seasonal temperature warming from spring to summer. With potentially greater temperature elevation under future climate conditions, the reproductive potential of offspring scyphistomae is predicted to increase accordingly. When faced with seasonal cooling, the reproductive potential from a previous ‘warm’ history would persist until the next reproduction event. If the same scyphistomae colonies survive to the next year, the reproductive potential of their offspring might be further enhanced, despite the common year-to-year variability in medusae abundance in natural habitats (Lucas et al. 2012).

TGP may favour potentially invasive species such as Aurelia jellyfish by enhancing the ability of the species to acclimate to conditions in a new environment and boosting its invasion success via increased fitness and survival of offspring (Lenz et al. 2011, Podbielski et al. 2016). Many of the bloom-forming jellyfish species, including Aurelia spp., are characterized by good tolerance to a wide range of abiotic conditions (Lucas 2001), coupled with flexible reproductive traits as revealed by the present study. Many of the most damaging jellyfish blooms have been caused by nonindigenous species (Xian et al. 2005) that cause significant ecosystem disruption and economic loss in their new habitat (Manzari et al. 2015) (but see Pelagia noctiluca as an example of a native species causing widespread harm in the NE Atlantic [Doyle et al. 2008] and Mediterranean [Canepa et al. 2014]). Earlier budding initiation in A. aurita scyphistomae is likely to reduce the risk of being buried and the negative effects of intraspecific competition (Schiariti et al. 2015), thus gaining a competitive advantage for limited resources (Vehmaa et al. 2012). Further, earlier budding and greater budding output will likely enhance the potential for rapid colonization and expansion into new habitats (Schiariti et al. 2015), setting the stage for subsequent large blooms when favourable conditions prevail (Purcell et al. 2007). Transgenerational acclimation may also provide a good opportunity to study local adaptation (Sanford & Kelly 2011) and bloom dynamics of introduced jellyfish species (Abboud et al. 2018).

Worldwide, rising temperatures pose serious threats to marine organisms and ecosystems (Doney et al. 2012). Shifts in the timing of life history events (Parmesan 2007) and geographic distributions (Zhang et al. 2020) that are associated with these globally fundamental changes have already been observed in a variety of marine species (reviewed by Poloczanska et al. 2013). Stachowicz et al. (2002) suggested that global warming may facilitate a shift to dominance by non-native species in 2 ways: giving introduced species an earlier start (consistent with our finding of the advanced budding initiation), and increasing the magnitude of their growth (consistent with our finding of the enhanced reproduction output) and recruitment relative to natives.

Though barely explored in jellyfish, transgenerational effects are prevalent in other aquatic organisms such as a marine bryozoan (Burgess & Marshall 2011), sheepshead minnows (Salinas & Munch 2012), a marine polychaete (Massamba-N’Siala et al. 2014) and symbiotic Hydra (Ye et al. 2019). Klein et al. (2017) observed that pre-exposure of mother scyphistomae of Alatina alata (Cnidaria, Cubozoa) to elevated temperature could partially mitigate the negative effects of elevated temperature and reduced pH on reproduction of daughter scyphistomae, suggesting interactions between different climate change stressors (Byrne & Przeslawski 2013). For marine organisms, transgenerational acclimation is likely to help them persist in a rapidly changing ocean (Munday et al. 2013), by partially or fully ameliorating negative effects of warming, acidification and hypoxia (Munday 2014). In the face of challenges raised by global climate change, the ability to match the phenotype of offspring to changes in ambient environment may be particularly important. Assessment of the (transgenerational) acclimation potential to environmental stress may also provide an understanding of how abiotic factors affect the distribution of marine species (Munday et al. 2013).

Despite a growing number of studies on thermal transgenerational effects, most studies have addressed only ‘warming’, either mild heat (Groot et al. 2017) or heatwaves (Sales et al. 2018) in climate-related scenarios, with less attention on ‘cooling’, which occurs seasonally in temperate and high-latitude environments. Our study indicated that, when the destination of transgenerational temperature fluctuation (i.e. offspring temperature) was near the lower tolerance limit of the species, the influence of offspring temperature outweighed that of transgenerational effects.

5.  CONCLUSIONS

The bloom-forming Aurelia jellyfish is a classic model genus in jellyfish bloom research. We have shown that, provided with a transgenerational temperature change, parent scyphistomae modify the reproductive response (budding output and timing) in their offspring, suggesting transgenerational acclimation in the asexual life-stage of A. aurita. In summary, the present study demonstrates that, within the experimental temperature range tested,

(1) Offspring from high- (16°C) and low- (8°C) temperature parents displayed the best reproductive potential at medium (12°C) and high (16°C) temperatures, respectively.

(2) Offspring from low-temperature (8°C) parents showed the greatest advantage in an early start of reproduction event at medium (12°C) and high (16°C) temperatures, respectively.

(3) Asexual reproduction of offspring from parents at high (16°C), medium (12°C) and low (8°C) temperatures was suppressed intensely at low (8°C) temperature.

Unlike most previous studies conducted on a single/unknown generation, the merits of our experiment were the orthogonal design of 3 parental temperatures × 3 offspring temperatures, providing novel insights for transgenerational acclimation in A. aurita scyphistomae. Though often underestimated, the gelatinous plankton (including jellyfish) have been shown to be important members of marine pelagic food webs, particularly when present in large numbers. Thus, the magnitude and timing of their reproduction can have considerable ecological consequences on the whole ecosystem.
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Table 1. Summary of the results of temperature effects on Aurelia aurita scyphistomae in the F0 generation during the 45 d experiment. The initial number of scyphistomae in each temperature treatment was 25. Standard error of the mean (SEM) is given in parentheses. Significantly different pairwise comparisons are indicated by different superscripts
	Variable
	8°C
	12°C
	16°C

	Surviving scyphistomae
	25
	25
	25

	Attached scyphistomae
	22
	23
	25

	Actively budding scyphistomae
	20
	16
	22

	Mean no. of total buds scyphistoma–1
	1.92 (0.29)a
	2.44 (0.44)a
	3.68 (0.42)b

	Mean no. of direct buds scyphistoma–1
	1.68 (0.26)a
	1.72 (0.33)a
	2.92 (0.35)b

	Mean no. of stolon buds scyphistoma–1
	0.24 (0.10)
	0.72 (0.19)
	0.76 (0.19)

	Mean proportion of stolon buds
	0.11 (0.05)a
	0.29 (0.07)b
	0.21 (0.05)ab


Table 2. Summary of effects of maternal temperature on Aurelia aurita scyphistomae of the F1 generation during the 72 d experiment (see Fig. 1 for details of the experimental set-up). The initial number of scyphistomae in each treatment was 8. Standard error of the mean (SEM) is given in parentheses (an asterisk [*] indicates that the 8–8°C treatment had only 1 actively budding scyphistoma, so a calculation of SEM was inapplicable). Significantly different pairwise comparisons are indicated by different superscripts 
	Variable
	Offspring (F1) temperature (°C)
	————— Parental (F0) temperature (°C) ————

	
	
	8
	12
	16

	Surviving scyphistomae
	8
	6/8
	6/8
	8/8

	
	12
	7/8
	8/8
	8/8

	
	16
	7/8
	6/8
	6/8

	Attached scyphistomae
	8
	5/6
	6/6
	8/8

	
	12
	7/7
	8/8
	7/8

	
	16
	6/7
	3/6
	6/6

	Actively budding scyphistomae
	8
	1/6*
	3/6
	4/8

	
	12
	5/7
	7/8
	8/8

	
	16
	7/7
	5/6
	6/6

	Mean no. of total buds scyphistoma–1
	8
	0.33 (0.33)
	1.00 (0.63)
	0.88 (0.40)

	
	12
	1.29 (0.42)b
	1.63 (0.38)ab
	2.63 (0.32)a

	
	16
	2.86 (0.59)a
	1.67 (0.56)ab
	1.17 (0.17)b

	Mean no. of direct buds scyphistoma–1
	8
	0.17 (0.17)
	0.50 (0.22)
	0.63 (0.38)

	
	12
	0.71 (0.29)b
	1.25 (0.37)b
	2.38 (0.42)a

	
	16
	2.14 (0.26)a
	1.00 (0.26)b
	0.67 (0.21)b

	Mean no. of stolon buds scyphistoma–1
	8
	0.17 (0.17)
	0.50 (0.50)
	0.25 (0.16)

	
	12
	0.57 (0.20)
	0.38 (0.26)
	0.25 (0.16)

	
	16
	0.71 (0.42)
	0.67 (0.49)
	0.50 (0.22)

	Mean proportion of stolon buds
	8
	0.50*
	0.25 (0.25)
	0.38 (0.24)

	
	12
	0.47 (0.16)
	0.24 (0.16)
	0.19 (0.14)

	
	16
	0.16 (0.07)
	0.25(0.16)
	0.42(0.14)

	No. of buds scyphistoma–1 d–1
	8
	0.037
	0.063
	0.038

	
	12
	0.043
	0.071
	0.164

	
	16
	0.044
	0.027
	0.051


Table 3. Results of 2-way ANOVA for response variables of the F1 generation showing effects of parental temperature, offspring temperature and their interaction. SS (Type III): adjusted (Type III) sums‐of‐squares; MS: mean square

	Source
	df
	SS (Type III)
	MS
	F
	p

	Mean no. of total buds scyphistoma–1

	Parental temperature (°C)
	2
	0.1609
	0.021
	0.0606
	0.9413

	Offspring temperature (°C)
	2
	17.16
	0.092
	6.459
	0.0031

	Interaction (Parental temp × Offspring temp)
	4
	18.41
	0.002
	3.464
	0.0138

	Residual
	53
	70.41
	0.002
	

	Days to produce first bud

	Parental temperature (°C)
	2
	695.2
	347.6
	3.284
	0.0493

	Offspring temperature (°C)
	2
	4934
	2467
	23.31
	<0.0001

	Interaction (Parental temp × Offspring temp)
	4
	2086
	521.4
	4.926
	0.0029

	Residual
	35
	3705
	105.8
	


Fig. 1. Experimental design, consisting of 2 parts: a 45 d acclimation phase that exposed parental scyphistomae (F0 generation) to 3 different temperatures, and an experimental (transgenerational exposure) phase, which subsequently exposed offspring scyphistomae (F1 generation) from each origin to each temperature condition over 72 d. Each 50 ml plastic pot contained 1 scyphistoma

Fig. 2. Different asexual reproduction modes in Aurelia aurita: (a) typical direct buds (DB) formed at the pedal stalk; (b) stolon bud (SB) produced by the stolon; (c) a cluster of podocysts formed beneath the basal region of a scyphistoma. Scale bar: 1 mm

Fig. 3. F0 generation. Time-series of cumulative number of (a) direct buds, (b) stolon buds and (c) total buds (direct + stolon) per scyphistoma produced at each temperature (8, 12, 16°C) during a 45 d experiment. Differences in Fisher LSD pairwise comparisons test following Kruskal-Wallis test among 3 treatments are indicated by different letters; ns: not significant.. Error bars show SEM

Fig. 4. F1 generation. Overall number of total buds produced by per scyphistoma at 3 offspring temperatures (8, 12, 16°C) with different histories of parental temperatures (8, 12, 16°C) at the end of a 72 d experiment. Differences in Fisher LSD pairwise comparisons test following a 1-way ANOVA, or an uncorrected Dunn’s test following a Kruskal-Wallis test, among each treatment group with the same offspring temperature are indicated by asterisks (*p < 0.05). Error bars show SEM 

Fig. 5. F1 generation. Average number of days taken by every scyphistoma to produce the first bud at 3 offspring temperatures (8, 12, 16°C) with different parental temperature histories (8, 12, 16°C) during the 72 d experiment. *p < 0.05, ***p < 0.001. Error bars show SEM

Fig. 6. F0 and F1 generations. Overall number of total buds produced by per scyphistoma in both parental and offspring generations. The thermal origin and fate of scyphistoma in the F1 generation are indicated by dashed arrows. Above each corresponding column, the transgenerational temperature gap experienced by scyphistomae in each treatment of the F1 generation is indicated by 0, +4/–4 or +8/–8. Differences in Fisher LSD pairwise comparisons test following a 1-way ANOVA, or an uncorrected Dunn’s test following a Kruskal-Wallis test, among each comparable dataset are indicated by asterisks (*p < 0.05, **p < 0.01). Error bars show SEM 

Appendix.
Table A1. F1 generation. Analysis of reproductive parameters in response to the same offspring temperature with different maternal temperature histories during 72 d. One-way ANOVA followed by Fisher’s LSD test, or a Kruskal-Wallis test followed by uncorrected Dunn’s test, was performed based on normality test. PT: parental temperature; OT: offspring temperature. Significant results (p < 0.05) are highlighted in bold
	Response variable
	Effect
	p
	Analysis method used

	No. of direct buds produced
	PT (OT = 8°C)
	0.5728
	Kruskal-Wallis test

	
	PT (OT = 12°C)
	0.0146
	One-way ANOVA

	
	PT (OT = 16°C)
	0.0015
	Kruskal-Wallis test

	No. of stolon buds produced
	PT (OT = 8°C)
	>0.9999
	Kruskal-Wallis test

	
	PT (OT = 12°C)
	0.4330
	Kruskal-Wallis test

	
	PT (OT = 16°C)
	0.9861
	Kruskal-Wallis test

	Proportion of stolon buds
	PT (OT = 8°C)
	0.8286
	Mann-Whitney test

	
	PT (OT = 12°C)
	0.297
	Kruskal-Wallis test

	
	PT (OT =16°C)
	0.6196
	Kruskal-Wallis test


Fig. A1. F1 generation. Time-series of cumulative number of total buds per scyphistoma produced at each temperature (8, 12 and 16°C), for offspring whose mothers had different exposure history (8, 12, 16°C), during a 72 d experiment. Differences in Fisher LSD pairwise comparisons or uncorrected Dunn’s test are indicated by different letters. Error bars show SEM 

Fig. A2. F0 generation and F1 generation (16–X°C treatments). The number of total buds produced per scyphistoma produced at each temperature (8, 12 and 16°C), at the end of the 45 d experiment for the F0 generation (black circles) and at the end of the 72 d experiment for the F1 generation (red squares). Differences in uncorrected Dunn’s test following the Kruskal-Wallis test are indicated by different letters. Error bars show SEM
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