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The enigmatic association of photosynthetically active chloroplasts from algae and some

sacoglossan sea slugs, called functional kleptoplasty, is a functional unique system of

photosymbioses observed in metazoans. Besides the specific adaptations of the slugs

necessary to incorporate andmaintain the plastids, the organelles need to ensure optimal

photosynthesis. Photoprotective mechanisms in the plastids, namely the xanthophyll

cycle (XC) and the high-energy dependent quenching (qE) part of the non-photochemical

quenching (NPQ), and the repair of the D1 protein of Photosystem II (PSII) are considered

crucial for kleptoplast longevity in the slugs. Here, we studied the sea slugs Elysia viridis

fed with the naturally occurring XC and qE-deficientBryopsis hypnoides, and E. timida fed

on Acetabularia acetabulum, an alga that possesses both mechanisms. The aim of the

study was to understand (i) whether qE remains active after ingestion of kleptoplasts by

E. timida, (ii) how different light intensities affect the photosynthetic activity of kleptoplasts

with and without photoprotection mechanisms, and (iii) if the kleptoplasts are able to

repair photodamaged D1 protein. With regard to NPQ, freshly incorporated kleptoplasts

responded to different light stress in the same manner as the chloroplasts in their native

host algae. Even after 3 weeks of incorporation the qE part of NPQ was present in

the kleptoplasts of E. timida. However, the presence of the qE component of NPQ

did not prevent the kleptoplasts from significant PSII photoinactivation under high light

intensities. This is probably due to the fact that the kleptoplasts have a reduced PSII

repair capacity, despite plastid encoded repair mechanisms in every sacoglossan food

source. Hence, photoprotective mechanisms are probably not a key factor explaining

kleptoplast longevity in Sacoglossa sea slugs.

Keywords: kleptoplasty, light stress, photosymbiosis, photoinactivation, Sacoglossa

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2018.00121
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2018.00121&domain=pdf&date_stamp=2018-08-22
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gregor.christa@ua.pt
https://doi.org/10.3389/fevo.2018.00121
https://www.frontiersin.org/articles/10.3389/fevo.2018.00121/full
http://loop.frontiersin.org/people/486968/overview
http://loop.frontiersin.org/people/582581/overview
http://loop.frontiersin.org/people/573671/overview
http://loop.frontiersin.org/people/589875/overview
http://loop.frontiersin.org/people/501487/overview


Christa et al. Photoinactivation in Kleptoplasts

INTRODUCTION

Oxygenic photosynthesis is considered a key event in the
evolution of organisms, yet it is restricted to bacteria, algae and
higher plants (Fischer et al., 2016). Animals are heterotrophic
and can only achieve the benefits of oxygenic photosynthesis
by establishing a symbiosis with a phototrophic organism (Melo
Clavijo et al., 2018). Some members of the gastropod taxon
Sacoglossa go one step further and only retain the chloroplasts
of their algae prey (Rumpho et al., 2007; Händeler et al., 2009)
that are incorporated into cells of the digestive gland system
(then called kleptoplasts). These kleptoplasts, either stemming
from Ulvophyceae or the heterokontophyte Vaucheria littorea
(Händeler et al., 2009; Christa et al., 2014c), may be kept
photosynthetically active for weeks to months (Rumpho et al.,
2000), a situation commonly known as “functional kleptoplasty.”
Slugs are classified based on the activity of the kleptoplasts during
starvation (Händeler et al., 2009) as non-retention (NR), short-
term-retention (StR, up to 2 weeks) and long-term-retention
(LtR, months). Recently, this categorization was extended to
include non-incorporation (NI) (Rauch et al., 2018). Theory has
it, that StR evolved at least twice independently in the Sacoglossa,
followed by multiple evolutions of LtR in six different taxa
(Christa et al., 2015).

Considering the unique occurrence of photosynthetically
active plastids inside an animal it is no wonder that research
has tried to uncover if the plastids might influence the slugs’
gene expression profile (de Vries et al., 2015; Chan et al., 2018)
or even their behavior (Schmitt and Waegele, 2011; Cartaxana
et al., 2018) and what and how much the slugs gain from the
alien organelle (see Wägele and Martin, 2014). However, while in
corals and other photosymbiotic systems the nutritional support
of the symbionts can make up more than 95% of the energy
demands of the host, the contribution of the kleptoplasts to the
physiology of the slugs is controversial, with estimates ranging
from a minimum of 1% when starving (Rauch et al., 2017) up
to 60% when feeding (Raven et al., 2001). Independent of the
exact number, it is nevertheless likely that the alien organelles
do provide some support, maybe rather as some kind of larder
(Christa et al., 2014d; de Vries et al., 2014a,b), that might help the
slugs in times of starvation.

Putting aside the potential relevance of kleptoplasts
for the slugs’ survival, the fact that kleptoplasts remain
photosynthesizing in an animal host is nevertheless fascinating.
About 2,000 proteins are needed to support photosynthesis in
algae and plants, but only a fraction is encoded in the genome
of plastids (Timmis et al., 2004) and none of the relevant genes
were found in the slugs’ genomes investigated so far (Wägele
et al., 2011; Bhattacharya et al., 2013; de Vries et al., 2015;
Han et al., 2015). This led to the search for alternative factors
that enable kleptoplast longevity, and plastid photoprotection
mechanisms came into focus (Jesus et al., 2010; Cruz et al.,
2015). Photoprotection mechanisms are essential for balancing
the absorption and use of light to fuel photosynthesis and
the dissipation of absorbed light that is harmful (Chow and
Aro, 2005). Excessive light intensities generate reactive oxygen
species (ROS) that mainly target and cause damage to the

central transmembrane D1 protein of Photosystem II (PSII)
(Tyystjärvi and Aro, 1996), which is crucial for PSII function.
Thus, photoprotection mechanisms operate to minimize D1
photodamage and ensure an optimal photosynthesis under the
given light intensity.

Among the main photoprotection mechanisms are the
xanthophyll cycle (XC) and the high-energy quenching (qE)
component of the non-photochemical quenching (NPQ) (Jahns
and Holzwarth, 2012; Goss and Lepetit, 2015). In green algae
and land plants, the XC is based on the light-dependent
conversion of the pigment violaxanthin to zeaxanthin, in red
algae and stramenopiles on the light dependent conversion of
diadinoxanthin to diatoxanthin (Demmig-Adams and Adams,
1996; Jahns and Holzwarth, 2012; Goss and Lepetit, 2015),
and qE on the dissociation of antennae complexes from the
PSII (Goss and Lepetit, 2015). Both mechanisms are generally
widespread throughout algae and plants, yet some members of
the Bryopsidales (Ulvophyceae) are XC and qE deficient (Christa
et al., 2017; Handrich et al., 2017). This fact is particularly
interesting in the context of kleptoplast longevity of sacoglossan
sea slugs, because these mollusks feed primarily on ulvophycean
algae to obtain their kleptoplasts. The relationship between
the presence of photoprotection mechanisms and kleptoplast
longevity is still puzzling. A variety of slugs that keep kleptoplasts
active for more than 4 weeks feed on XC and qE-deficient species
(Maeda et al., 2012; Christa et al., 2013), yet the same is true
for species that feed on algae possessing these photoprotection
mechanism (Greene, 1970; Händeler et al., 2009; Christa et al.,
2014b; Schmitt et al., 2014). Nevertheless, under any given light
intensity, damage to D1 occurs, independently of the presence
or absence of photoprotection mechanisms. Once damaged, D1
needs to be pulled out from the reaction center and newly
incorporated (Mulo et al., 2012). This so-called D1 turnover
is crucial for photosynthetic organisms and largely nuclear
controlled, although several tools, including psbA, tufA, and ftsH,
are plastid encoded in the food sources of Sacoglossa (de Vries
et al., 2013; Leliaert and Lopez-Bautista, 2015).

In particular FTSH, a quality control protease forming hetero-
or homo-oligomers (Janska et al., 2013) that removes damaged
D1 from the PSII reaction center (Mulo et al., 2012), came into
focus as a factor enabling kleptoplast longevity in Sacoglossa
(de Vries et al., 2013). However, it is still unknown whether
FTSH in kleptoplasts can function, because the M41 domain,
needed for proteolysis of damaged D1 (Zhang et al., 2010), is
missing in plastid encoded FTSH of the food source of one LtR
Sacoglossa (de Vries et al., 2013). But, for other food sources it
was not yet analyzed if the M41 domain is also absent in plastid
encoded FTSH. If and how the D1 repair and photoprotection
mechanisms operate in kleptoplasts and if these mechanisms are
essential for kleptoplast longevity is unknown. Yet, evidences by
Vieira et al. (2009) let one speculate that the capacity to repair
the D1 is highly reduced because high light intensities caused a
decrease in kleptoplast PSII activity over time.

In this study, we investigated the NPQ and the repair capacity
of kleptoplasts in Elysia viridis (Montagu, 1804) fed on the XC
and qE-deficient Bryopsis hypnoides J. V. (Lamouroux, 1809), and
in Elysia timida (Risso, 1818) fed on Acetabularia acetabulum P.
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C. (Silva, 1952), which possesses both mechanisms. Additionally,
we set up a starvation experiment to understand if the qE
component of NPQ is present and maintained during starvation
in E. timida. Further we analyzed all available sequences of FTSH
in food sources of Sacoglossa to screen for the M41 domain.
Our results show that the net photoinhibition in kleptoplasts is
similar irrespective of the presence or absence of photoprotection
mechanisms, likely because the D1 repair cycle is not functional
once ingested in the slugs’ cytosol, which could be based on
the absence of the M41 domain in plastid encoded FTSH of
sacoglossan food sources.

MATERIALS AND METHODS

Sea Slug Collection and Culturing
Specimens of E. viridis were collected in Aguda, Portugal
(41◦02′53.1′′N, 8◦39′12.0′′W) during May and September 2017
from its native food source, Codium tomentosum. All individuals
were transferred to the laboratory and fed with approximately
1 g (wet weight) of B. hypnoides (purchased at Experimental
Phycology and Culture Collection of Algae at the University of
Goettingen (EPSAG), strain nr. 7.86) for at least 1 month prior to
the start of experiments. Elysia timidawas collected in September
2017 in La Madrague, France (43◦2′27,06′′N, 6◦6′3,463′′E), and
was fed withA. acetabulum, cultured in our laboratory for several
years. For five individuals 15 pieces of A. acetabularia (5–6 cm)
were provided. The food algae for both slugs were renewed every
third day. All sea slugs and algae were cultured at 19◦C under a
12 h day/12 h night cycle at 45 µmol photons m−2 s−1 provided
by white LED (precision daylight sunrise 520 LED tubes, Sera,
Heinsberg, Germany). A maximum of eight slugs were kept
in glass jars with 800mL Artificial Seawater (ASW) (AB Reef
Salt, Aqua Medic, Bissendorf, Germany) with a salinity of 33
and the water was changed every other day. Fresh algae were
provided twice a week. The algae were cultured in ASW enriched
with Guillard’s F/2 medium (Guillard, 1975) and in the case of
B. hypnoides with constant aeration to ensure a movement of
the alga.

Chlorophyll a Fluorescence Measurements
For chlorophyll a fluorescence measurements of kleptoplasts in
E. viridis, E. timida and chloroplasts in B. hypnoides and A.
acetabulum we used a Diving PAM (Walz, Effeltrich Germany).
Samples of slugs and algae were placed on a microscopic slide,
covered with a coverslipand mounted on the leaf clip to assure
a constant, 6mm distance from the optical fiber. All samples
were incubated for 30min in darkness before the measurements
began. After dark acclimation, the maximum quantum yield
(Fv/Fm; where Fv = Fm-Fo and Fo and Fm are the minimum
and maximum fluorescence emitted by dark adapted samples,
respectively) was determined by applying a saturation pulse
(white light, >4,000 µmol photons m−2s−1). Samples were
then exposed to 53, 239, or 879 µmol photons m−2 s−1 for
20min of white actinic light and afterwards again transferred to
darkness (recovery phase) for 30min. During the experiment,
saturation pulses were applied every 5min to measure the
effective PSII quantum yield 1F/Fm’ during exposure to actinic

light (1F = Fm’-Fs; where Fs and Fm’ are the minimum
and maximum fluorescence emitted by light adapted samples,
respectively), the Fv/Fm during the recovery and the NPQ
(calculated as (Fm-Fm’)/Fm’). Additionally, we starved E. timida
for 1 and 3 weeks under low light (LL, 45 µmol photons m−2

s−1) conditions (see below) and repeated the measurements at
239 µmol photons m−2 s−1.

To test the repair capacity of chloroplasts and kleptoplasts of
all species, samples were incubated for 2 h in darkness, either in
the absence or the presence of 20mM lincomycin hydrochloride
monohydrate (pH adjusted to 8.1, Alfa Aaser, USA), an
inhibitor of prokaryotic gene translation. We then determined
the maximum quantum yield (Fv/Fm) and all samples were
subsequently exposed to 1,300 µmol photons m−2 s−1 for 1 h
of modulated red light (LED panel Openflourcam, Photosystem
Instrument, Czech Republic). Afterwards, samples were again
incubated in darkness (recovery) for 30min and then Fv/Fm was
determined. In this experiment, chlorophyll fluorescence was
measured using a WATER-EDF Universal emitter-detector unit
(Gademann Instruments GmbH, Würzburg, Germany) and a
PAM-Control Unit (Walz, Effeltrich, Germany) with the optical
fiber placed a 2–3mm over the slugs and the application of a
saturation pulse (>4,000 µmol photons m−2 s−1, modulated
blue light). The rate constant of PSII inactivation, kPI, was
calculated from the decrease in Fv/Fm (expressed as percentage
of pre-illumination levels, relFv/Fm) considering the time of
exposure (T) of the applied irradiance (E) and in the presence of
lincomycin, chosen here to inhibit the repair of PSII (Campbell
and Tyystjärvi, 2012), by kPI = ln(relFv/Fm)/T.

Starvation Experiment
Themaximum starvation period of E. viridis from the Portuguese
coast is around 28 days when feeding on Codium tomentosum or
Bryopsis hypnoides. To analyze the effect of light stress conditions
but meanwhile ensure to analyze healthy individuals, we starved
E. viridis and E. timida for 21 days under (1) continuous dark
(Dark), (2) Low Light conditions (LL, 45 µmol photons m−2

s−1) and (3) High Light conditions (HL, 250 µmol photons m−2

s−1) using the same conditions as for the culturing. Individuals
were randomly selected and kept individually in a 100mL plastic
container with ASW and subsequently exposed to the different
treatments. During the starvation experiment, the water was
changed every other day.

Length and Fv/Fm Measurements
The length of all slug specimens was measured once a week
by imaging each individual in a glass petri dish with 50mL
of ASW during crawling using a DP21 camera mounted on a
SZX12 stereo microscope (Olympus, Tokyo, Japan). The average
length of five images of the crawling individuals was used to
determine the length. All images were analyzed using Fiji (version
2.0.0, Schindelin et al., 2012). We favored the measurements of
length over weight, because measuring the length is non-invasive
and less prone to artifacts based on external water content and
egg mass deposition that might influence weight measurement.
Fv/Fm was measured three times a week as previously described
using a Diving PAM (Walz, Germany). The variation of Fv/Fm
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over time was described by fitting the models used by Vieira
et al. (2009). All measurements were performed in biological
triplicates.

Statistical Analyzes
Differences between Fv/Fm, NPQ and length among the different
experiences were tested using an independent two-group t-test
or a one-way Analysis of variance (ANOVA) as implemented in
R (v. 3.4.4, R Core Team, 2018).

Analysis of Chloroplast Encoded FTSH
Sequences of Food Source of Sacoglossa
We downloaded all available sequences of chloroplast
encoded FTSH of Ulvophyceae algae from the National
Center for Biotechnology Information (NCBI) web-page
(see Supplementary Table 1). All sequences were subject
to a hmmscan against the Pfam database (version 31.0)

using DoMosaics (v. 0.95, Moore et al., 2013) and domain
arrangements were visualized.

RESULTS

Reaction to Light Intensities Is Identical in
Kleptoplasts and Chloroplasts From the
Same Alga
The Fv/Fm of plastids in A. acetabulum and of kleptoplasts
in E. timida were identical (0.72 ± 0.02 and 0.72 ± 0.01,
respectively) and also similar to the Fv/Fm of kleptoplasts in
B. hypnoides and in E. viridis (0.70 ± 0.03 and 0.70 ± 0.05,
respectively). Kleptoplasts in both slug species, generally showed
a similar light intensity response of rel Fv/Fm (relative to pre-
exposure status) and NPQ as the plastids in their native hosts
(Figures 1, 2).

Kleptoplasts in E. viridis showed a significantly higher
rel1F/Fm’ when exposed to 53 µmol photons m−2 s−1 than the

FIGURE 1 | relFv/Fm and NPQ of chloroplasts of B. hypnoides (A,C) and kleptoplasts of freshly fed E. viridis (B,D) under three different light intensities (53, 239, and

879 µmol photons m−2 s−1). The bar represents the dark acclimation phase (first black part), the light exposure time (white part) and the recovery phase (second

black part). All measurements were performed in biological triplicates and error bars show the standard deviation.
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FIGURE 2 | relFv/Fm and NPQ of chloroplasts of A. acetabulum (A,C) and kleptoplasts of freshly fed E. timida (B,D) under three different light intensities (53, 239, and

879 µmol photons m−2 s−1). The bar represents the dark acclimation phase (first black part), the light exposure time (white part) and the recovery phase (second

black part). All measurements were performed in biological triplicates and error bars show the standard deviation.

plastids in the algae (t-test; p < 0.05; Figures 1A,B), however,
the recovery after 20min was significantly higher in the algae
than in the slugs (t-test; p < 0.05, Figures 1A,B). Under 239
and 879 photons m−2 s−1 rel1Fv/Fm’, the recovery was similar
(Figures 1A,B). The NPQ kinetics were almost identical under
each light condition in both, the kleptoplasts in E. viridis and the
kleptoplasts in B. hypnoides, (Figures 1C,D).

Regardless of the light intensity applied, NPQ increased slowly
and linearly during the light exposure and was almost completely
sustained after the light stress (Figures 1C,D).

Under 53µmol photonsm−2 s−1 the plastids inA. acetabulum
showed a different kinetics of relFv/Fm in comparison with
the kleptoplasts in E. timida; while rel1F/Fm’ relaxed in the
plastids of the algae, it continuously decreased in the kleptoplasts
(Figures 2A,B). This, however, was not significantly different at
the end of the light stress (t-test; p= 0.115), but at the end of the
recovery phase relFv/Fm relaxed better in algae plastids (t-test;
p = 0.085). Under 239 and 879 photons, m−2 s−1 rel1F/Fm’
was similar between plastids and kleptoplasts (Figures 2A,B),
which was also the case for relFv/Fm after 20min of recovery

(t-test; p = 0.189 and p = 0.300, respectively; Figures 2A,B).
Under all light conditions, relFv/Fm in the algae plastids increased
continuously during recovery, while in kleptoplasts it did not
(Figures 2A,B). The NPQ kinetics in plastids and in kleptoplasts
showed, irrespective of the light intensity applied, a fast increase
upon illumination and a fast relaxation in the recovery phase
(Figures 2C,D). The maximum NPQ measured after 20min of
light exposure was significantly higher in kleptoplasts exposed
to 53 and 239 photons m−2 s−1 (t-test; p = 0.09 and p < 0.05,
respectively), but identical after exposure to 879 photonsm−2 s−1

(p= 0.63).

Photoprotection Mechanisms of
Kleptoplasts Are Maintained During
Starvation in E. timida
rel1F/Fm’ was identical in kleptoplasts of E. timida in freshly
fed, 1 week starved and 3 week starved individuals (Figure 3A).
However, the recovery was significantly reduced in all starved
specimens compared to the fed ones (t-test; p < 0.05 and
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p = 0.053 for 1 and 3 weeks starved individuals, respectively;
Figure 3A), but there was no difference in the recovery between
starved specimens (t-test; p = 0.73; Figure 3A). The kinetic of
NPQ of kleptoplasts in E. timida was nearly identical to freshly
fed conditions during 1 and 3 weeks of starvation (Figure 3B).

High Light Causes Net Photoinactivation of
Kleptoplasts
During starvation, the Fv/Fm of kleptoplasts in Elysia viridis
maintained in LL and under darkness decreased steadily over
the first 2 weeks, which was followed by a rather abrupt decrease
after 2 weeks of starvation in LL starved specimens (Figure 4A).
In both treatments, the decrease correlated very well with values
obtained by fitting the data point to the model proposed in
Vieira et al. (2009) (r² > 0.98; Figure 4A). In contrast, the Fv/Fm
followed an exponential decrease (r² = 0.996; Figure 4A), was
already significantly reduced after 1 week of starvation under HL
conditions (t-test; p < 0.01; Figure 4A) and was close to zero
after 2 weeks (Figure 4A). After 3 weeks of starvation in HL
conditions, Fv/Fm reached zero in all samples (Figure 4A). In
contrast, the Fv/Fm of kleptoplasts in E. timida remained constant
under LL and Dark conditions over the 3-week starvation period
(Figure 4B). Under HL conditions the reduction of Fv/Fm during
starvation followed a similar exponential decrease to kleptoplasts
in E. viridis over the 3 weeks of starvation (r² = 0.993;
Figure 4B).

Length Reduction Is Independent of Light
Conditions
All specimens of E. viridis and E. timida decreased in length,
regardless of light exposure after 3 weeks’ starvation (Figure 5A).
In E. viridis the length reduction in Dark starved specimens was
more pronounced than in LL and HL starved ones only after 14
days of starvation (p < 0.05; Figure 5A), which was negligible
after 21 days of starvation (ANOVA, P = 0.413). In E. timida
the length reduction was similar among light treatments, during
the first 14 days of starvation (Figure 5B). After 21 days of
starvation, the length reduction in LL was significantly lower
than in HL and Dark starved specimens (t-test; p < 0.05;
Figure 5B). Also, HL starved specimens had a significantly lower
length reduction than specimens starved in darkness (p < 0.05;
Figure 5B).

Kleptoplasts Have a Reduced PSII Repair
Capacity
In both Sacoglossa species (Figure 6A), there were no significant
differences between the Fv/Fm recovery of kleptoplasts under
control conditions and when exposed to lincomycin (p > 0.5;
Figure 6B). In the algae, however, the chloroplasts recovered
significantly better under control conditions than under the
lincomycin treatment (p < 0.05; Figure 6B). The rate constant of
PSII photoinactivation, kPI, was lower for the kleptoplasts than
for their natural host algae, reaching 1.3 × 10−4 and 1.6 × 10−4

s−1 for E. timida and E. viridis, and 3.9 × 10−4 and 2.9 × 10−4

s−1 forA. acetabulum and B. hypnoides, respectively (Figure 6C).

Yet, only between kleptoplasts in E. timida and the plastids in A.
acetabulum the difference was significant (p > 0.05).

Ulvophyceaen Plastid Encoded FTSH Lack
the M41 Domain
In the heterokontophyte Vaucheria littorea, FTSH consists of a
AAA+ metalloprotease domain and a M41 domain (Figure 7).
However, in all available chloroplasts genomes of Ulvophyceae,
the AAA+metalloprotease domain is split into two parts and the
M41 domain is absent (Figure 7).

DISCUSSION

Our results revealed that photoprotection mechanisms, i.e., the
qE component of NPQ, are still active during starvation in
kleptoplasts of E. timida and may enhance kleptoplast longevity
under light conditions similar to those of culturing. Despite this,
they are not sufficient to prevent the kleptoplast from the same
degree of net photoinactivation under excessive light intensities
suffered by the kleptoplasts that lack the qE component, and
are not sufficient to guarantee a high photosynthetic activity in
starving conditions under excessive light intensities. Although
every plastid genome of sacoglossan food sources possesses
the postulated repair tools, including a copy of the ftsH gene,
kleptoplasts stemming from Ulvophyceae alga seem to have only
a very limited capacity for PSII repair.

After more than 30 years of intensive study of functional
kleptoplasty in sacoglossan sea slugs, little is known about the
fundamentals of how the kleptoplasts can stay active in an animal
cytosol. Clearly, there is no algal genomic support (Pelletreau
et al., 2011; Wägele et al., 2011; Bhattacharya et al., 2013),
neither through remnants of an algae nucleus nor through a
eukaryotic horizontal gene transfer (Rauch et al., 2015). It is
still unknown whether the slugs are able to actively support
the kleptoplasts to stay functional. Understanding the basics
of kleptoplast photophysiology is thus necessary to find factors
that might be beneficial for an autonomous functioning of the
photosynthetic apparatus (Handrich et al., 2017). Therefore,
photoprotection mechanisms might be important to reduce PSII
photoinactivation (Serôdio et al., 2014; Christa et al., 2017) and
an active repair of damaged D1 would ensure continuing PSII
activity (de Vries et al., 2013).

The situation is more complicated, however. Many Sacoglossa
feed on alga that lack important photoprotection mechanisms,
such as the xanthophyll cycle (XC) and the qE part of NPQ
(Cruz et al., 2015; Christa et al., 2017), and with regard to
the kleptoplast longevity, there is no difference between the
various retention forms since NR, StR and LtR forms feed on
both types of algae and keep them for comparable starvation
periods (Händeler et al., 2010; Christa et al., 2014b). The
most prominent examples are Elysia chlorotica, which feeds
on Vaucheria litorea, an alga that possess both mechanisms
(Cruz et al., 2015), and Plakobranchus ocellatus, that consumes
only XC and qE-deficient species (Maeda et al., 2012; Christa
et al., 2013; Wade and Sherwood, 2018). In both species, the
kleptoplasts stay active for more than 5 months (Greene, 1970;
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FIGURE 3 | relFv/Fm and NPQ of kleptoplasts of freshly fed E. timida (A,B) under 239 µmol photons m−2 s−1 freshly fed (green circles), starved for 1 week (orange

squares) and 3 weeks (blue diamonds). The bar represents the dark acclimation phase (first black part), the light exposure time (white part) and the recovery phase

(second black part). All measurements were performed in biological triplicates and error bars show the standard deviation.

FIGURE 4 | Fv/Fm measurements of E. viridis (A) and E. timida (B) during starvation and under darkness (black circles), 45 µmol photons m−2 s−1 (green circles)

and 250 µmol photons m−2 s−1 (orange circles). All measurements were performed in biological triplicates and error bars show the standard deviation. Lines

represent fitted values after the model from Vieira et al. (2009).

Händeler et al., 2009). Our results are similar to those that were
obtained in studies in which species have been starved under
light intensities that exceeded their culturing light conditions and
resulted in a significant reduction of kleptoplast photosynthesis,
independently of the presence or absence of the XC and qE
(Vieira et al., 2009; Klochkova et al., 2010; Christa et al., 2013,
2015). During the HL treatment our data align with those
from Vieira et al. (2009) in showing an exponential decrease of
Fv/Fm, a pattern expected to occur in the absence of PSII repair

(Campbell and Tyystjärvi, 2012). Here we show that, even in
the presence of functional photoprotection mechanisms, that is
the XC and the qE component of NPQ, which are active for at
least 3 weeks of starvation, excessive light intensities lead to the
same photoinactivation as in kleptoplasts of a species lacking
these mechanisms. It appears that the activity of the XC and
qE in kleptoplasts of A. acetabularia in E. timida might only
be relevant for kleptoplast longevity under low light starving
conditions.
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FIGURE 5 | Length measurements of E. viridis (A) and E. timida (B) during starvation and under darkness (black circles), 45 µmol photons m−2 s−1 (green circles)

and 250 µmol photons m−2 s−1 (orange circles). Please note that each specimen differed in absolute length, so we used the relative length as more comparable

measure. All measurements were performed in biological triplicates and error bars show the standard deviation.

FIGURE 6 | Images of E. viridis and E. timida (A) and the %-recovery of the Fv/Fm of chloroplasts in B. hypnoides (Brhy), A. acetabulum (Acac) and of kleptoplasts in

E. viridis (Elvi) and E. timida (Elti) after exposure for 1 h at 1,300 µmol photons m−2 s−1 of red light (B) and the respective calculation of the constant rate of

photoinhibition, kPI (C). Scale bar represents 2mm. Stars indicate significant differences between control and lincomycin treated samples. All measurements were

performed in biological triplicates and error bars show the standard deviation.

A recent hypothesis suggests that the repair of damaged D1
might be key to kleptoplast longevity in sacoglossan sea slugs
(de Vries et al., 2013), despite doubts based on photoinactivation
under excessive light conditions that were previously raised
(Vieira et al., 2009).

The presence of necessary chloroplast genome encoded
components for the D1 protein, including the psbA, tufA, and
ftsH genes, led to the hypothesis that kleptoplast longevity
might be correlated to the presence of these repair components
in certain plastids genomes of their food algae (de Vries
et al., 2013). The hypothesis was based on the observation
that kleptoplasts of Bryopsis hypnoides did not encode ftsH
in the chloroplast (cp) genome but are degrading at a faster
rate than kleptoplasts of A. acetabulum, in which cp genome

ftsH is encoded. Unfortunately, the original publication of
the Bryopsis hypnoides genome (Lü et al., 2011) lacked the
annotation of ftsH, which was re-annotated later (Leliaert
and Lopez-Bautista, 2015). Here, we determined that the ftsH
gene in all previously sequenced and annotated cp genomes
of Ulvophyceae (see Supplementary Table 1) lack the M41
domain. The M41 domain is crucial for the functionality
of FTSH, in which monomers are assembled into hetero-
oligomers (Janska et al., 2013) and at least one monomer
needs to have the M41 domain (Zhang et al., 2010). It is thus
likely that, although cp encoded, FTSH is not functioning in
kleptoplasts, because there is no evidence that algal, nuclear
encoded counterparts containing a M41 domain are present
in the slugs genome (Rauch et al., 2015). Hence, kleptoplasts
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FIGURE 7 | Domain architecture of FTSH proteins in Ulvophyceae and one heterokontophyte. Sacoglossan food sources are highlighted in bold. Ulvophyceae

highlighted in green box, the heterokontophyte in blue.

would not be able to repair damaged D1. This might be different
for the heterokontophyte Vaucheria littorea. The cp genome
of this alga encodes for a FTSH containing the M41 domain.
Thus, it might be that a D1 repair mechanism is functional
in kleptoplasts of this alga in Elysia chlorotica. Despite this,
based on data currently available, kleptoplast longevity in other
sacoglossan species likely does not depend on the repair of the
D1 protein.

The contribution of kleptoplasts to the host metabolism
is among the most controversially discussed topics in the
research of functional kleptoplasty (Christa et al., 2014a; de
Vries et al., 2014b; Wägele and Martin, 2014; Pierce et al.,
2015). It has generally been assumed that the acquisition of
functional kleptoplasts results in a substantial benefit for the
slugs, e.g., helping to overcome starvation periods. However,
some experimental evidence does not seem to support such
claims. As in the present study, it was shown before that
the tolerance to starvation is not necessarily linked to the
photosynthetic activity of the kleptoplasts. For example, Elysia
nicrocapitata was able to endure 5 months of starvation but
kleptoplasts lost functionality after a couple of days (Klochkova
et al., 2010). These 5 months even out-compete both Elysia
species used here and others in which the kleptoplast are active
for 2–3 months (Clark et al., 1981; Middlebrooks et al., 2012;
Christa et al., 2014c, 2015).

Sacoglossan sea slugs tend to show a more pronounced
reduction in body mass and body length under non-
photosynthetic conditions, such as darkness or excessive
light intensities (Giménez Casalduero and Muniain, 2008;
Yamamoto et al., 2013; Cartaxana et al., 2017). These data
were mostly interpreted as an indication that slugs starving

under photosynthetic conditions gain substantial benefits
from nutritional support of the kleptoplasts under starvation,
but the situation is not that simple. It is still unknown how
much the kleptoplasts might actually contribute to the host
metabolism–data from CO2 fixation experiments range from 1%
(Rauch et al., 2017) to 60% (Raven et al., 2001)–and thus if the
kleptoplasts can compensate for the lack of nutrition. Further,
how photosynthates are made accessible to the slugs is unknown,
but at present it seems that they are only made accessible for the
slugs upon digestion (Laetz et al., 2016, 2017). It appears that
the transcriptional response from the slugs to starvation is less
dependent on the photosynthetic activity of the kleptoplasts, but
rather to the starvation itself (de Vries et al., 2015). Yet, this has
only been tested in two species and more data, especially from
NR forms, are needed.

Because we do not understand (i) how much nutritional
support the slugs get from the kleptoplasts, (ii) how the
photosynthates are made accessible to the slugs, (iii) what
actually happens to the metabolism of the slugs when they
are exposed to different starvation conditions, and (iv) how
NR forms can endure similar starvation periods as StR and
LtR forms, drawing conclusions about the nutritional support
of kleptoplasts to the host metabolism from such data is
complicated.
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