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Abstract 7 

Sacoglossan sea slugs are able to maintain functional chloroplasts inside their own cells, and 8 

mechanisms that allow preservation of the chloroplasts are unknown. We found that the slug Elysia 9 

timida inflicts changes to the photosynthetic light reactions of the chloroplasts it steals from the alga 10 

Acetabularia acetabulum. Working with a large continuous laboratory culture of both the slugs (>500 11 

individuals) and their prey algae, we show that the plastoquinone pool of slug chloroplasts remains 12 

oxidized, which can suppress reactive oxygen species formation. Slug chloroplasts also rapidly build up a 13 

strong proton motive force upon a dark-to-light transition, which helps them to rapidly switch on 14 

photoprotective non-photochemical quenching of excitation energy. Finally, our results suggest that 15 

chloroplasts inside E. timida rely on flavodiiron proteins as electron sinks during rapid changes in light 16 

intensity. These photoprotective mechanisms are expected to contribute to the long-term functionality 17 

of the chloroplasts inside the slugs.  18 
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Introduction 19 

The sea slug Elysia timida is capable of stealing chloroplasts from their algal prey (Figure 1). Once stolen, 20 

the chloroplasts, now termed kleptoplasts, remain functional inside the slug’s cells for several weeks, 21 

essentially creating a photosynthetic slug. The only animals capable of this phenomenon are sea slugs 22 

belonging to the Sacoglossan clade (Rumpho et al., 2011; de Vries et al., 2014). Despite decades of 23 

research, there is still no consensus about the molecular mechanisms that allow the slugs to 24 

discriminate other cellular components of the algae and only incorporate the chloroplasts inside their 25 

own cells, or how the slugs maintain the chloroplasts functional for times that defy current paradigms of 26 

photosynthesis. Also the question whether the slugs in fact get a real nutritional benefit from the 27 

photosynthates produced by the stolen chloroplasts, is still being debated (Cartaxana et al., 2017; Rauch 28 

et al., 2017).  29 

One of the main problems that kleptoplasts face is light induced damage to both photosystems. 30 

Photoinhibition of Photosystem II (PSII) takes place at all light intensities and photosynthetic organisms 31 

have developed an efficient PSII repair cycle to counteract it (Tyystjärvi, 2013). Unlike higher plants 32 

(Järvi et al., 2015), the chloroplast genomes of all algal species involved in long term kleptoplasty encode 33 

FtsH, a protease involved in PSII repair cycle (de Vries et al., 2013). However, out of all prey algae 34 

species of photosynthetic sea slugs, only in Vaucheria litorea, the prey alga of Elysia chlorotica, the 35 

chloroplast-encoded FtsH contains the critical M41 metalloprotease domain required for degradation of 36 

the D1 protein during PSII repair (Christa et al., 2018). Photoinhibition of Photosystem I (PSI) occurs 37 

especially during rapid changes in light intensity (Tikkanen and Grebe, 2018) and should cause problems 38 

in isolated chloroplasts in the long run. In addition to the specific inhibition mechanisms of the 39 

photosystems, unspecific damage caused by reactive oxygen species (ROS) (Khorobrykh et al., 2020) is 40 

expected to deteriorate an isolated chloroplast. 41 
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Photoprotective mechanisms counteract photodamage. Recent efforts have advanced our 42 

understanding of photoprotection in kleptoplasts (Christa et al., 2018; Cartaxana et al., 2019). It has 43 

been shown that kleptoplasts of E. timida do retain the capacity to induce physiological photoprotection 44 

mechanisms similar to the ones in the prey green alga Acetabularia acetabulum (hereafter Acetabularia) 45 

(Christa et al., 2018). The most studied mechanism is the "energy-dependent" qE component of non-46 

photochemical quenching of excitation energy (NPQ). qE is triggered through acidification of the 47 

thylakoid lumen by protons pumped by the photosynthetic electron transfer chain. The xanthophyll 48 

cycle enhances qE (Papageorgiou and Govindjee, 2014) but there have been contrasting reports on the 49 

capability of E. timida to maintain a highly functional xanthophyll cycle if the slugs are not fed with fresh 50 

algae (i.e. starved) and about the effect of NPQ on kleptoplast longevity (Christa et al., 2018; Cartaxana 51 

et al., 2019). Although advancing our understanding of the mechanisms of kleptoplast longevity, these 52 

recent publications underline the trend of contradictory results that has been going on for a long time.  53 

There are reports of continuous husbandry of photosynthetic sea slugs, mainly E. timida (Schmitt et al., 54 

2014) and E. chlorotica (Rumpho et al., 2011), but still today most research is conducted on animals 55 

caught from the wild. We have grown the sea slug E. timida and its prey Acetabularia in our lab for 56 

several years (Figure 1). As suggested by Schmitt et al. (2014), E. timida is an attractive model organism 57 

for photosynthetic sea slugs because it is easy to culture with relatively low costs (Figure 1E). A constant 58 

supply of slugs has opened a plethora of experimental setups yet to be tested, one of the more exciting 59 

ones being the case of red morphotypes of both E. timida and Acetabularia (Figure 1C,D). Red 60 

morphotypes of E. timida and Acetabularia were first described by González-Wangüemert et al. (2006) 61 

and later shown to be due to accumulation of an unidentified carotenoid during cold/high-light 62 

acclimation of the algae that were then eaten by E. timida (Costa et al., 2012). The red morphotypes 63 

provide a visual proof that the characteristics of the kleptoplasts inside E. timida can be modified by 64 

acclimating their feedstock to different environmental conditions. 65 
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We optimized a completely new set of biophysical methods to study photosynthesis in the sea slugs and 66 

found differences in photosynthetic electron transfer reactions between E. timida and Acetabularia 67 

grown in varying culture conditions. The most dramatic differences between the slugs and their prey 68 

were noticed in PSII electron transfer of the red morphotype E. timida (Figure 1C) and Acetabularia 69 

(Figure 1D). In addition to measuring chlorophyll a fluorescence decay kinetics, we also measured 70 

fluorescence induction kinetics, PSI electron transfer and formation of proton motive force during dark 71 

to light transition. Our results suggest that dark reduction of the plastoquinone (PQ) pool, a reserve of 72 

central electron carriers of the photosynthetic electron transfer chain, is weak in the slugs compared to 73 

the algae, and that a strong build-up of proton motive force is likely linked to fast induction and elevated 74 

levels of NPQ in kleptoplasts. It is also clear that PSI utilizes oxygen sensitive flavodiiron proteins (FLVs) 75 

as alternative electron sinks in both the slugs and the algae, and this sink protects the photosynthetic 76 

apparatus from light-induced damage in E. timida.  77 

Results 78 

Non-photochemical reduction of the PQ pool is inefficient in E. timida 79 

We estimated reoxidation kinetics of the first stable electron acceptor of PSII, QA
-, from dark acclimated 80 

E. timida and Acetabularia by measuring the decay of chlorophyll a fluorescence yield after a single 81 

turnover flash (Figure 2). In the green morphotypes of the slugs and the algae, QA
- reoxidation kinetics 82 

were similar between the two species in aerobic conditions both in the absence and presence of 3-(3, 4-83 

dichlorophenyl)-1, 1-dimethylurea (DCMU), an inhibitor of PSII electron transfer (Figure 2A,B). This 84 

indicates that electron transfer within PSII functions in the same way in both species. In anaerobic 85 

conditions, fluorescence decay was slower than in aerobic conditions in both species (Figure 2C), 86 

suggesting that the environment of the slug kleptoplasts normally remains aerobic in the dark even in 87 

the presence of slug respiration. Decay of fluorescence is slow in anaerobic conditions probably because 88 
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reduced PQ, accumulating in the dark, hinders QA
- reoxidation (de Wijn and van Gorkom, 2001; Oja et 89 

al., 2011; Deák et al., 2014; Krishna et al., 2019). Anaerobicity slowed the fluorescence decay less in E. 90 

timida than in Acetabularia, especially during the fast (~ 300–500 μs) and middle (~ 5–15 ms) phases of 91 

fluorescence decay in anaerobic conditions (Figure 2C). This could indicate that non-photochemical 92 

reduction of the PQ pool during the dark acclimation period is less efficient in the slug than in the alga. 93 

Differences in dark reduction of the PQ pool between the slugs and the algae were also supported by QA
- 94 

reoxidation measurements from the red morphotype E. timida and Acetabularia (see Figure 1C,D for 95 

images of the red morphotypes and “Materials and methods” for their preparation). Fluorescence decay 96 

in red Acetabularia followed very strong wave like kinetics, with a large undershoot below the dark-97 

acclimated minimum fluorescence level, while there was no sign of such kinetics in the red morphotype 98 

E. timida (Figure 2D). The wave phenomenon has been characterized in detail in several species of 99 

cyanobacteria, where anaerobic conditions in the dark are enough for its induction (Wang et al., 2012; 100 

Deák et al., 2014; Ermakova et al., 2016). According to Deák et al. (2014), anaerobic conditions cause a 101 

highly reduced PQ pool through respiratory electron donation, mainly from NAD(P)H that is mediated by 102 

the NAD(P)H-dehydrogenase (NDH). The wave phenomenon was recently also characterized in the 103 

green alga Chlamydomonas reinhardtii (Krishna et al., 2019). The authors suggested that, similar to 104 

cyanobacteria, non-photochemical reduction of the PQ pool by stromal reductants in anaerobic 105 

conditions in the dark leads to wave like kinetics of fluorescence decay after a single turnover flash in 106 

sulphur deprived C. reinhardtii cells. The exact mechanisms underlying the wave phenomenon are still 107 

unknown, but the involvement of the NDH complex is clear (Deák et al., 2014; Krishna et al., 2019). 108 

Chemical inhibition of the NDH complex in C. reinhardtii led to complete abolishment of the wave 109 

phenomenon in cells that were otherwise primed for it (Krishna et al., 2019). Interestingly, the 110 

comparison of NDH uninhibited and inhibited cells resulted in fluorescence decay kinetics that are highly 111 
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reminiscent of the kinetics in Figure 2D, with the red morphotype E. timida and red morphotype 112 

Acetabularia being analogous to the NDH inhibited and uninhibited C. reinhardtii cells, respectively.  113 

Full photochemical reduction of the PQ pool is delayed in E. timida 114 

In order to investigate whether the alterations in the dark reduction of the PQ pool in kleptoplasts lead 115 

to differences in electron transfer reactions during continuous illumination, we measured chlorophyll a 116 

fluorescence induction kinetics from both E. timida and Acetabularia (Figure 3). Briefly, fluorescence rise 117 

during the first ~1 s of continuous illumination of a photosynthetic sample can be divided into distinct 118 

phases, denoted as O-J-I-P, when plotted on a logarithmic time scale (see Figure 3A). Alterations in the 119 

magnitude and time requirements of these phases are indicative of changes in different parts of the 120 

photosynthetic electron transfer chain (Strasser et al., 1995; Strasser et al., 2004; Kalaji et al., 2014).  121 

Fluorescence induction measurements in aerobic conditions revealed that in green E. timida individuals, 122 

maximum fluorescence (P phase of OJIP fluorescence rise kinetics) was reached ~300 ms later than in 123 

green Acetabularia (Figure 3A). To investigate whether the elongated time requirement to reach 124 

maximum fluorescence is caused by light attenuation in the slug tissue, we tested the effect of different 125 

intensities of the light pulse to the fluorescence transient in E. timida. In the tested range, the intensity 126 

of the pulse did affect the O-J-I phases but not the time of the P phase in aerobic conditions (Figure 3 -127 

figure supplement 1). This suggests that the ~300 ms delay of the P phase in E. timida is of physiological 128 

origin. The delay in fluorescence induction in E. timida in Figure 3A could indicate that the PQ pool is 129 

more oxidized in the slugs than in Acetabularia even in aerobic conditions, and full reduction of the PQ 130 

pool simply takes longer in E. timida. We base this on the notion that full reduction of the PQ pool is a 131 

prerequisite for reaching maximum fluorescence when fluorescence rise kinetics are measured using 132 

multiple turnover saturating light pulses, such as the ones used in the current study (Kramer et al., 1995; 133 

Yaakoubd et al., 2002; Suggett et al., 2003; Osmond et al., 2017). It should be noted, however, that the 134 
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mechanisms controlling the J-I-P phase (also known as the thermal phase) of fluorescence induction are 135 

still under debate (Stirbet and Govindjee, 2012; Schansker et al., 2014; Vredenberg, 2015; Havurinne et 136 

al., 2018; Magyar et al., 2018; Schreiber et al., 2019).  137 

We witnessed a slightly slower O-J phase in DCMU treated E. timida individuals (~10 ms to reach J) than 138 

in DCMU treated Acetabularia (~6 ms) (Figure 3B). The O-J phase is considered to represent the 139 

reduction of QA to QA
-, and it is indicative of the amount of excitation energy reaching PSII, i.e. functional 140 

absorption cross-section of the PSII light harvesting antennae (Kalaji et al., 2014). The J-I-P phases are 141 

nullified when DCMU is introduced into the sample, as forward electron transfer from QA
- is blocked 142 

(Kodru et al., 2015), which makes the O-J phase highly distinguishable. It is possible that the slower O-J 143 

fluorescence rise indicates a decrease in the functional absorption cross-section of PSII in the slug cells 144 

(Figure 3B). In anaerobic conditions the OJIP transient behaved in a manner that can be explained by 145 

blockages in the electron transfer chain, i.e. a highly reduced PQ pool (Figure 3C). This blockage seems 146 

to affect the electron transfer more in Acetabularia than in E. timida, i.e. the J-I-P phases are more 147 

pronounced in E. timida, supporting the earlier suggestion that in anaerobic conditions electron transfer 148 

from QA
- to QB and PQ pool is faster in E. timida than in Acetabularia.  149 

Build-up of proton motive force in E. timida may facilitate rapid induction of NPQ 150 

To inspect intricate differences in proton motive force formation between E. timida and Acetabularia, 151 

we measured electrochromic shift (ECS) from dark acclimated individuals of both species during a 152 

strong, continuous light pulse (Figure 4A). According to the ECS data, proton motive force of 153 

Acetabularia dissipates to a steady level after the initial spike in thylakoid membrane energization, 154 

whereas in E. timida there is a clear build-up of proton motive force after a slight relaxation following 155 

the initial spike. The build-up in E. timida suggests that protons are released into the thylakoid lumen 156 

during illumination, but not out. This could be indicative of defects in ATP-synthase functionality in the 157 
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slugs, perhaps due to lack of inorganic phosphate. Furthermore, while the capacity to induce 158 

photoprotective NPQ in E. timida has been shown to reflect the acclimation state of its food source, E. 159 

timida and also E. chlorotica consistently exhibit higher levels of NPQ than their respective algal food 160 

sources (Cruz et al., 2015; Christa et al., 2018; also see below “P700 redox kinetics in E. timida are 161 

affected by the acclimation status of its prey”). This is likely linked to the stronger acidification of the 162 

lumen in the slugs (Figure 4A), since the major qE component of NPQ is pH dependent (Müller et al., 163 

2001; Papageorgiou and Govindjee, 2014). 164 

Flavodiiron proteins function as alternative electron sinks in E. timida and Acetabularia 165 

We utilized a nearly identical protocol as Shimakawa et al. (2019) to measure redox kinetics of P700, the 166 

reaction center chlorophyll of PSI, in dark acclimated E. timida and Acetabularia during dark-to-light 167 

transition (Figure 4B-D). In aerobic conditions, Acetabularia P700 redox kinetics during a high-light pulse 168 

followed the scheme where P700 is first strongly oxidized due to PSI electron donation to downstream 169 

electron acceptors such as ferredoxin, and re-reduced by electrons from the upstream electron transfer 170 

chain (Figure 4B). Finally, oxidation is resumed by alternative electron acceptors of PSI, most likely FLVs, 171 

as they have been shown to exist in all groups of photosynthetic organisms except angiosperms and 172 

certain species belonging to the red-algal lineage (Allahverdiyeva et al., 2015; Ilík et al., 2017; 173 

Shimakawa et al., 2019). P700 redox kinetics in E. timida and Acetabularia in aerobic conditions were 174 

similar in terms of the overall shape of the curve, but the re-oxidation phase after ~600 ms was 175 

dampened in E. timida (Figure 4B). In the presence of DCMU, P700 remained oxidized throughout the 176 

pulse in both species (Figure 4C). This shows that the re-reduction of P700+ after the initial peak in 177 

aerobic conditions (Figure 4B) is due to electron donation from PSII in E. timida and Acetabularia. The 178 

complete absence of the final oxidation phase in both species in anaerobic conditions (Figure 4D) 179 

supports the view that FLVs are indeed behind P700 oxidation during the high-light pulse and function 180 
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as electron sinks in both E. timida and Acetabularia by donating electrons to oxygen (Ilík et al., 2017; 181 

Shimakawa et al., 2019). 182 

During the optimization process of the P700 oxidation measurements, we found that firing a second 183 

high-light pulse 10 s after the first pulse resulted in a higher capacity to maintain P700 oxidized in both 184 

E. timida and Acetabularia in aerobic conditions (Figure 4B, inset). This procedure will hereafter be 185 

referred to as “second pulse protocol”. In E. timida the oxidation capacity was moderate even with the 186 

second pulse, showing a high re-reduction of P700+ after the initial oxidation. In Acetabularia the second 187 

pulse rescued P700 oxidation capacity completely. Full activation of FLVs as electron acceptors of PSI 188 

takes ~1s after a transition from dark to light and they subsequently remain a considerable electron sink 189 

during the time required for light activation of Calvin-Benson-Bassham cycle (Ilík et al., 2017; Gerotto et 190 

al., 2016; Bulychev et al., 2018). The mechanism of such fast regulation of FLV functionality is not 191 

known, but it has been suggested that conserved cysteine residues of FLVs could offer a means for redox 192 

regulation through conformational changes (Alboresi et al., 2019). It is unclear whether the witnessed 193 

increase in P700 oxidation capacity during the second pulse is due to such activation of the FLVs. 194 

However, when a second pulse was fired in anaerobic conditions, P700 oxidation capacity showed only 195 

weak signs of improvement in E. timida and Acetabularia (Figure 4D, inset). It is therefore likely that 196 

FLVs are also behind P700 oxidation during the second pulse and the data in Figure 4B inset further 197 

support the suggestion that both E. timida and Acetabularia do utilize FLVs as electron sinks, although 198 

there are differences in their functionality between the two. 199 

P700 redox kinetics in E. timida are affected by the acclimation status of its prey 200 

We tested the sensitivity of E. timida P700+ measurements by inflicting changes to the P700 oxidation 201 

capacity of its prey, and then estimating whether the changes are present in the slugs after feeding 202 

them with differently treated Acetabularia. First, we grew Acetabularia in elevated (1 %) CO2 203 
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environment, as high CO2 induces downregulation of certain FLVs in cyanobacteria (Zhang et al., 2012; 204 

Santana-Sanchez et al., 2019). Next, we allowed E. timida to feed on high-CO2 Acetabularia for four 205 

days. We used E. timida individuals that had been pre-starved for four weeks to ensure that the slugs 206 

would only contain chloroplasts from high-CO2 Acetabularia. After feeding, the slugs were allowed to 207 

incorporate the chloroplasts into their own cells for an overnight dark period in the absence of 208 

Acetabularia prior to the measurements. A similar treatment was applied to slug individuals that were 209 

fed ambient-air grown Acetabularia (see “Materials and methods” for the differences in the feeding 210 

regimes). These slugs will hereafter be termed as high-CO2 and ambient-air E. timida, respectively.  211 

Ambient-air E. timida exhibited stronger P700 oxidation during the initial dark-to-light transition than 212 

high-CO2 E. timida (Figure 5A). When the second pulse protocol was applied, both groups showed a clear 213 

increase in P700 oxidation capacity, but once again P700 oxidation was stronger in the ambient-air slugs 214 

(Figure 5C). The differences between ambient-air and high-CO2 Acetabularia showed the same trend 215 

(Figure 5B,D). The simplest explanation for the decrease in P700 oxidation capacity in high-CO2 E. timida 216 

and Acetabularia is downregulation of FLVs. It is, however, possible that the differences are due to other 217 

changes caused by the high-CO2 acclimation, as, to our knowledge, the CO2 response of FLVs in green 218 

algae has not been studied in detail. Based on the highly similar ratio of chlorophylls a and b between 219 

ambient-air (chlorophyll a/b=2.37, SE±0.03, n=5) and high-CO2 slugs (chlorophyll a/b=2.41, SE±0.06, 220 

n=6), it seems likely that the acclimation process did not drastically alter the stoichiometry of PSII and 221 

PSI, which could have affected P700 oxidation during a high-light pulse.  222 

Acclimation to high CO2 also caused changes to PSII activity, estimated as relative electron transfer of PSII 223 

(rETR) during rapid light curve (RLC) measurements from dark acclimated samples (Figure 5E,F). Maximal 224 

rETR was lower in ambient-air E. timida and Acetabularia than in their high-CO2 counterparts. Also NPQ 225 

induction during the RLC measurements indicated that ambient-air and high-CO2 E. timida had very similar 226 
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photosynthetic responses as their respective food sources (Figure 5G,H). However, the slugs exhibited 227 

faster induction and higher levels of NPQ than the algae, which could be due to stronger build-up of proton 228 

motive force in the kleptoplasts (see above “Build-up of proton motive force in E. timida may facilitate 229 

rapid induction of NPQ”). Because rETR in high light intensities (photosynthetic photon flux density, 230 

PPFD>200 µmol m-2s-1) was lower in ambient-air E. timida and Acetabularia (Figure 5E,F), it is possible that 231 

the stronger re-reduction of P700+ in high-CO2 E. timida and Acetabularia is due to more efficient electron 232 

donation to PSI. Whatever the exact reason behind the altered P700 oxidation kinetics is, it is clear that 233 

acclimation of Acetabularia to high CO2 lowers P700 oxidation capacity and this acclimation state is 234 

transferred into E. timida.  235 

High P700 oxidation capacity improves kleptoplast longevity under fluctuating light 236 

Recently, there has been an increasing interest in protection of PSI by FLVs (Shimakawa et al., 2019; 237 

Gerotto et al., 2016; Jokel et al., 2018). This led us to investigate whether P700 oxidation capacity would 238 

affect the longevity of the kleptoplasts. We first compared kleptoplast longevity in ambient-air and high-239 

CO2 E. timida in starvation under normal day/night cycle (12/12h, PPFD 40 µmol m-2s-1 during daylight 240 

hours), i.e. steady-light conditions. The slugs used here were subjected to a 4 week pre-starvation 241 

protocol prior to feeding them with their respective algae before the onset of the actual steady-light 242 

starvation experiment (see “P700 redox kinetics in E. timida are affected by the acclimation status of its 243 

prey” and “Materials and methods” for details).  244 

Both groups behaved very similarly in terms of slug coloration and size, maximum quantum yield of PSII 245 

photochemistry (FV/FM) and minimal and maximal chlorophyll fluorescence (F0 and FM, respectively) 246 

during a 46 day starvation period (Figure 6). In both groups, FV/FM decreased during starvation in a bi-247 

phasic pattern, with slow decrease until day 21, after which PSII activity declined rapidly. The overall 248 

decline in FV/FM was nearly identical in both groups throughout the experiment (Figure 6C). The initial 249 
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population size of both groups was 50 slugs, and starvation induced deaths of 9 and 12 slugs during the 250 

experiment from ambient-air and high-CO2 E. timida populations, respectively (see “Materials and 251 

methods” for details on mortality and sampling). P700+ measurements from slugs starved for 5 days 252 

indicated that the starved ambient-air E. timida retained a higher P700 oxidation capacity through 253 

starvation than high-CO2 E. timida, when the second pulse P700+ kinetics protocol was applied (Figure 254 

6E). These results show that altered P700 oxidation capacity does not affect chloroplast longevity in E. 255 

timida in steady-light conditions. 256 

We repeated the starvation experiment with new populations of ambient-air and high-CO2 E. timida, but 257 

this time the moderate background illumination (PPFD 40 µmol m-2s-1) was supplemented every 10 min 258 

with a 10 s high-light pulse (PPFD 1500 µmol m-2s-1) during daylight hours, i.e. fluctuating light. Slugs 259 

used in this experiment were not subjected to a pre-starvation protocol prior to feeding them with their 260 

respective algae but were simply allowed to replace their old chloroplasts with new specific ones during 261 

6 days of feeding. The starting population size was 45 slugs for both groups and there were no 262 

starvation-caused losses during the whole experiment (see “Materials and methods” for details on 263 

sampling).  264 

Starvation in fluctuating light induced faster onset of the rapid phase of FV/FM decrease in both groups 265 

(Figure 7A) when compared to the steady light starvation experiment (Figure 6C). The exact onset of the 266 

rapid decline of FV/FM was difficult to distinguish, but in ambient-air E. timida FV/FM decrease accelerated 267 

only after ~20 days, whereas in high-CO2 E. timida the turning point was during days 10-14 (Figure 7A). 268 

The overall longevity of PSII photochemistry in both groups was, however, very similar, as there was a 269 

sudden drop in FV/FM in the ambient-air slugs on day 31. F0 behaved identically in the two groups, apart 270 

from days 0-4, when F0 of the high-CO2 E. timida dropped to the level of the ambient-air E. timida F0. At 271 

day 10, FM of the high-CO2 slugs dropped drastically and the groups started to differ. Using the second 272 
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pulse P700+ measurement protocol, we confirmed that the differences in P700 oxidation capacity were 273 

noticeable on days 0 and 6 in starvation also in the populations of slugs used for the fluctuating-light 274 

experiment (Figure 7C,D). RLC measurements were performed on the slugs on day 10 to inspect the 275 

underlying causes of the suddenly decreasing fluorescence parameters FV/FM and FM of the high-CO2 276 

slugs (Figure 7E). The situation after 10 days in fluctuating light seemed almost the opposite to the 277 

situation on day 0 (Figure 5E), i.e. now the ambient-air slugs showed higher rETRMAX than the high-CO2 278 

slugs (Figure 7E). However, NPQ induction during the RLC measurements showed that high-CO2 E. timida 279 

were still able to generate and maintain stronger NPQ than ambient-air E. timida (Figure 7F), although 280 

the differences were not as strong as on day 0 (Figure 5G). These data indicate that the initial 281 

chloroplast acclimation status is retained during starvation, and the decrease in rETRMAX in high-CO2 E. 282 

timida is likely due to light induced damage to the photosynthetic apparatus. 283 

Our results suggest that alternative electron acceptors of PSI, likely FLVs, are utilized by E. timida to 284 

protect kleptoplasts from formation of ROS during fluctuating-light starvation. The exact mechanism of 285 

PSI damage is not clear, but FLVs have been shown to protect PSI in green algae by donating excess 286 

electrons to oxygen without producing ROS (Shimakawa et al., 2019; Jokel et al., 2018). However, both 287 

slug groups did retain PSI activity for at least up to 6 days in starvation (Figure 7D). This shows that PSI 288 

was protected against fluctuating-light even in the high-CO2 E. timida that exhibited lowered, but not 289 

completely abolished, P700 oxidation capacity. Lower P700 oxidation capacity by FLVs in high-CO2 slugs 290 

could, however, cause an increase in the rate of Mehler's reaction (Mehler, 1951;, Khorobrykh et al., 291 

2020). Superoxide anion radical and hydrogen peroxide, the main ROS in Mehler's reaction, are not 292 

likely to be involved in the primary reactions of PSII photoinhibition but are known to have deleterious 293 

effects on PSII repair (Tyystjärvi, 2013). We propose that this is behind the faster decrease in FV/FM and 294 

rETR in the high-CO2 E. timida in fluctuating light. 295 
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Discussion 296 

We have performed the most detailed analysis of the differences in photosynthetic light reactions 297 

between a photosynthetic sea slug and its prey alga to date. Our results indicate that in the dark the PQ 298 

pool of the kleptoplasts inside the sea slug E. timida is not reduced to the same extent as in chloroplasts 299 

inside the green alga Acetabularia (Figure 2). We interpret this as a possible sign of a missing 300 

contribution of respiratory electron donors into the kleptoplasts inside E. timida. Either E. timida 301 

kleptoplasts are completely cut off from respiratory electron donors deriving from the slug’s 302 

mitochondria, or they are not delivered into the PQ pool due to inhibition of the NDH complex. 303 

Fluorescence induction measurements also suggest that there are differences in the PQ pool redox state 304 

between kleptoplasts in E. timida and chloroplasts in Acetabularia. The considerable delay in reaching 305 

the maximum chlorophyll a fluorescence in E. timida during a high-light pulse (Figure 3A) can be 306 

indicative of a highly oxidized PQ pool that simply takes longer to fully reduce. Maintaining an oxidized 307 

PQ pool could be advantageous for chloroplast longevity, as it could help prevent electron pressure and 308 

ROS formation in PSII. 309 

The strong build-up of proton motive force during transition from dark to light (Figure 4A) is most 310 

probably behind the fast induction and high levels of NPQ in E. timida (Figure 5G). Such alterations to 311 

photoprotective mechanisms provide an obvious benefit for long term maintenance of the kleptoplasts. 312 

However, the build-up also implies that protons do not diffuse out of the thylakoid lumen in E. timida 313 

kleptoplasts as efficiently as in Acetabularia. Further investigations into the function of ATP-synthase in 314 

E. timida could provide insights into the interchange of important molecules such as phosphate between 315 

the slug cells and kleptoplasts. 316 

Our results show that both E. timida and Acetabularia utilize oxygen-dependent electron acceptors of 317 

PSI during dark-to-light transition (Figure 4B-C). Based on the current literature, the most likely 318 
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candidates for these electron acceptors are FLVs (Shimakawa et al., 2019; Gerotto et al., 2016; Jokel et 319 

al., 2018). Oxidation of P700 by FLVs seems to be weaker in E. timida than in Acetabularia (Figure 4B, 320 

Figure 5 A-D), but FLVs do offer protection from light-induced damage in fluctuating light in E. timida 321 

(Figure 7). If the capacity to oxidize P700 by alternative electron acceptors is lowered in E. timida 322 

kleptoplasts, is this compensated for by an increased capacity of the main electron sink, i.e. the Calvin-323 

Benson-Bassham cycle? If not, E. timida slugs would risk having a foreign organelle inside their own cells 324 

that readily produces ROS via one-electron reduction of oxygen. Interestingly, a major feature 325 

separating Sacoglossan slug species capable of long-term retention of kleptoplasts from those that are 326 

not, is their high capacity to downplay starvation induced ROS accumulation (de Vries et al., 2015). This 327 

could imply that long-term retention slug species such as E. timida do not need to concern themselves 328 

over the perfect functionality of the electron transfer reactions downstream of PSI. Further in-depth 329 

investigations into the carbon fixation reactions in photosynthetic sea slugs are needed to test this 330 

hypothesis. In addition to bringing closure to a biological conundrum that has remained unanswered for 331 

decades, solving how sea slugs are able to incorporate and maintain kleptoplasts in their own cells could 332 

provide useful insights into the ancient endosymbiotic events that led to the evolution of eukaryotic life. 333 

Materials and methods 334 

Organisms and culture conditions 335 

Axenic stock cultures of the green alga Acetabularia (Düsseldorf Isolate 1, DI1; strain originally isolated 336 

by Diedrik Menzel) were grown in 5-10 l plastic tanks in sterile filtered f/2 culture medium made in 3.7 % 337 

artificial sea water (ASW; Sea Salt Classic, Tropic Marin). In order to slow down the stock culture growth, 338 

PPFD of growth lights (TL-D 58W/840 New Generation fluorescent tube; Philips, Amsterdam, The 339 

Netherlands) was <20 µmol m-2s-1. The culture medium for the stock cultures was changed at 8-10 week 340 

intervals. Other Acetabularia culture maintenance procedures, such as induction of gamete release, 341 
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formation of zygotes and sterilization procedures were performed essentially as described earlier (Hunt 342 

and Mandoli, 1992; Cooper and Mandoli, 1999). The day-night cycle was 12/12 h and temperature was 343 

maintained at 23 °C at all times for all algae and slug cultures, unless mentioned otherwise. Algae used 344 

in the experiments were transferred to new tanks containing fresh f/2 media and grown under lights 345 

adjusted to PPFD 40 µmol m-2s-1 (TL-D 58W/840 New Generation fluorescent tube) for minimum of two 346 

weeks prior to any further treatments. No attempt was made to use only algae of certain age or size, 347 

and all populations were mixtures of cells in different developmental stages. PPFD was measured with a 348 

planar light sensor (LI-190R Quantum Sensor; LI-COR Biosciences; Lincoln, NE, USA) at the tank bottom 349 

level in all growth and treatment conditions. Irradiance spectra of all growth light sources used in the 350 

current study are shown in Figure 6 – figure supplement 1, measured with an absolutely calibrated STS-351 

VIS spectrometer (Ocean Optics, Largo, FL, USA). 352 

Sea slug E. timida individuals (50 individuals in total) were initially collected from the Mediterranean 353 

(Elba, Italy, 42.7782° N, 10.1927° E). The slug cultures were routinely maintained essentially as described 354 

by Schmitt et al. (2014). Briefly, E. timida were maintained at the same conditions as the cultures of 355 

Acetabularia, their prey alga, in aerated 5-10 l plastic tanks containing 3.7 % ASW. Fresh ASW was added 356 

to the tanks weekly to account for evaporation, and the slugs were placed in new tanks with fresh ASW 357 

at 3-5 week intervals. Differing amounts of Acetabularia were added to the slug tanks at irregular 358 

intervals, usually once every two weeks. When the adult slugs were transferred to new tanks, the old 359 

tanks with their contents were not discarded but supplemented with fresh ASW media and Acetabularia 360 

in order to allow unhatched slugs or slugs still in their veliger stage to develop into juvenile/adult slugs 361 

that are visible to the eye and could be pipetted out with a 10 ml plastic Pasteur pipette. The 362 

development from microscopic veligers to juvenile slugs usually took 2-3 weeks. Our method for 363 

cultivating slugs has enabled us to maintain a constant slug population consisting of 500-1000 slugs with 364 

relatively little labour and cost for years. It is, however, difficult to maintain the slug cultures axenic, and 365 
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the slug tanks do foul, if not attended to. The contaminants in our laboratory cultures have not yet been 366 

identified but, based on optical inspection, seem to consist mainly of diatoms and ciliates. These 367 

organisms are likely derived from the Mediterranean and have been co-cultured with the slugs 368 

throughout the years. All slugs used in the experiments were always transferred into new tanks filled 369 

with fresh ASW and fed with abundant Acetabularia for 1-2 weeks prior to the experiments, unless 370 

mentioned otherwise. Slug individuals taken straight from the normal culture conditions were used for 371 

some of the measurements, without special considerations on the retention status of the chloroplasts 372 

inside the slugs, i.e. the slugs were not allowed to incorporate the chloroplasts overnight in the dark. 373 

The use of slugs without overnight settling time is indicated in the figures. 374 

Acclimating Acetabularia to elevated CO2 levels was done in a closed culture cabinet (Algaetron AG230; 375 

Photon Systems Instruments, Drásov, Czech Republic) by raising the CO2 level from the ambient 376 

concentration (0.04 % of air volume) to 1 % CO2 inside the cabinet. Plastic 5 l tanks filled with 377 

Acetabularia were placed inside the cabinet and the tank lids were slightly opened to facilitate gas 378 

exchange. Fresh f/2 medium was added every second day to account for evaporation. Incident light 379 

provided by the growth cabinet white LEDs (see Figure 6 – figure supplement 1A for the spectrum) was 380 

adjusted to PPFD 40 µmol m-2s-1 and the day-night cycle was 12/12 h. Temperature was maintained at 381 

23 °C. The algae were always acclimated for a minimum of three days to high CO2 prior to any 382 

measurements or feeding of the slugs with high-CO2 acclimated algae. 383 

The red morphotype of Acetabularia was induced by growing the algae at 10 °C and continuous high 384 

white light (PPFD 600 µmol m-2s-1) for 31 days in a closed culture cabinet in ambient air (Algaetron 385 

AG230; Photon Systems Instruments), essentially as described by Costa et al. (2012). While this 386 

procedure was successful in producing the desired colour morphotype of Acetabularia, the yield was 387 

very low, and most of the Acetabularia cells bleached during the treatment. A few cells of red 388 
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Acetabularia could be found in tanks where the cell concentration had been high enough to create a 389 

light attenuating algal mat. These red Acetabularia cells were then collected and used for measurements 390 

or fed to the slugs as indicated. 391 

Fast kinetics of QA
- reoxidation, fluorescence induction (OJIP), P700 oxidation and ECS 392 

Algae and slug samples were dark acclimated for 1-2 h prior to the fast kinetics measurements and all 393 

fast kinetics were measured at room temperature. PSII electron transfer was blocked in certain 394 

measurements, as indicated in the figures, with DCMU. For this, a 2 mM stock solution of DCMU in 395 

dimethylsulfoxide was prepared and diluted to a final concentration of 10 µM in either f/2 or ASW 396 

medium, depending on whether it was administered to the algae or the slugs, respectively. DCMU was 397 

only applied to samples that had been in the dark for 1 h and the dark acclimation in the presence of 398 

DCMU was continued for additional 20 min. When pertinent, DCMU containing medium was applied to 399 

cover the samples during the actual measurements too. 400 

Anaerobic conditions were achieved by a combination of glucose oxidase (8 units/ml), glucose (6 mM) 401 

and catalase (800 units/ml) in f/2 or ASW medium. Our data shows that using the above reagents and 402 

concentrations in a sealed vial with stirring, nearly all oxygen was consumed from 250 ml of ASW media 403 

in a matter of minutes (Figure 2 – figure supplement 1A). Similar to the DCMU treatments, anaerobic 404 

conditions were initiated only after the samples had been in the dark for 1 h. In the case of Acetabularia, 405 

the samples were placed inside a sealed 50 ml centrifuge tube filled with f/2 medium that had been pre-406 

treated with the glucose oxidase system for 10 min. The algae were then kept inside the sealed tube for 407 

5 min in the dark, after which they were picked out and placed to the sample holder of the instrument in 408 

question. In order to maintain oxygen concentrations as low as possible, the samples were then covered 409 

with the anaerobic medium and left in the dark for additional 5 min, so that the oxygen mixed into the 410 

medium during sample placement would be depleted. Before imposing anaerobic conditions to slug 411 
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individuals, they were swiftly decapitated with a razor blade, a procedure that has been shown not to 412 

significantly affect PSII activity in the photosynthetic sea slug Elysia viridis during a 2 h measurement 413 

period (Cruz et al., 2015). The euthanized slugs were then treated identically to the algae used in the 414 

anaerobic measurements. 415 

QA
- reoxidation kinetics after a strong single turnover (ST) flash (maximum PPFD 100 000 µmol m-2s-1, 416 

according to the manufacturer) were measured using an FL 200 fluorometer with a SuperHead optical 417 

unit (Photon Systems Instruments, Drásov, Czech Republic) utilizing the software and protocol provided 418 

by the manufacturer. The measurement protocol was optimized to be robust enough to allow its use in 419 

measurements from both Acetabularia and the slugs. The parameters used in the script were as follows: 420 

experiment duration - 120 s, Number of datapoints/decade - 8, First datapoint after ST flash - 150 µs, ST 421 

flash voltage – 100 %, ST flash duration – 30 µs, measuring beam (MB) voltage – 60 %. The wavelength 422 

for the ST flash and the MB was 625 nm. The option to enhance the ST flash intensity by complementing 423 

it with the MB light source was not used in the measurements. Number of datapoints/decade was 424 

changed to 2 for the measurements in the presence of DCMU.  425 

The slugs tend to crawl around any typical cuboid 2 ml measuring cuvette if the cuvette is filled with 426 

ASW, which causes disturbances to the fluorescence signal. On the other hand, if ASW is removed from 427 

the cuvette, the slugs tend to stick to the bottom, placing them away from the light path of the 428 

instrument. For this reason, a compromise was made between ideal optics and slug immobilization by 429 

placing 3-5 slugs into a regular 1.5 ml microcentrifuge tube and then pipetting most of the ASW out of 430 

the tube, leaving just enough ASW to cover the slugs. Only in the measurements in anaerobic conditions 431 

were the tubes filled with oxygen depleted ASW. The tube was placed into the cuvette holder of the 432 

SuperHead optical unit so that the narrow bottom of the tube with the slugs was situated in the middle 433 

of the light path of the instrument and the tube was resting on its top appendices. The tube caps were 434 
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left open for the measurements without any inhibitors and in the presence of DCMU, unlike the 435 

anaerobic measurements where the caps were closed. In the context of QA
- reoxidation data from the 436 

slugs, one biological replicate refers to one measurement from 3-5 slugs inside the same tube in this 437 

study. Completely new slugs were used for each biological replicate. In order to facilitate comparison, 438 

QA
- reoxidation from the algae was also measured using 1.5 ml microcentrifuge tubes, but due to the 439 

sessile nature of the algae there was no need to remove the f/2 media from the tubes. For each 440 

biological replicate representing the algae in the QA
- reoxidation data sets, approximately 5-10 cells were 441 

placed inside each of the tubes. 442 

The polyphasic fluorescence rise kinetics (OJIP curves) were measured with AquaPen-P AP 110-P 443 

fluorometer (Photon Systems Instruments) that has an inbuilt LED emitter providing 455 nm light for the 444 

measurements. The fluorometer was mounted on a stand and all measurements were done by placing a 445 

Petri dish with the sample on it on a matte black surface and positioning the sample directly under the 446 

probe head of the fluorometer. The intensity of the 2 s multiple turnover (MT) saturating pulse used for 447 

the measurements was optimized separately for measurements from single slug individuals 448 

(representing one biological replicate) and 1-2 cells/strands of algae (representing one biological 449 

replicate) placed under the probe of the instrument. 450 

The final MT pulse intensity setting of the instrument was 70 % (100 % being equal to PPFD 3000 µmol 451 

m-2s-1 according to the manufacturer’s specifications) for the slugs and 50 % for Acetabularia. OJIP 452 

curves were measured from samples that had been covered in their respective treatment media, which 453 

presented a concern with regard to the anaerobic measurements, as the samples were not in a closed 454 

environment and oxygen diffusion into the sample could not be prevented. The data in Figure 2 – figure 455 

supplement 1B shows that diffusion is largely negated during the additional 5 min dark period even in an 456 
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open setup. The conditions during these OJIP measurements will be referred to as anaerobic although 457 

some diffusion of oxygen to the samples occurred. 458 

Fast kinetics of P700 oxidation during a 780 ms MT pulse were measured with Dual-PAM 100 (Heinz 459 

Walz GmbH, Effeltrich, Germany) equipped with the linear positioning system stand 3010-DUAL/B 460 

designed for plant leaves and DUAL-E measuring head that detects absorbance changes at 830 nm 461 

(using 870 nm as a reference wavelength). The absorbance changes are not caused entirely by P700 462 

redox state, as the contribution of other components of the electron transfer chain, plastocyanin and 463 

ferredoxin, cannot be distinguished from the P700 signal at this wavelength region (Klughammer and 464 

Schreiber, 2016). P700 measurements were carried out essentially as described by (Shimakava et al., 465 

2019), with slight modifications. We built a custom sample holder frame that can be sealed from the top 466 

and bottom with two microscope slide cover glasses by sliding the cover glasses into the. The frame of 467 

this sample holder was wide enough so that the soft stoppers of the Dual-PAM detector unit’s light 468 

guide could rest on it without disturbing the sample even when the top cover glass was not in place. A 469 

3D-printable file for the sample holder is available at https://seafile.utu.fi/d/2bf6b91e85644daeb064/. 470 

The 635 nm light provided by the LED array of Dual-PAM was used for the MT pulse (780 ms, PPFD 471 

10000 µmol m-2s-1) in the P700+ measurements. Fluorescence was not measured during the MT pulse, as 472 

the MB used for fluorescence seemed to disturb the P700+ signal from the slugs. The drift of the signal 473 

made attempts to estimate the maximum oxidation level of P700 according to the standard protocol 474 

described by Schreiber and Klughammer (2008a) impossible with the slugs. Measurements from the 475 

algae would not have required any special considerations due to a stronger signal, but the algae were 476 

nevertheless measured identically to the slugs for the sake of comparability. The measuring light 477 

intensity used for detecting the P700 absorbance changes had to be adjusted individually for each 478 

sample. All P700+ kinetics were measured from individual slugs (i.e one slug represents one biological 479 
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replicate), as pooling multiple slugs together for a single measurement did not noticeably enhance the 480 

signal. 481 

Due to the delicate nature of the P700+ signal, all slugs used for these measurements had to be 482 

decapitated with a razor blade before the measurements. It is important to note that obtaining a single, 483 

meaningful fast kinetics curve of P700 oxidation requires sacrificing a lot of slug individuals. In this study 484 

a minimum of 10 individuals were used to construct each curve, because in approximately 30-50 % of 485 

the measurements the signal was simply too noisy and drifting to contain any meaningful information.  486 

The P700+ measurements were carried out similarly to the OJIP measurements, with three main 487 

differences. First, the number of algae cells per measurement (representing one biological replicate) was 488 

higher, usually 5-10 cells/strands forming an almost solid green area between the light guides of Dual-489 

PAM inside the sample holder. Secondly, the anaerobic measurements were carried out in a sealed 490 

system, achieved by closing the sample holder with both cover glasses after filling it with anaerobic 491 

medium. Measurements from all other treatments were carried out in open sample holders. The third 492 

difference was that for some of the experiments a second MT pulse was fired after a 10 s dark period 493 

following the first MT pulse. This procedure is referred to as “second pulse P700 redox kinetics protocol” 494 

in the main text. 495 

Electrochromic shift (ECS, or P515) during a MT pulse (780 ms, 635 nm, PPFD 10000 µmol m-2s-1) was 496 

measured with P515 module of Dual-PAM 100 using the dual beam 550-515 transmittance difference 497 

signal (actual wavelengths used were 550 and 520 nm) (Schreiber and Klughammer, 2008b; Klughammer 498 

et al., 2013). ECS from Acetabularia was measured using the exact same setup as with the P700 499 

measurements, but ECS from the slug E. timida could only be measured using the pinhole accessory of 500 

Dual-PAM 100. Shortly, a pinhole plug was placed on the optical rod of the P515 detector and 3-5 501 

decapitated slug individuals (representing one biological replicate) were placed into the hole of the plug, 502 
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covering the optical path. After placing a sample between the optical rods of the P515 module, the ECS 503 

signal was calibrated and the MB was turned off to decrease the actinic effect caused by the MB. MB 504 

was turned back on again right before measuring the ECS kinetics during a MT pulse. The intensity of the 505 

MB was adjusted for each sample separately. 506 

The P700 oxidation and ECS data from E. timida and Acetabularia were slope corrected, when needed, 507 

using the baseline subtraction tool of Origin 2016 v.9.3 (OriginLab Corporation, Northampton, MA, USA) 508 

to account for signal drift. All biological replicates used to construct the fast kinetics data figures (QA
- 509 

reoxidation, OJIP, P700 oxidation and ECS) were normalized individually as indicated in the main text 510 

figures, and the normalized data were averaged to facilitate comparison between the samples.  511 

Maximum quantum yield of PSII and rapid light response curves 512 

Maximum quantum yield of PSII photochemistry (FV/FM) was routinely measured from slug individuals 513 

using PAM-2000 fluorometer (Heinz Walz GmbH) after minimum of 20 min darkness. The measurements 514 

were carried out by placing a dark acclimated slug on to the side of an empty Petri dish and then 515 

pipetting all ASW media out, leaving the slug relatively immobile for the time required for the 516 

measurement. The light guide of PAM-2000 was hand-held at a ~45° angle respective to the slug, using 517 

the side and bottom of the Petri dish as support, and a saturating pulse was fired. PAM-2000 settings 518 

used for FV/FM measurements from the slugs were as follows: MB intensity 10 (maximum), MB 519 

frequency 0.6 kHz, high MB frequency 20 kHz (automatically on during actinic light illumination), MT 520 

pulse intensity 10 (maximum, PPFD >10 000 µmol m-2s-1), MT pulse duration 0.8 s.  521 

Measuring rapid light curves (RLCs) requires total immobilization of the slugs, a topic that has been 522 

thoroughly discussed by Cruz et al. (2012). Instead of using the anaesthetic immobilization technique 523 

described by Cruz et al. (2012), we tested yet another immobilization method to broaden the toolkit 524 

available for studying photosynthesis in Sacoglossan sea slugs. Alginate is a porous, biologically inert and 525 
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transparent polymer that is widely used for fixing unicellular algae and cyanobacteria to create uniform 526 

and easy to handle biofilms or beads in e.g. biofuel research (Kosourov and Seibert, 2009; Antal et al., 527 

2014). For the fixation of the slugs, an individual slug (representing one biological replicate) was placed 528 

on a Petri dish and a small drop of 1 % alginate (m/v in H2O) was pipetted on top of the slug, covering 529 

the slug entirely. Next, roughly the same volume of 0.5 mM CaCl2 was distributed evenly to the alginate 530 

drop to allow the Ca2+ ions to rapidly polymerize the alginate. The polymerization was allowed to 531 

continue for 10-30 s until the alginate had visibly solidified. All leftover CaCl2 was removed with a tissue, 532 

and the slug fixed inside the alginate drop was placed under the fixed light guide of PAM-2000, in direct 533 

contact and in a 90 ° angle, for the measurement. After the measurement was over, the alginate drop 534 

was covered with abundant 1M Na-EDTA to rapidly chelate the Ca2+ ions and depolymerize the alginate. 535 

Once the slug was visibly free of alginate, it was immediately transferred to fresh ASW for rinsing with a 536 

Pasteur pipette. The slugs usually recovered full movement, defined as climbing the walls of the 537 

container, in 10-20 min. The slugs were placed into a new tank for breeding purposes once motility had 538 

been restored. We also tested the effect of alginate fixation on FV/FM during a 10 min time period, a 539 

typical length for RLC measurements, and no effect was noticeable (Figure 5 – figure supplement 1). All 540 

RLCs from algae were measured from 5-10 cells/measurement (representing one biological replicate), 541 

using otherwise the same setup as with the slugs, except that alginate fixation was not applied. The 542 

basic settings for RLC measurements were the same as with FV/FM measurements, except for the MB 543 

intensity, which was adjusted to setting 5 with the algae to avoid oversaturation of the signal. Each light 544 

step lasted 90 s and the PPFDs that were used are shown in the figures. rETR was calculated as 545 

0.42*Y(II)*PPFD, where 0.42 represents the fraction of incident photons absorbed by PSII, based on 546 

higher plant leaf assumptions, and Y(II) represents effective quantum yield of PSII photochemistry under 547 

illumination. NPQ was calculated as FM/FM’-1, where FM’ represent maximum chlorophyll fluorescence of 548 

illuminated samples. See Kalaji et al. (2014) for detailed descriptions of rETR and NPQ.  549 
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Feeding experiments 550 

In order to ensure that the slugs incorporate only specifically acclimated chloroplasts inside their own 551 

cells, the first feeding experiment was done with slug individuals that had been kept away from their 552 

food for four weeks in 5 l tanks filled with fresh ASW medium in their normal culture conditions. The 553 

coloration of the slugs was pale after the starvation period, indicating a decrease in the chloroplast 554 

content within the slugs. Altogether 107 starved slug individuals were selected for the feeding 555 

experiments and divided to two tanks filled with abundant Acetabularia in f/2 culture medium, one tank 556 

containing high-CO2 acclimated algae (54 slugs) and the other one algae grown in ambient air (53 slugs). 557 

The tanks with the slugs and algae in them were put to their respective growth conditions for 4 days to 558 

allow the slugs to incorporate new chloroplasts inside their cells. The tanks were not aerated during the 559 

feeding, but the tank lids were open for both feeding groups. The elevated CO2 level in the closed 560 

culture cabinet posed a problem, as it noticeably affected the slug behaviour by making them sessile in 561 

comparison to normal growth conditions, probably due to increased replacement of O2 by CO2. Because 562 

of this, the slugs selected for feeding on the high-CO2 acclimated algae were fed in cycles where the 563 

tanks were in the closed CO2 cabinet for most of the time during the daylight hours, but taken out every 564 

few hours and mixed with ambient air by stirring and kept in the ambient-air conditions for 1-2 hours 565 

before taking the tanks back to the high-CO2 cabinet. The tanks were always left inside the closed 566 

cabinets for the nights in order to inflict minimal changes to the acclimation state of the algae. After 4 567 

days of feeding, 50 slug individuals of similar size and coloration were selected from both feeding groups 568 

and distributed into 2 new 5 l tanks/feeding group, filled with approximately 2 l of 3.7 % ASW medium 569 

and containing no algae. All slugs (25+25 ambient-air slugs, 25+25 high-CO2 slugs) were moved to 570 

ambient-air growth conditions and kept in the dark overnight in order to allow maximal incorporation of 571 

the chloroplasts before starting the starvation experiment in steady-light conditions. 572 
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For the second feeding experiment the four-week pre-starvation period of the slugs was discarded to 573 

see whether the differences in photosynthetic parameters between the two feeding groups could be 574 

inflicted just by allowing the slugs to replace their old kleptoplasts with the specific chloroplasts fed to 575 

them. We selected 100 slugs from normal growth conditions and divided them once again into two 576 

tanks containing f/2 culture medium and Acetabularia that had been acclimated to ambient air (50 577 

slugs) or high CO2 (50 slugs). The slugs were allowed to feed for 6 days, but otherwise the feeding 578 

protocol was identical to the one used in the first feeding experiment. After the sixth day of feeding, 45 579 

slug individuals of similar size and coloration were selected from both feeding groups and divided to 2 580 

new 5 l tanks (20+25 ambient-air slugs, 20+25 1 % CO2 slugs) filled with approx. 2 l of ASW and kept 581 

overnight in the dark before starting the starvation experiment in fluctuating light. 582 

A third feeding experiment was conducted in order to create the red morphotype of E. timida (González-583 

Wangüemert et al., 2006; Costa et al., 2012). Slug individuals from normal growth conditions were 584 

selected and placed in Petri dishes filled with f/2 culture medium and abundant red Acetabularia. The 585 

slugs were allowed to eat the algae for 2 days in the normal culture conditions of the slugs prior to the 586 

measurements. Three Petri dishes were filled with just the red form Acetabularia in f/2 culture medium 587 

in exactly the same conditions, and these algae were used for measurements regarding the red 588 

morphotypes of Acetabularia and E. timida.  589 

Starvation experiments 590 

Two different starvation experiments were carried out with ambient-air slugs and high-CO2 slugs. In the 591 

first one the slugs from the first feeding experiment were starved in steady-light conditions, where the 592 

only changes in the incident light were due to the day/night light cycle (12/12 h). Here, all four tanks 593 

(25+25 ambient-air slugs, 25+25 high-CO2 slugs) were placed under white LED lights (Växer PAR30 E27, 594 

10 W; Ikea, Delft, The Netherlands; see Figure 6 – figure supplement 1B for the spectrum) adjusted to 595 
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PPFD 40 µmol m-2s-1. Temperature was maintained at 23 °C and the tanks were not aerated during the 596 

starvation experiment apart from the passive gas flux that was facilitated by the open lids of the tanks. 597 

Fresh ASW medium (approximately 500 ml) was added to the tanks every second day and the slugs were 598 

placed into new tanks with fresh ASW 1-2 times a week throughout the entire starvation period of 46 599 

days. The day following the overnight dark period that the slugs were subjected to after the feeding 600 

experiment was noted as day 0 in the starvation experiments. FV/FM during starvation was measured 601 

from individual slugs (representing one biological replicate) as indicated in the main text figures. 602 

Sampling caused losses to the slug populations on days 0, 5 and 15, when 10 slug individuals/group were 603 

selected for P700 oxidation kinetics measurements. Unfortunately, the P700+ signals after 15 days in 604 

starvation were too weak and noisy for any meaningful interpretations. Before day 25, starvation 605 

induced mortality of both groups was 0. After that the ambient-air slug population suffered losses on 606 

days 27 (1 slug), 35 (2 slugs), 45 (5 slugs), 46 (1 slug) altogether 9 slugs. For the high-CO2 slug population 607 

the losses were as follows: day 27 (1 slug), 29 (1 slug), 31 (1 slug), 45 (8 slugs) and 46 (1 slug), 12 slugs in 608 

total. Lengths of the slugs were estimated from images taken at set intervals essentially as described by 609 

Christa et al. (2018). Images were taken with a cropped sensor DSLR camera equipped with a macro lens 610 

(Canon EOS 7D MKII + Canon EF-S 60mm f/2.8 Macro lens; Canon Inc., Tokyo, Japan) and the body 611 

length of each slug individual was estimated using the open source image analysis software Fiji 612 

(Schindelin et al., 2012). The slugs from both feeding groups were pooled into one tank/group after day 613 

25 in starvation. 614 

The second starvation experiment was carried out using ambient-air slugs and high-CO2 slugs from the 615 

second feeding experiment. The four tanks from both feeding groups (20+25 ambient-air slugs, 20+25 616 

high-CO2 slugs) were placed under a fluctuating light regime. The day/night cycle was maintained at 617 

12/12 h, but during the daylight hours the background illumination (PPFD 40 µmol m-2s-1) was 618 

supplemented with a 10 s pulse of high light (PPFD 1500 µmol m-2s-1) every 10 minutes. Both the 619 
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background illumination and the high-light pulses originated from a programmable Heliospectra L4A 620 

greenhouse lamp (model 001.010; Heliospectra, Göteborg, Sweden; see Figure 6 – figure supplement 1B 621 

for the irradiance spectra). All other conditions and procedures were identical to the ones used in the 622 

first starvation experiment. FV/FM during starvation was measured as indicated in the main text figures. 623 

Sampling caused losses to the slug populations on days 0 and 6, when 10 slugs/group were selected for 624 

P700 redox kinetics measurements, and on day 10, when 5 slugs/group were selected for RLC 625 

measurements. No images were taken during the starvation experiment in fluctuating light. The slugs 626 

were pooled into one tank/feeding group after 25 days in starvation. Chlorophyll was extracted from the 627 

slugs with N,N-dimethylformamide and chlorophyll a/b was estimated spectrophotometrically according 628 

to Porra et al. (1989). 629 
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Figure legends 850 

Figure 1. Laboratory cultures of the photosynthetic sea slug E. timida and its prey alga Acetabularia. A) 851 

A freshly fed adult E. timida individual. B) The giant-celled green alga Acetabularia. The cap-like 852 

structures are the site of gamete maturation and serve as indicators of the end of the vegetative growth 853 

phase of individual Acetabularia cells. C) The red morphotype E. timida can be induced by feeding it with 854 

red morphotype Acetabularia. Green morphotype E. timida individuals are also shown for reference. D) 855 

Red morphotype Acetabularia can be induced by subjecting the cells to cold temperature and high light 856 

(see “Materials and Methods” for details). E) E. timida and Acetabularia can be cultured in transparent 857 

plastic tanks. The two tanks in the foreground are E. timida tanks and the three other tanks contain 858 

Acetabularia cultures. 859 

Figure 2.  Differences in the redox poise of the PQ pool after dark acclimation lead to differences in QA
- 860 

reoxidation between E. timida (black) and Acetabularia (red). A-C) Chlorophyll a fluorescence yield 861 

decay after a single turnover flash in aerobic conditions without any inhibitors in regular, green 862 

morphotypes of E. timida and Acetabularia (A), in aerobic conditions in the presence of 10 µM DCMU 863 

(B), and in anaerobic conditions, achieved by a combination of glucose oxidase (8 units/ml), glucose (6 864 

mM) and catalase (800 units/ml), in the absence of inhibitors (C). See Figure 2 – figure supplement 1A 865 

for details on the anaerobic conditions. D) Chlorophyll fluorescence decay measured from the red 866 

morphotypes of E. timida and Acetabularia in aerobic conditions without any inhibitors. Fluorescence 867 

traces were double normalized to their respective minimum (measured prior to the single turnover 868 

flash), and maximum fluorescence levels. Curves in (A) are averages from 7 (E. timida) and 5 869 

(Acetabularia) biological replicates, 4 and 5 in (B), and 5 and 5 in (C-D), respectively. The shaded areas 870 

around the curves represent SE. All E. timida data are from individuals taken straight from the feeding 871 

tanks without an overnight starvation period. See Figure 2 – source data 1 for original data. 872 
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Figure 3. Fluorescence induction kinetics during dark-to-light transition indicate differences in full 873 

photochemical reduction of the PQ pool between E. timida (black) and Acetabularia (red). A-C) 874 

Multiphase chlorophyll a fluorescence induction transient (OJIP) measured from dark acclimated E. 875 

timida and Acetabularia in aerobic conditions without any inhibitors (A), in the presence of 10 µM 876 

DCMU (B), and in anaerobic conditions, achieved by a combination of glucose oxidase (8 units/ml), 877 

glucose (6 mM) and catalase (800 units/ml), without any inhibitors (C). Fluorescence traces were 878 

normalized to their respective maximum fluorescence levels. For unnormalized data, see Figure 3 – 879 

figure supplement 1B. Curves in (A) are averages from 10 (E. timida) and 12 (Acetabularia) biological 880 

replicates, 10 and 9 in (B), and 13 and 11 in (C), respectively. The shaded areas around the curves 881 

represent SE. All E. timida data are from individuals taken straight from the feeding tanks without an 882 

overnight starvation period. See Figure 3 – source data 1 for original data. 883 

Figure 4. ECS and P700+ measurements indicate differences in proton motive force formation and 884 

utilization of alternative electron acceptors of PSI between dark acclimated E. timida (black) and 885 

Acetabularia (red) during a 780 ms high-light pulse. A) ECS measured from E. timida and Acetabularia 886 

upon exposure to a high-light pulse in aerobic conditions. B) P700 redox kinetics upon exposure to a 887 

high-light pulse in aerobic conditions without any inhibitors. The inset shows P700 redox kinetics from 888 

the same samples during a second high-light pulse, fired 10 s after the first one. C) P700 oxidation 889 

kinetics in the presence of 10 µM DCMU. D) P700 oxidation kinetics in the absence of DCMU in 890 

anaerobic conditions, achieved by a combination of glucose oxidase (8 units/ml), glucose (6 mM) and 891 

catalase (800 units/ml). The inset shows P700 oxidation kinetics from the same samples during the 892 

second high-light pulse. ECS and P700+ transients were double normalized to their respective dark levels 893 

(measured prior to the onset of the high-light pulse), and to the initial ECS or P700+ peak (measured 894 

immediately after the onset of the pulse). Curves in (A) are averages from 13 (E. timida) and 6 895 

(Acetabularia) biological replicates, 7 and 3 in (B), 13 and 4 in (C), and 8 (7 in inset) and 3 in (D), 896 
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respectively. The shaded areas around the curves represent SE. All E. timida data are from individuals 897 

taken straight from the feeding tanks, without an overnight starvation period. See Figure 4 – source data 898 

1 for original data. 899 

Figure 5. P700 redox kinetics, photosynthetic electron transfer and photoprotective NPQ induction in 900 

E. timida kleptoplasts (left panels) are affected by the CO2 acclimation state of its feedstock 901 

Acetabularia (right panels). A-B) P700 redox kinetics in dark acclimated ambient-air (black) and high-902 

CO2 E. timida (blue) (A) and ambient-air (red) and high-CO2 Acetabularia (purple) (B) upon exposure to a 903 

780 ms high-light pulse. The ambient-air Acetabularia data are the same as in Figure 4B and are shown 904 

here for reference. C-D) P700 redox kinetics during a second light pulse, fired 10 s after the first pulse, 905 

shown in panels A-B, in ambient-air and high-CO2 E. timida (C) and ambient-air and high-CO2 906 

Acetabularia (D). The ambient-air Acetabularia data are the same as in Figure 4B inset and are shown 907 

here for reference. E-F) RLC measurements from dark acclimated ambient-air (black solid line) and high-908 

CO2 E. timida (blue dashed line) (E) and ambient-air (red solid line) and high-CO2 Acetabularia (purple 909 

dashed line) (F). Illumination at each light intensity (PPFD) was continued for 90 s prior to firing a 910 

saturating pulse to determine relative electron transfer rate of PSII (rETR). E. timida individuals used in 911 

RLC measurements were fixed in 1 % alginate for the measurements (see “Materials and methods” and 912 

Figure 5 – figure supplement 1 for details). G-H) NPQ induction during the RLC measurements from 913 

ambient-air and high-CO2 E. timida (G) and ambient-air and high-CO2 Acetabularia (H). P700+ transients 914 

were double normalized to their respective dark levels and to the P700+ peak measured immediately 915 

after the onset of the pulse. Curves in (A) are averages from 7 (ambient-air E. timida) and 8 (high-CO2 E. 916 

timida) biological replicates, 7 and 8 in (C), and 3 and 3 in (E,G), respectively. High-CO2 Acetabularia 917 

curves in (B,D) are averages from 3 biological replicates. Ambient-air and high-CO2 Acetabularia curves 918 

in (F,H) are averages from 3 biological replicates. Shaded areas around the curves and error bars show 919 

SE. rETR and NPQ were calculated as described in “Materials and methods”. All E. timida individuals 920 
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used in panels (A,C,E,G) were allowed to incorporate the chloroplasts for an overnight dark period in the 921 

absence of Acetabularia prior to the measurements. See Figure 5 – source data 1 for original data. 922 

Figure 6. Altered P700 oxidation capacity does not affect chloroplast longevity in E. timida during 923 

starvation in steady-light conditions. A-B) Coloration of selected individuals (A) and body length (B) of 924 

the ambient-air (black) and high-CO2 E. timida (blue) slugs during steady-light starvation. The slug 925 

individuals in (A) do not show the actual scale of the slugs with respect to each other. C-D) Maximum 926 

quantum yield of PSII photochemistry (FV/FM) (C) and minimum (F0) and maximum chlorophyll a 927 

fluorescence (FM) (D) during starvation in ambient-air (black) and high-CO2 E. timida (blue). E) Second 928 

pulse P700 oxidation kinetics after five days in steady-light starvation in ambient-air (black) and high-CO2 929 

E. timida (blue). Steady-light starvation light regime was 12/12h day/night and PPFD was 40 µmol m-2s-1 930 

during daylight hours. See Figure 6 – figure supplement 1B for the spectra of lamps used in starvation 931 

experiments. All data in (B-D) represent averages from 50 to 8 biological replicates (see “Materials and 932 

methods” for details on mortality and sampling) and error bars show SE. P700+ transients in were double 933 

normalized to their respective dark levels and to the P700+ peak measured immediately after the onset 934 

of the pulse, and the curves in (E) represent averages from 7 (ambient air E. timida) and 5 biological 935 

replicates (high-CO2 E. timida) and the shaded areas around the curves show SE. See Figure 6 – source 936 

data 1 for original data from panels B-E. 937 

Figure 7. Higher P700 oxidation capacity protects the photosynthetic apparatus of ambient-air E. 938 

timida during fluctuating-light starvation. A-B) Maximum quantum yield of PSII photochemistry (FV/FM) 939 

(A) and minimum (F0) and maximum chlorophyll fluorescence (FM) (B) during fluctuating light starvation 940 

in ambient-air (black solid lines) and high-CO2 E. timida (blue dashed lines). C-D) Second pulse P700 941 

oxidation kinetics after 0 and 5 days in fluctuating-light starvation in ambient-air (black) and high-CO2 E. 942 

timida (blue). E-F) Relative electron transfer rate of PSII (rETR) (E) and NPQ (F) during RLC measurement 943 
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from dark-acclimated ambient-air (black solid lines) and high-CO2 E. timida (blue dashed lines) after 10 944 

days in fluctuating-light starvation. Illumination for each light step during the RLCs was continued for 90 945 

s prior to firing a saturating pulse to estimate rETR and NPQ. The light regime during the fluctuating light 946 

starvation was 12/12h day/night, and PPFD of the background illumination was 40 µmol m-2s-1, which 947 

was supplemented every 10 min with a 10 s high-light pulse during daylight hours. All data in (A,B) 948 

represent averages from 45 to 20 slug individuals (see “Materials and methods” for details on sampling). 949 

P700 redox kinetics in (C) represent averages from 9 biological replicates for both ambient-air and high-950 

CO2 E. timida, and 6 and 9 in (D), respectively. P700+ transients were double normalized to their 951 

respective dark levels and to the P700+ peak measured immediately after the onset of the pulse. 952 

Fluorescence based data in (E,F) represent averages of 5 biological replicates for ambient-air and high-953 

CO2 E. timida. All error bars and shaded areas around the curves show SE. See Figure 7 – source data 1 954 

for original data. 955 
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Figure supplements 964 

 965 

Figure 2- figure supplement 1. Oxygen consumption by the glucose oxidase system (8 units/ml glucose 966 

oxidase, 6 mM glucose and 800 units/ml catalase) in room temperature. A) Oxygen concentration in 967 

250 ml of ASW medium inside a sealed bottle with minimal head space, stirred with a magnet, before 968 

and after the addition of glucose oxidase. The arrow indicates the point where the last component of 969 

the glucose oxidase system (glucose oxidase) was added into the mixture, after which the bottle was 970 

sealed. B) Oxygen concentration in 2 ml of ASW medium in an open cuvette without any stirring. The 971 

glucose oxidase system had been activated in a separate, sealed 5 ml vial 5 min prior to pipetting 2 ml of 972 

the activated mixture into an empty measuring cuvette. Oxygen concentration in (A) and (B) was 973 

measured with an optode-type oxygen meter FireStingO2 (PyroScience GmbH, Aachen, Germany) using 974 

optically isolated oxygen sensor spots according to manufacturer’s instructions. 975 
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 976 

Figure 3 – figure supplement 1. Technical considerations of the OJIP fluorescence induction 977 

measurements. A) Increasing the saturating pulse intensity from 50 % of the maximum (black solid line) 978 

to 70 % (red dashed line) or 100 % (PPFD 3000 µmol m-2s-1; blue dash-dot line) in E. timida 979 

measurements alters the O-J-I phases, but the intensity of the saturating pulse does not change the time 980 

required to reach maximum fluorescence. The data for the saturating pulse intensity 70 % are taken 981 

from Figure 3A. The curve for the 50 % saturating pulse represents an average from 12 biological 982 

replicates, and a representative curve is shown for the 100 % intensity measurement, because raising 983 

the saturating pulse intensity to >70 % often resulted in oversaturation of the fluorescence signal in E. 984 

timida. B) Original, unnormalized fluorescence traces from the data shown in Figure 3A, representing 985 

averages from 10 (E. timida) and 12 (Acetabularia) biological replicates. Shaded areas around the curves 986 

represent SE. All E. timida data are from individuals taken straight from the feeding tanks, without an 987 

overnight starvation period. 988 
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 989 

Figure 5 – figure supplement 1. The effect of alginate fixation on the maximum quantum yield of PSII 990 

(FV/FM). Slug individuals were separately fixed in alginate and FV/FM was monitored before the fixation, 991 

immediately after the fixation, and after 5 and 10 min in fixation. The slugs had been in the dark for 20 992 

min before the first measurement and another 20 min dark period preceded the alginate fixation. The 993 

rest of the measurements were done at 5 min intervals, keeping the samples in the dark between the 994 

measurements. All data are averages from three biological replicates, and the error bars indicate SE. 995 
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 996 

Figure 6 – figure supplement 1. Normalized irradiance spectra from different light sources used in the 997 

study. A) Growth light spectra, TL-D 58W/840 New Generation fluorescent tube (black) and Algaetron 998 

AG230 LED array (red), used as illumination in regular growth conditions and during acclimation to high 999 

CO2, respectively. B) Light sources used in the starvation experiments: Ikea Växer PAR30 E27, 10 W 1000 

(black) was used for the starvation experiment in steady light; Heliospectra L4A greenhouse lamp was 1001 

used for the starvation experiment in fluctuating light, and the spectra are from moderate light 1002 

conditions (PPFD 40 µmol m-2s-1; red) and during a high-light (HL) pulse (PPFD 1500 µmol m-2s-1; blue). 1003 
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Figure source data 1004 

Figure 2 – source data 1 1005 

Figure 3 – source data 1 1006 

Figure 4 – source data 1 1007 

Figure 5 – source data 1 1008 

Figure 6 – source data 1 1009 

Figure 7 – source data 1 1010 
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