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Prey species can respond to the presence of predators by inducing phenotypic plastic traits which form morphological, life history or behavioral defenses. These so-called inducible defenses have evolved within a cost-benefit framework. They are only formed when they are needed, and costs associated with defenses are saved when predators are not present. However, a disadvantage compared to permanent defenses are lag phases between predator perception and the full formation of defenses. This may be especially important when the predation risk persists for longer periods, e.g., outlasts one generation and challenges prey offspring. We hypothesized that transgenerational induced phenotypic plasticity reduces lag phases in situations where hazards threaten specimens over several generations. We tested this in three generations of the freshwater crustacean Daphnia lumholtzi using the three-spined stickleback Gasterosteus aculeatus as predator. In the presence of chemical cues from fish D. lumholtzi expresses elongated head and tail spines. In the F0 generation defenses are constraint by a comparatively long lag phase and are not developed prior to the 3rd instar. In the F1, and F2 of induced animals this lag phase is shortened and defenses are developed upon birth. We show that induction of TGP in the mothers takes place already during the juvenile stages and transfers to the offspring generation in forms of shortened time lags and enhanced trait expression. When progeny is additionally exposed to fish cues as embryos, the addition of maternal and embryonic effects further enhances the magnitude of defense expression. Our findings detail a distinguished strategy of transgenerational phenotypic plasticity which allows to shorten lag phases of trait changes in phenotypic plasticity.
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INTRODUCTION

In environments with fluctuating conditions, dedicated mechanisms that allow fast phenotypic adaptation may be crucial to improve organismal fitness (Auld et al., 2010; Holeski et al., 2012; Shama et al., 2014; Hendry, 2016; Luquet and Tariel, 2016). One such mechanism is phenotypic plasticity, which is defined as the ability of an organism with a given genotype to respond to environmental changes with an adapted phenotype (Bradshaw, 1965; Whitman and Agrawal, 2009). Very often the occurrence of phenotypic plasticity is described within one generation (within generational plasticity WGP; Ezard et al., 2014; English et al., 2015; Auge et al., 2017), but when environmental hazards are long-lasting, offspring performance can be enhanced if they are being prepared by the parents (Agrawal et al., 1999; Uller, 2008). This kind of transgenerational plasticity (TGP) is discussed to be enabled via epigenetic, cytoplasmic, somatic, nutritional and behavioral modifications from parents to offspring (Bonduriansky and Day, 2009; Harris et al., 2012).

Both, the length and the timing of the environmental cue can be decisional for transgenerational responses in the offspring (Donelson et al., 2018). A prolonged exposure to environmental cues can increase the transgenerational effect (Donelson et al., 2018). Timing is crucial as TGP may be limited to early life exposure with critical developmental windows for cue sensitivity (Hanson and Skinner, 2016; Sentis et al., 2018).

TGP has been observed in animals and plants (Mousseau and Fox, 1998; Agrawal et al., 1999) as a response to e.g., biotic stressors (Mousseau and Dingle, 1991; Kumar et al., 2015). One significant biotic stressor is predation, which frequently induces plasticity in forms of inducible defenses in prey (Tollrian and Harvell, 1999). The predation risk is often indicated by chemical cues so-called kairomones, that are unintentionally released by the predator (Dodson and Hanazato, 1995; Weiss et al., 2018). Prey species can perceive these kairomones and thereupon develop defenses ranging from behavioral, via life history, to morphological adaptations (Tollrian and Dodson, 1999; Weiss, 2019). The freshwater crustacean Daphnia is a prime example for developing such defenses. Daphnia pulex, e.g., expresses neckteeth (Krueger and Dodson, 1981; Tollrian, 1993) and D. ambigua expresses helmets (Hebert and Grewe, 1985) in the presence of the phantom midge larva Chaoborus spec. D. atkinsoni develops a crown of thorns (Petrusek et al., 2009) and Daphnia magna grows large and bulky under predation pressure of the tadpole shrimp Triops spec. (Rabus and Laforsch, 2011; Horstmann et al., 2018), and D. longicephala develops huge crests in the head region when exposed to the backswimmer Notonecta spec. (Grant and Bayly, 1981).

Inducible defenses should incur costs, as otherwise they likely would become permanent. These costs can be of different origin, so that they can stem from the organisms’ ability of being plastic per se. In this case, costs, e.g., result from the maintenance of a genetic and physiological architecture to detect and adapt to predation cues. Other costs, like allocation costs, can derive from an increased energy and material demands required for the formation of the defenses. Environmental costs or external costs result from e.g., changes in swimming speed due to aberrant hydrodynamics of the defended morphotype (reviewed in Weiss and Tollrian, 2018a, b).

Besides these costs, the expression of these defenses underlies constraints. There are e.g., time lags that result from the time needed after predator perception until defense formation (Weiss and Tollrian, 2018a, b). In Daphnia such time lags often require at least a complete instar and are dependent on the time needed for signal processing and the change of developmental trajectories to result in adaptive morphotype expression (Weiss, 2019). Furthermore, there are developmental windows in which defenses can be expressed, so that D. pulex only express neckteeth in the early juvenile stages (Imai et al., 2009; Weiss et al., 2016), and D. longicephala express crests only in later developmental stages (Grant and Bayly, 1981; Weiss et al., 2015). Also the degree of defense expression is subject to constraints, as a larger defensive trait requires a longer time until being developed (Miner et al., 2005). One way to minimize constraints may be the shortening of time lags prior to defense expression. In line with the shortening of the time lags, the earlier onset of defense expression also a allows a stronger defense expression within a shorter time frame. Thereby defense expression can be further optimized to the predation risk. Here TGP could serve as a tool which may be especially effective when the parental environment is a proxy of the offspring’s environment. This is for example the case when the predation risk overarches several generation cycles of the prey. Daphnia are often being preyed on by juvenile fish that have a comparatively long juvenile phase. D. lumholtzi is one of the few Daphnia species that develops morphological defenses against fish predation (Engel and Tollrian, 2009; Engel et al., 2014). A transgenerational induction of inducible defenses could further improve the cost-benefit relationship where the benefit of stronger defense expression outweighs the costs. We hypothesized that transgenerational plasticity affects (a) time lags and (b) strength of defense expression. Furthermore, we wanted to elucidate the point in time critical for the induction of TGP.



MATERIALS AND METHODS


Animal Culture

D. lumholtzi clone TE (Fairfield Reservoir, Texas, United States, kindly provided by R. Sterner) was cultured in artificial Daphnia medium (ADaM; Klüttgen et al., 1994) in 1 L beakers (Weck®, Germany) containing 40–50 age-synchronized individuals under 16:8 h day:night cycle at 20°C ± 1°C. Animals were fed with unlimited food conditions (1.5 g C/L) with the algae Autodesmus obliquus. The beakers were cleaned every 48 h to remove exuviae and excess algae. Half of the medium was exchanged weekly.



Kairomone Preparation

Fish kairomone was prepared using three-spined sticklebacks (Gasterosteus aculeatus). Fish were not harmed and kept under conditions complying with animal care and welfare. A maximum of 20 fish no larger than 5 cm (body length) were kept in an 80 L glass tank at 15 ± 1°C under constant 12:12 h day:night cycle. Animals were fed ad libitum every 24 h with Chironomus larvae (Amtra, Germany). To produce kairomone enriched medium two fish (size 4–5 cm body length) were transferred into 1 L ADaM for 24 h. Subsequently, fish were removed and the water containing the kairomone was filtered (45 μm GF/C Whatman filter). To prevent bacterial degradation of the kairomone, ampicillin (10 mg/L) (Sigma Aldrich, Germany) was added as reported by Weiss et al. (2012). Kairomone was frozen at −20°C and thawed prior to use. The stock concentration of 2 fish/L was diluted to 0.2 fish/L in the bioassay. The diluted kairomone contained 5 mg/L of ampicillin. Even though ampicillin does not impact Daphnia development (Weiss et al., 2012), the same concentration of 5 mg/L was added to the medium of the control conditions.



Experimental Treatments

In order to determine transgenerational phenotypic plasticity in D. lumholtzi, we performed an experiment in which predator naïve 1st instar juvenile D. lumholtzi were exposed to four treatments (Figure 1). We performed 1.) a control treatment without predator exposure, and 2.) permanent predator exposure. With these treatments we wanted to test if D. lumholtzi performed TGP, and if so in what way. Therefore, we monitored these animals in the first through third juvenile instars in the F0, F1, and F2 generation. With treatment 3.) and 4.), we wanted to disentangle if induction of TGP occurs already in the mother, or if it occurs in the embryos. For that, in treatment 3.) we only exposed the mothers to kairomone. Here, we ensured that embryos did not get in contact with kairomone by removing mothers from kairomone in the 4th juvenile instar (one instar prior to ovulation) and rinsed them 3∗10 min in ADaM to remove residual kairomone transferring them into control conditions until second and third clutch animals were released from the brood pouch. Neonates were then again exposed to kairomones. Consequently, in treatment 4.) we only exposed the embryos developing in naïve mothers to predator cues. For that the females were kept at control conditions until they ovulated. Subsequently, animals were exposed to kairomone until the neonates were released from the mothers’ brood pouch. In treatment 3.) and 4.) we investigated defense expression in the first through third juvenile instars. All specimens of the different treatments were reared individually in 50 mL snap cap vials containing, either ADaM or kairomone enriched medium containing 20 mL medium. ADaM and kairomone enriched medium was refreshed every 48 h to ensure constant experimental conditions. The experiment was started with 5 animals per treatment group. This whole set-up was replicated 10 times.
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FIGURE 1. Schematic display of kairomone exposure. 1.) In the control treatment, animals were never exposed to kairomones throughout the whole experiment. 2.) In the permanent kairomone exposure treatment individuals were permanently exposed to kairomones across all three generations. 3.) In the maternal kairomone exposure treatment animals were exposed to kairomone from the 1st until the 4th instar, then washed to remove residual kairomone, and transferred to kairomone-free medium. The 1st clutch was discarded and after being release from the brood pouch the 2nd and 3rd clutch were again exposed to fish kairomone. 4.) In the embryonic kairomone exposure treatment embryos in the mother’s brood pouch were exposed to fish kairomone from ovulation until being released from the brood pouch and continuously exposed until they reached the 2nd juvenile instar. Treatments 3.) and 4.) were raised until the second juvenile instar in the F1 generation.




Data Acquisition

All animals were monitored, and digital images were acquired to measure defense expression.

We used a stereomicroscope (SZX 16 Olympus; Germany) equipped with a digital camera (ColorView III, SIS Imaging Solutions Olympus; Germany) in combination with the analysis software Cell^D (SIS Soft Imaging System Solutions, Olympus Germany). We determined the Daphnias’ head spine length from the tip of the head spine to the upper margin of the compound eye).



Head Spine Growth

We determined the absolute head spine growth per generation by calculating the differences of head spine length between the 3rd and 1st juvenile instar per individual animal in each generation.



Statistics

Based on a Shapiro-Wilk test, all data followed a normal distribution so that we tested for differences between treatments using a factorial ANOVA, followed by a Bonferroni post hoc test. We compared head spine lengths of animals obtained from the 2nd and 3rd clutch from the permanent predator exposure across the three generations in the 1st juvenile instar. Animals of the 2nd and 3rd clutch were pooled into one treatment as we did not detect clutch specific differences (again using an ANOVA). Additionally, we compared them with head spine lengths of the control treatment within each generation throughout the first three juvenile instars. Head spine lengths of maternal and embryonic predator exposure were compared to each other and the F1 control. Furthermore, we compared the increase in head spine length from the 1st to the 3rd juvenile instar across generations in the permanent predator exposure. All statistical analyses were performed with Statistica 14 (Statsoft Inc.).



RESULTS

In the F0 generation the continuous exposure to fish kairomones, significantly induced expression of morphological defenses in forms of elongated head spines in the 3rd juvenile instar. Defended D. lumholtzi have a median head spine length of 222.17 μm while undefended specimens have a median head spine length of 162.25 μm. In the earlier juvenile instars defenses are not expressed and predator exposed D. lumholtzi show a median head spine length of 160.63 μm in the first and 167.87 μm in the 2nd juvenile instar (Figure 2A and Supplementary Tables 1, 2). In the 1st juvenile instar of the F1 and F2 generation medium head spine length reaches 190.75 and 201.64 μm in predator exposed D. lumholtzi. This is significantly larger than the head spine length of control D. lumholtzi of the equivalent generations (median 166.25 and 163.85 μm (Figures 2B,C and Supplementary Tables 3, 4).
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FIGURE 2. Effect of permanent predator exposure on head spine length in D. lumholtzi. (A) F0 generation: head spine length in the first three juvenile instars in control and permanently fish exposed D. lumholtzi; ANOVA: F(2, 203) = 11.466, P ≤ 0.001. (B) F1 generation: head spine length in the first three juvenile instars in control and permanently fish exposed D. lumholtzi; ANOVA: F(2, 237) = 10.064, P ≤ 0.001. (C) F2 generation: head spine length in the first three juvenile instars in control and permanently fish exposed D. lumholtzi; ANOVA: F(2, 199) = 25.83, P ≤ 0.001. (D) Head spine length in the first juvenile instar in control and permanently fish exposed D. lumholtzi across the P, F1, and F2 generation. ANOVA: F(2, 249) = 17.77, P ≤ 0.001. Displayed are medians (square), midspread 50% (box) and the 25th percentile (lower whisker); 75th percentile (upper whisker), with outliers (circles). ∗P ≤ 0.05; ∗∗∗P ≤ 0.001. Bonferroni post hoc analysis in Supplementary Tables 1–6.


When comparing the strength of defense expression across generations, we find that defenses increase from the F0 to the F2 generation. Head spine lengths in the first juvenile instar are significantly larger in the F1 (190.74 μm) and F2 (201.64 μm) in comparison to the F0 (160.38 μm) generation (Figure 2D and Supplementary Tables 5, 6). Also, between the F1 and F2 generation head spines are significantly different (Figure 2D and Supplementary Tables 5, 6). This also holds true in the second and third juvenile instar.


Head Spine Growth Rate

We determined the head spine growth, by calculating the absolute increase in head spine length between the 3rd and the 1st juvenile instar. We observed an increase in absolute head spine length across all generations. In the F1 generation, head spine growth is significantly larger than in the F0 generations. In the F2 generation head spine growth significantly exceeds this increase (Figure 3 and Supplementary Tables 7, 8).
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FIGURE 3. Absolute head spine growth across generations. The proportional increase in head spine length from the 1st to the 3rd juvenile instar increases across generations when D. lumholtzi is permanently exposed to kairomones. F0 generation: n = 29, F1 generation: n = 37, F2 generation: n = 35. F(2, 98) = 11.008, P ≤ 0.001. Bonferroni post hoc comparison. Displayed are medians (square), midspread 50% (box) and the 25th percentile (lower whisker); 75th percentile (upper whisker), with outliers (circles). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Bonferroni post hoc analysis in Supplementary Tables 7, 8.




Maternal vs. Embryonic Predator Exposure

We aimed to determine if this earlier onset and enhancement of defense expression is due to effects of fish kairomones in the maternal environment, the embryonic environment or both. Naïve offspring and animals that were exposed to predator cues during embryogenesis do not show the expression of defenses in the first two juvenile instars. When mothers were exposed to kairomones during the first four juvenile instars, their offspring develop defenses already in the 2nd juvenile instar, when exposed to kairomones upon birth. This effect is intensified, when both the maternal and embryonic environment experienced kairomones (Figure 4 and Supplementary Tables 9, 10).
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FIGURE 4. Maternal vs. embryonic predator exposure. When D. lumholtzi embryos are exposed to fish kairomones, defenses are not developed in the first two juvenile instars. When the mothers are exposed to kairomones, head spines in the offspring are significantly larger in the 2nd juvenile instar. When D. lumholtzi is permanently exposed to kairomone, i.e., the mothers and the embryos, head spines of the offspring is significantly increased already in the 1st juvenile instar. Displayed are medians (square), midspread 50% (box) and the 25th percentile (lower whisker); 75th percentile (upper whisker), with outliers (circles). ∗P ≤ 0.05; ∗∗∗P ≤ 0.001. ANOVA and Bonferroni post hoc analysis in Supplementary Tables 9, 10.




DISCUSSION

Within- and transgenerational phenotypic plasticity are relevant mechanisms controlling adaptive responses to environmental changes (Donelson et al., 2018). WGP is selected when spatially and/or temporally heterogeneous cues indicate a predation risk, and costs are associated (Tollrian and Harvell, 1999; Walsh et al., 2016). If the environment experienced by the parents, serves as a proxy of the environment of the offspring, then TGP is expected to evolve (Luquet and Tariel, 2016). This has e.g., been reported in fish exposed D. ambigua (Walsh et al., 2016). Here, local adaptations to distinctive fluctuations in the density of the fish population were observed. If the fish population is consistently large, then TGP is selected, while WGP is favored when the fish population is changing more frequently (Walsh et al., 2016). WGP and TGP has also been reported in Chaoborus-exposed D. cucullata (Agrawal et al., 1999). D. cucullata express WGP in form of helmets, when exposed to predator cues short term. When the predator exposure covers generations, the offspring of Chaoborus-exposed mothers express significantly larger defenses than the offspring of non-exposed mothers (Agrawal et al., 1999).

Similarly, D. lumholtzi that are exposed to predator cues from birth display WGP in form of head spines from the 3rd juvenile instar onward. We observed TGP when D. lumholtzi is permanently exposed to fish kairomones. Then the daughter generations expressed significantly larger head spines than the F0 generation. Already juveniles in the first instar of the F1 and F2 show significantly larger head spines than their parents and grandparents. This increased growth is enhanced in the subsequent instars, so that also the 2nd and the 3rd juvenile instar show significantly larger head spines than the F0 generation. In the F0 generation, fish exposed D. lumholtzi (from fish naïve mothers) expressed increased head spines not before the 3rd juvenile instar. This means that without TGP there is a comparatively long lag phase, i.e., a reaction delay associated with defense expression if parents are in contact with kairomones. The offspring of these animals, however, express their defenses already upon birth. Consequently, the lag phase that initially comprised two molting cycles in the F0 generation is eliminated in the F1 and F2. Shortening the lag phase, could be a way to reduce the trade-offs associated with the defense, as during the lag phase without defenses the animals are still vulnerable to their predators and fitness levels are not yet elevated (Weiss and Tollrian, 2018a, b). Immediate defense expression may serve advantageous against predators like juvenile fish (shortly after their larval stage, i.e., 0+) that prefer smaller prey items such as juvenile D. lumholtzi (Kolar and Wahl, 1998).

In addition to the earlier and stronger initial expression of head spines also their growth rate is increased. When continuously exposed to predator cues, D. lumholtzi head spines grow faster with every subsequent generation that we tested. Such a rapid growth of the defensive structure further enhances survival chances as the defensive effect of the head spines is thereby shifted to earlier instars. The length and rigidity of spines is discussed to prevent ingestion and leads to avoidance by the predator (Engel et al., 2014). I.e., when the head spines outgrow the fishes’ gape, predator handling becomes more complicated, and consumption is impaired. These head spines get stuck in fish’s buccal cavity (Kolar and Wahl, 1998). The fish then shake their heads and flare their opercula attempting to dislodge their prey. The fish gain experience and then reject defended prey with higher frequency and this reduces D. lumholtzi mortality rates (Kolar and Wahl, 1998). Concludingly, progeny of permanently exposed D. lumholtzi are not only prepared by being born with a larger defense but also their defense subsequently grows faster.

Transgenerational phenotypic plasticity has been reported to dependent on a dedicated developmental window in which TGP is induced, so not only the exposure length but also the timing is decisional (Duncan et al., 2014). Very often not only the embryonic but also the parental environment was shown to impact the offsprings’ phenotypes (Shea et al., 2011; Luquet and Tariel, 2016; Heckwolf et al., 2018). We therefore wanted to determine if this earlier onset and boost of defense expression is due to effects of fish kairomones in the maternal environment, the embryonic environment or both. We therefore tested two distinctive phases, i.e., prior to and during embryo development. Daphnia spec. have a dedicated reproductive strategy, i.e., mothers give rise to genetically identical offspring (Smirnov, 2013). During this kind of parthenogenesis, mothers deposit subitaneous embryos in the brood pouch, that directly develop into juvenile offspring (embryogenesis) (Smirnov, 2013). When exposing naïve D. lumholtzi TE to kairomones during embryogenesis, this does not induce TGP; i.e., the lag phase is neither eliminated nor shortened and head spines are not boosted. This means that D. lumholtzi is not able to perceive and/or react to kairomones during prenatal development. Also, Laforsch and Tollrian did not detect prenatal growth of defensive structures during D. lumholtzi embryogenesis but found that spines are folded along the body which allows for embryonic growth of the traits (Laforsch and Tollrian, 2004). When we expose D. lumholtzi mothers to kairomones and remove them prior to conception, this results in TGP as lag times are shortened and defenses are boosted in the 2nd juvenile instar. Therefore, TGP must be inducible before embryogenesis. It is well possible that the environmental information is imprinted on the primordial germ cells that develop in the mother and thereby the offspring is prepared for future environmental conditions (Hemberger et al., 2009).

In comparison to offspring from mothers’ that were exposed to kairomones until the 4th instar, permanently exposed D. lumholtzi have larger defenses. Similarly, the lag phase which is shortened by one instar in the offspring of not continuously exposed mothers, is shortened by two instars in the permanently exposed animals. Together with the fact, that the daphnia themselves are not sensitive to kairomones during embryogenesis this clearly shows that the shortening of the lag phase is a result of TGP. TGP initiates early defense expression so that WGP can start earlier and on a higher level. This TGP effect is intensified when the mothers are permanently exposed to kairomone, and could be an additive effect from the prolonged kairomone exposure.

Mechanistically TGP of inducible defenses is discussed to be associated with epigenetic inheritance where gene activity and/or accessibility is altered through differential methylation patterns, micro RNAs, or histone modifications (Vandegehuchte et al., 2010; Walsh et al., 2016; Fallet et al., 2020). These changes can be passed on to the next generation enhancing the offspring’s performance (Feil, 2008; Sentis et al., 2018). Vandegehuchte et al. showed that D. magna, e.g., is able to pass on differential methylation patterns to the next two generations (Vandegehuchte et al., 2010). Furthermore, it was shown that methylation patterns from kairomone exposed Daphnia ambigua were passed on to following generations (Schield et al., 2016). The mechanisms that underly the formation of TGP in D. lumholtzi will be of interest in future experiments. Likewise, it remains to be investigated how long TGP persists in D. lumholtzi when predator cues are absent. In D. cucullata the TGP effect disappeared, after the disappearance of the predator cue (Agrawal et al., 1999). This scenario is well-imaginable for D. lumholtzi; when the predator disappears, the defenses will most likely stop growing and the animals will save the costs associated with defense expression. The following generation will most likely be undefended upon birth. It will be interesting to test if the offspring of predator exposed grandmothers and unexposed mothers, will react more sensitive to predator cues in comparison to offspring from naïve grandparents.

Taken together, D. lumholtzi shows a distinctive form of transgenerational phenotypic plasticity, where the defenses are developed faster and larger which enhances the defensive effect.
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