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ABSTRACT

Certain sea slugs “steal” the photosynthetic cellular organelles, the plastids, from
their prey algae and incorporate them, still functional, inside their own cells. These
animals can then remain photosynthetic for months. The redox reactions of
photosynthesis are associated with inevitable damage that needs to be constantly
repaired. Running photosynthesis with plastids isolated from their algal cell should
not be possible, as the algal nucleus that encodes essential maintenance proteins of
the photosynthetic machinery is absent in the slug cells. How do photosynthetic sea
slugs then avoid or repair the oxidative damage that their plastids should be facing?
In my thesis, I have tackled this question by comparing the differences in
photosynthetic electron transfer between the photosynthetic sea slug Elysia timida
and the source of its plastids, the alga Acetabularia acetabulum. In addition, I
compared the rates of photodamage to the plastids in the slugs and in their prey algae.
L used the alga Vaucheria litorea, the prey of the slug Elysia chlorotica, to investigate
the intrinsic properties of V. litorea plastids that could help explain how these
plastids tolerate isolation.

I demonstrate that the slugs maintain the plastoquinone pool of the plastids in an
oxidized state in the dark, which can reduce electron pressure and oxidative damage
in the photosynthetic electron transfer chain during dark-to-light transitions. The
plastids in the slugs also have an increased capacity to dissipate excessive excitation
energy as heat compared to the algae. Secondly, I show that most plastids in the slugs
are protected against excessive light and UV radiation; tightly packed plastids in the
outer layers of the slugs shield the inner ones, and UV radiation is blocked by the
slug tissue. Finally, I reveal that the plastids of V. litorea are genetically very
autonomous in recovering from photodamage. The relative transcript levels of the
plastid encoded translation elongation factor EF-Tu and the plastid maintenance
protease FtsH increased in lab-isolated V. litorea plastids during a seven-day
incubation period, supporting the view that they likely aid in the longevity of the
plastids also inside the slugs. Furthermore, V. litorea plastids produce only low
amounts of singlet oxygen, a reactive oxygen species that is known to inhibit the
repair machinery of the plastids.

KEYWORDS: Algae, kleptoplasty, photoinhibition, photosynthetic sea slugs,
plastids, PSII repair cycle, ROS, symbiosis
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TIVISTELMA

Tietyt merietanat “varastavat” levien viherhiukkasia, ja siséllyttivdt ne
toimintakykyisind ~ omiin  soluihinsa. =~ Témédn jélkeen etanat pysyvit
yhteytyskykyisind kuukausia. Levésoluista eristettyjen viherhiukkasten jatkuvan
yhteyttdmisen ei pitdisi olla mahdollista, silld yhteyttimisen hapetus-
pelkistysreaktiot vaurioittavat yhteytyskoneistoa itseéén, vaatien jatkuvaa korjausta.
Etanoiden solut eivdt kuitenkaan sisdlli levdsolun tumaa, joka koodaa
viherhiukkasen ylldpidon kannalta valttdmittomid proteiineja. Miten yhteyttdvét
merietanat vilttelevdt valon aiheuttamaa vauriota tai korjaavat viherhiukkasiaan?
Vastatakseni tahén kysymykseen, vertasin aluksi yhteyttamisen
elektroninsiirtoreaktioita Elysia timida -merietanan ja sen viherhiukkasten ldhteen,
Acetabularia acetabulum -levén, vililld. N4itd kahta lajia kdytin my0s verratakseni
valovaurion etenemistd merietanoissa ja niiden saalislevissd. Tutkin myos Elysia
chlorotica -merietanan Vaucheria litorea -saalislevdd selvittddkseni, ovatko
kyseisen levin viherhiukkaset syntyjdén valmiita selvidméén eristyksissa.

Tulokseni osoittavat, etti merietanoiden viherhiukkasten plastokinonivaranto
pysyy hapettuneena pimeéssi, mikd voi alentaa yhteyttdmisen elektroninsiirtoketjun
elektronipainetta ja vaurioitumista etanoiden siirtyessd valoon. Etanoiden
viherhiukkasten kyky haihduttaa liiallista viritysenergiaa lammdksi on myo0s
voimakkaampi kuin saalislevilld. Liséksi nédytén, ettd etanoiden ulkokerrosten
tiukkaan pakatut viherhiukkaset toimivat valokilpend alemmille viherhiukkasille, ja
etanan oma kudos suojaa viherhiukkasia UV-siteilyltd. Molemmat seikat vihentédvét
viherhiukkasten vaurioitumista. Lopuksi osoitan, ettd V. [itorea -levin
viherhiukkaset kykenevét palautumaan valovauriosta itsendisesti ilman tumaa.
Viherhiukkasten genomin koodaamien translaation elongaatiotekija EF-Tu:n ja
FtsH-ylldpitoproteaasin transkriptien suhteelliset méérét kasvoivat, kun V. litorea -
levdn viherhiukkasia pidettiin eristyksissd seitsemidn pdivdd, mikd tukee aiempaa
ehdotusta nédiden kahden tekijan tirkeydestd viherhiukkasten pitkdkestoisuudelle.
Tamédn lisdksi ndmé viherhiukkaset tuottavat vain vdhdn singlettihappea, jonka
tiedetdédn estavan viherhiukkasten korjausmekanismeja toimimasta.

ASIASANAT: Fotoinhibitio, kleptoplastismi, levdt, PSIl:n korjauskierto, ROS,
symbioosi, viherhiukkanen, yhteyttdvét merietanat
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Abbreviations

(P)PFD (Photosynthetic) photon flux density

'0, Singlet oxygen

3Chl Triplet Chl

0, Triplet oxygen; the ground state (common form) of molecular oxygen
*P630 Triplet Chl of PSII reaction centre

Aoa/Aos Primary electron acceptors from P700 in PSI
Acca/Accg  “Accessory” Chls in PSI reaction centre

ADP Adenosine diphosphate

ASW Artificial sea water

ATP Adenosine triphosphate
ATPase ATP synthase

CBB Calvin-Benson-Bassham cycle
Chl Chlorophyll

Chlp1/Chlp, “Accessory” PSII reaction centre Chls
CP26/CP29 PSII antenna proteins

CP43/CP47 Intrinsic antenna proteins of PSII core
CTPA Carboxyl terminal peptidase

Cyt bof Cytochrome b6f complex

Cyt c6 Cytochrome c6

D1/D2 PSII core proteins

DCBQ 2,6-dichloro-1,4-benzoquinone

DCMU 3-(3, 4-dichlorophenyl)—1, 1-dimethylurea
DCPIP dichlorophenolindophenol

DDE Diadinoxanthin de-epoxidase
DHA Dehydroascorbate

DTE Diatoxanthin epoxidase

ECS Electrochromic shift

EF-Tu Translation elongation factor Tu
EGT Endosymbiotic gene transfer
ER Endoplasmic reticulum

Fo Minimum Chl fluorescence
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FCP

Fd
FLV
Fum

Fu’
FNR
FtsH
Fv
Fv/Fm
Fx, Fa, Fs
G3P
H,O,
HO’

ke
LHC
LHCI
LHCII
LHCSR
LHCX
MDA
NAD(PH
NDA2
NDH
NPQ
0,
OEC
oJIpP
P680
P630*
P680°
P700
P700*
P700"
PA/Ps
PC
Pp1/Pp2
pERM
PGRS5S
PGRL-1
Phep

Fucoxanthin-Chl a/c-binding protein

Ferredoxin

Flavodiiron protein

Maximum Chl fluorescence after dark acclimation
Maximum Chl fluorescence of during illumination
Ferredoxin NAD(P)H oxidoreductase

Plastid maintenance protease

Variable Chl fluorescence; Fum-Fo

Maximum quantum yield of PSII photochemistry
4Fe-4S clusters of PSI
Glyceraldehyde-3-phosphate

Hydrogen peroxide

Hydroxyl radical

Rate constant of photoinhibition of PSII

Light harvesting complex

Light harvesting complex of PSI

Light harvesting complex of PSII

Stress-related LHC proteins

Stress-related LHC proteins of stramenopile algae
Monodehydroascorbate radical

Nicotinamide adenine dinucleotide (phosphate)
Type 2 NDH protein

NADH-dehydrogenase-like complex
Non-photochemical quenching (of Chl fluorescence)
Superoxide anion radical

Oxygen evolving complex of PSII

Polyphasic fluorescence induction curve

PSII reaction centre Chl conglomerate

Excited state PSII reaction centre Chl conglomerate
Oxidized PSII reaction centre Chl conglomerate
PSI reaction centre Chl conglomerate

Excited state PSI reaction centre Chl conglomerate
Oxidized PSI reaction centre Chl conglomerate
PSI reaction centre Chls

Plastocyanin

PSII reaction centre Chls

Plastid endoplasmic reticulum membrane

Proton gradient regulation 5 -protein

PGRS5-like photosynthetic phenotype 1 -protein
Pheophytin in the D1 protein of PSI
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PhQa/PhQg Phylloquinones of PSI

Pm

pmf
PPM
PQ
PQH:
PsaA/PsaB
PSI
PSII
PTOX
QA/Qs
Q-cycle
qE

ql
Qo/Qi
qT
rETR
ROS
RT-gPCR
Rubisco
RuBP
S0-S4
SOD
TGA
Tic

Toc
Trx
UTR
uv
UVA
UVB
UuvC
VIPP1
Yz

ApH
O
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Maximum oxidation of P700

Proton motive force

Periplastidial membrane

Plastoquinone

Plastoquinol

PSI core proteins

Photosystem I

Photosystem I1

Plastid terminal oxidase

Primary/secondary stable electron acceptors of PSII
Quinol oxidation cycle

Energy-dependent component of NPQ
Photoinhibition-related component of NPQ

PQ binding sites of Cyt b6f

State transition component of NPQ

Relative electron transfer rate

Reactive oxygen species

Reverse transcription quantitative real-time PCR
Ribulose-1,5-bisphosphate carboxylase oxygenase
Ribulose-1,5-bisphosphate

Different oxidation states of the OEC

Superoxide dismutase

Triacylglyserol

Translocator of the inner envelope membrane of the plastid
Translocator of the outer envelope membrane of the plastid
Thioredoxin

Untranslated region of mRNA

Ultraviolet radiation (200-400 nm)

UV radiation in the 315-400 nm range

UV radiation in the 280-315 nm range

UV radiation in the 200-280 nm range

Vesicle inducing protein in plastids

Tyrosine residue involved in linear electron transfer in PSII
pH gradient across the thylakoid membrane

Effective quantum yield of PSII photochemistry in the light



List of Original Publications

This dissertation is based on the following original publications, which are referred
to in the text by their Roman numerals:

I

II

I

Havurinne V, Tyystjarvi E. Photosynthetic sea slugs induce protective
changes to the light reactions of the chloroplasts they steal from algae. eLife,
2020; 9: e57389.

Havurinne V, Aitokari R, Mattila H, Képyld V, Tyystjarvi E. Ultraviolet
screening by slug tissue and tight packing of plastids protect photosynthetic
sea slugs from photoinhibition. Photosynthesis Research, 2021; doi:
10.1007/s11120-021-00883-7.

Havurinne V, Handrich M, Antinluoma M, Khorobrykh S, Gould SB,
Tyystjdrvi E. Genetic autonomy and low singlet oxygen yield support
kleptoplast functionality in photosynthetic sea slugs. Journal of Experimental
Botany, 2021; 15: 5553-5568.

The original publications have been reproduced under the Creative Commons CC
BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

13



1 Introduction

The term kleptoplasty was originally coined in several publications more than 30
years ago (Gilyarov 1983; Wauch and Clark 1986; Clark et al. 1990). It refers to the
phenomenon where heterotrophic organisms are not content with the powerhouse of
the cell, the mitochondrion, but steal the organelle that is truly powering most life on
Earth, the chloroplast (plastid), from their photosynthetic prey, and utilize it for their
own gains, energetic or otherwise. The idea of short cutting the energy delivery
straight from the Sun is by no means a singular endeavor. There are many creatures
that subscribe to this ideology by way of harboring photosynthetic organisms in their
immediate vicinity, like corals, lichen, salamanders and even humans to a degree
that is up for philological debate (Kerney et al. 2011; Davy et al. 2012; Grimm et al.
2021). The symbiotic relationship between these organisms is generally a form of
mutuliasm or commensalism. Kleptoplasty is often described as a special form of
symbiosis, but this really isn’t the case; in kleptoplasty the relationship between the
animal and the photosynthetic organism is that of a herbivore and its prey, and the
herbivore simply gains additional benefits by stealing the plastids. Kleptoplasty is
not limited to a single group of organisms, and it is known to occur widely in single
celled eukaryotes such as dinoflagellates, ciliates and foraminiferans (Minnhagen et
al. 2008; Stoecker et al. 2009; Stamatakis et al. 2016). Indeed, even in animals this
feat is not limited to a single group; a recent study showed that certain marine
flatworms can steal plastids from algae, bringing the number of known kleptoplastic
animal groups to two (Van Steenkiste et al. 2019). This work concentrates on
describing kleptoplasty in the other group, photosynthetic sea slugs.

1.1 What are photosynthetic sea slugs?

“Sea slug” is an unofficial blanket term that describes a wide variety of marine
invertebrates, but it is commonly used synonymously with nudibranchs
(Nudibranchia), a specific order of marine mollusks. This preference likely stems
from the fact that arguably some of the most eye-catching marine animals in the
world belong to this clade (Fig. 1A). Therefore, often nudibranch is the correct name
for the weird and colourful slug encountered during a trip to the reef. If the encounter

14



Introduction

was with a slug of green complexion, however, there is a high chance that this
mollusk belongs to the superorder Sacoglossa (Fig. 1B-C).

All photosynthetic sea slugs are sacoglossan, but not all sacoglossans are
photosynthetic. The superorder Sacoglossa consist of 250-300 described species of
sea slugs all over the world, but only a handful of them can maintain plastids stolen
from their algal prey (kleptoplasts) photosynthetically active long enough to justify
contemplating whether they might be utilizing the plastids for other beneficial
purposes apart from simple digestion (Jensen 1997; Héndeler et al. 2009).
Sacoglossans are further divided into multiple clades, and the art of stealing
functional plastids can be narrowed down to one superfamily, Plakobranchoidea
(Bouchet et al. 2017). Within this taxon, functional kleptoplasty has been described
in two separate families, Costasiellidae and Plakobranchidae, the latter one
containing the majority of the known kleptoplastic species (Clark et al. 1981;
Héndeler et al. 2009; Christa et al. 2014a).

Several attempts have been made to classify photosynthetic slug species
according to the longevity of their plastids, or plastid retention time. Typically, the
slugs are divided into three categories: no retention, short-term retention and long-
term retention. Species in the first category digest their plastids immediately,
whereas short-term retention species usually exhibit some signs of photosynthetic
activity for approximately 10 days, and the select few species in the long-term
retention category tend to maintain their plastids functional for more than 20 days,
sometimes even for as long as a year (Clark et al. 1990; Evertsen et al. 2007;
Handeler et al. 2009; Middlebrooks et al. 2011; Christa et al. 2014a; de Vries et al.
2015). Although the criteria for inclusion in these different categories tends to vary
slightly between different authors, certain species are generally accepted in the long-
term retention category: Elysia chlorotica, Elysia timida, Elysia crispata, Elysia
clarki, Elysia viridis and Plakobranchus ocellatus. All these slugs belong to the
family Plakobranchidae, and from here on the terms photosynthetic or kleptoplastic
(sea) slug refer explicitly to these slugs, unless otherwise mentioned.

15



Vesa Havurinne

Figure 1.

16

Sea slugs of the world. (A) A flamboyant nudibranch sea slug Facelina auriculata.
(B) Despite its green color, the sacoglossan sea slug Placida dendritica is not able
to retain plastids functional in its tissues. (C) Elysia viridis is often referred to as an
example of a sacoglossan slug capable of long-term retention of plastids, but the
longevity of its plastids depends heavily on the algal species it steals the plastids
from. (D, E) Both Elysia crispata (the “sea lettuce”; D) and Elysia timida (E) are prime
examples of photosynthetic sea slugs, as they both retain isolated plastids functional
inside their own cells for more than 20 days. Two E. timida individuals are shown
feeding on their prey green alga Acetabularia acetabulum in panel E. Photo credits:
(A) Cessa Rauch, (B-D) Paulo Cartaxana, (E) Vesa Havurinne.



Introduction

1.11 Anatomy

Photosynthetic sea slugs are sometimes referred to as “leaves that crawl” (Trench
1975). This is indeed an apt general description, and not just because of their green
colour; they also possess wing-like appendices on their sides, the parapodia, that
increase their surface area and do resemble the blades of a leaf (Clark 1994). The
adult body length of these animals is usually 0.5-2 cm or shorter, rarely exceeding 3
cm (Jensen 1997). Overall, there are not too many external features that are shared
completely unequivocally among Plakobranchidae, as even the parapodia can be
either smooth, rough, or even frilled in some cases. In addition to the parapodia, and
similarly different between species, most Plakobranchidae have two chemosensory
rhinophores extended from the head, and the eyes are situated in their vicinity, often
behind the base of the rhinophores (Krug et al. 2016). Without the plastids the colour
of the slugs is pale grey with a brownish hue, although most species do have
pigmented spots of altered size and colour covering their bodies (Krug et al. 2016).
The role of these spots is unknown, although they have been suggested to function
as additional light receptors that could supplement the light perception of the
primitive eyes of the slugs (Rahat and Monselise 1978).

Plakobranchidae do not have distinct gills that facilitate oxygen uptake. Instead,
their relatively large surface area allows sufficient gas exchange for their respiration,
and their bodies are also covered in microvilli that can help the slugs obtain nutrients
and amino acids directly from their environment (De Freese and Clark 1991; Clark
1994). The function of the distinct large vessels spread over the dorsal side of the
slugs has not been elucidated, but the vessels are connected to the pericardium (a
thin sac that surrounds the heart) and might be involved in circulation/respiration
(Jensen 1992). Being simultaneous hermaphrodites, each individual slug has both
male and female reproductive systems producing sperm and eggs at the same time
(Jensen 1999; Schmitt et al. 2007). While many of the anatomical features of
different slug species are certainly interesting, especially for taxonomic purposes, in
terms of plastid acquisition the most interesting parts of the slugs’ anatomy are
related to their digestive system.

Thieving, crawling, solar powered leaves. One more layman’s term that needs to
be added to this informative list of attributes that describe Plakobranchidae is “sap
sucking”. In fact, all Sacoglossa are called sap sucking sea slugs. This term has its
origins in the feeding habits of these slugs; they first puncture the algal cell wall with
their radula, a chitinous “tongue” with a single row of sharp teeth, and quite literally
suck out the cellular contents (“sap”) of the algae they eat (Jensen 1997; Wigele et
al. 2010). A unique feature that the Sacoglossa have evolved is a specialized pouch
on the surface of their pharynx that stores all used worn out teeth of the radula
(Jensen 1996). This “pouch” is the etymological origin of the name Sacoglossa
(originally Ascoglossa, from the Greek words “askos”, a bag, and “glossa”, a

17
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tongue). The food travels through the oesophagus of the slugs into the stomach,
which is a small, thin-walled structure in most Plakobranchidae slugs. The intestine
connects to the stomach on the dorsal side, and leads to the anus, located behind the
rhinophores. The stomach is also the central point where all the ducts of the digestive
gland are connected through two openings (Jensen 1992; Wigele 2010). The
digestive gland tubules are extremely branched all over the bodies of photosynthetic
sea slugs, but particularly aggregated in the parapodia. The tubules consist of a lumen
that is surrounded by tissue of specialized digestive gland cells, that selectively
digest all other algal components except the plastids (Graves et al. 1979; Marin and
Ros 1993; Rumpho et al. 2000; Martin et al. 2013). Functional plastids are bound
strictly to the digestive tissue cells surrounding them, even though the overall green
colour of the slugs might suggest otherwise (Laetz et al. 2017).

During the uptake process, the plastids in the lumen of the digestive tubules seem
to be first engulfed by phagosomes, and then released into the surrounding cells.
Often the outer membrane of the plastids seems to be in direct contact with the
cytosol, but then again, also observations of a possible host phagosomal membrane
surrounding the plastids have been made, not to mention plastids that have seemingly
lost their inner and outer membranes during the intake process (Martin et al. 2013;
Wigele and Martin 2014). One major source of discrepancy between different
studies, mostly relying on electron microscopy, is likely linked to the fact that even
the long-term photosynthetic slug species do start to digest the plastids when
deprived of their food (starved), and the phagosomal engulfment of the plastids
marked for degradation is to be expected (Laetz et al. 2017; Laetz and Wégele 2017).

One of the biggest mysteries regarding photosynthetic sea slugs is how are they
able to identify and select the plastids for incorporation into their cells. Recent
studies have started to scratch the surface of this topic, and it is becoming evident
that the selection/incorporation process involves elements of the innate immune
system of the slugs, suggesting that the slugs might utilize similar mechanisms as
corals (Cnidaria) during the establishment of symbiosis with algae (dinoflagellates)
(Davy et al. 2012). For example, when juvenile E. chlorotica individuals start eating
their prey algae for the first time, the transcription of multiple genes encoding
proteins related to recognition of microbe-associated molecular patterns, like
scavenger receptors, are upregulated (Chan et al. 2018). Such pattern recognition
receptors might be crucial for identifying the specific glycan or lipopolysaccharide
composition of the plastid outer membrane and lead to signalling cascades that
prevent plastid digestion. Indeed, long-term photosynthetic sea slugs seem to have
evolved a wide array of pattern recognition receptors, which supports the notion that
they are involved in also plastid recognition, but how exactly remains open (Melo
Clavijo et al. 2020; Maeda et al. 2021).
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1.1.2 Life cycle

The detailed life cycles of most of the ~300 sacoglossan sea slug species are not
known. However, the Plakobranchidae species E. chlorotica, E. viridis and E. timida
have all been cultured in the lab to a degree that has enabled detailing parts of their
life cycles (Trowbridge 2000; Rumpho et al. 2011; Pelletreau et al. 2012; Schmitt et
al. 2014;). The larger species like E. chlorotica and E. viridis (adult slugs often more
than 1.5 cm) have been shown to live for approximately 10-15 months, whereas the
record lifetime of the smaller slug E. timida (usually well below 1.5 cm) is currently
8 months (Trowbridge 2000; Pelletrau et al. 2012; Schmitt et al. 2014).

There are three main strategies of larval development in marine invertebrates:
planktotrophic, lecithotropic and direct development (Marin and Ros 1993;
Yamaguchi et al. 2021). Planktotrophic larvae, called veligers, feed on unicellular
microalgae during early development, whereas lecithotrophically developing
veligers survive and develop by using the material in the egg capsules of the egg
masses (Marin and Ros 1993). Both E. chlorotica and E. viridis have been shown to
develop planktotrophically, and the veligers filter and digest microalgae from their
surroundings for 12-46 days after hatching, before metamorphosing into juvenile
slugs (Trowbridge 2000; Pelletreau et al. 2014).

The life cycle of E. timida is known to consist of both lecithotrophic and direct
development (Marin and Ros 1993). This poecilogony, or life cycle polymorphism,
is rare in marine animals, but known to exist quite widely in Sacoglossa (Yamaguchi
et al. 2021). In the lecithotrophic mode, E. timida embryos develop inside the egg
capsules for 16-18 days, before they hatch as free-swimming veligers. The free-
swimming veliger stage lasts 3-4 days, until the veligers metamorphose into crawling
juvenile slugs. The other development type in E. timida is direct development, where
the development inside the eggs takes a few days longer, allowing the slugs enough
time to metamorphose directly into crawling juvenile slugs before hatching (Marin
and Ros 1993; Schmitt et al. 2014). In E. timida the main developments during the
metamorphosis from a veliger to a juvenile slug include an increase in size, the loss
of the shell, the formation of a functional radula and rudimentary rhinophores.
Perhaps most importantly, it is also at this stage where the digestive gland is formed
as an asymmetrical sack (Marin and Ros 1993). Metamorphosed E. timida juveniles
then latch onto the large filamentous cells of the main prey alga of the adult slugs,
Acetabularia acetabulum, and start feeding (Schmitt et al. 2014).

The plastids are not incorporated into the cells of juvenile E. timida slugs for
long-term retention after initial feeding; it can take as long as 25 days of feeding
after hatching for this to happen in E. timida. By this time the slugs have already
developed many of the adult characteristics (Marin and Ros 1993; Schmitt et al.
2014; Laetz and Wigele 2017). It is therefore possible that for some photosynthetic
slug species the initial contribution of the plastids to the slug’s development is not
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related to the photosynthetic functionality of the plastids inside their cells, but rather
to digesting the plastids as food (Trowbridge 2000). The connection between E.
chlorotica and its prey alga Vaucheria litorea is seemingly tighter, as E. chlorotica
metamorphosis does not commence in the absence of V. litorea (Pelletreau et al.
2012; Pelletreau et al. 2014). Juvenile E. chlorotica individuals start feeding on V.
litorea immediately after metamorphosis, which turns them green within hours, and
intact plastids integrate into the developing digestive gland after two days of feeding.
If E. chlorotica juveniles are taken away from their food source after seven days of
feeding post metamorphosis, they continue their normal trajectory into adult slugs,
and maintain the plastids in their digestive gland cells. Slugs fed for only 5 days do
not develop, and deteriorate in starvation, indicating that in £. chlorotica functional
kleptoplasty is established already after 6-7 days of feeding (Pelletreau et al. 2012).
The development of the juveniles is hindered, and the life expectancy reduced when
E. chlorotica juveniles are kept in the dark, suggesting that photosynthesis of the
functional plastids may influence the normal life cycle of this slug (Pelletreau et al.
2012). The development from juveniles to adults generally entails an increase in size
and the full emergence of the rudimentary organs that were already present in the
juveniles after metamorphosis (Marin and Ros 1993; Trowbridge 2000).

Estimates of the time it takes for photosynthetic sea slugs to reach sexual
maturity are rare in the literature. Some reports do, however, exist of 106 days old
(post hatching) E. timida individuals reproducing in captivity, and E. viridis is
expected to be sexually mature only after approximately 30 days (Trowbridge 2000;
Schmitt et al. 2014). Photosynthetic sea slugs seem to inseminate one another mainly
through the skin with their penises, as described in E. timida (Schmitt et al. 2007).
However, contrary to the quite common “hit-and-run” strategy of hermaphrodites,
where the mating individuals compete for the opportunity to inseminate the other
without reciprocation, the copulation of E. timida involves an orchestrated courtship
dance that ensures a high degree of sperm trading (Michiels and Newman 1998;
Schmitt et al. 2007). A common occurrence in many sea slugs is the storage of
allosperm (received sperm) to wait for egg cell maturation before fertilization, as is
also the absorption of allosperm for nutritive benefits (Jensen 1999; Schmitt et al.
2007). The spawning (laying of egg masses) in Sacoglossa typically takes place
within a week after mating. The individual fertilized eggs are enriched with albumin,
encapsulated, and then covered in mucus one by one, eventually forming a spiral
shaped egg mass that can contain thousands of eggs (Jensen 1999). One speciality of
the slugs in the superfamily Plakobranchoidea is the extracapsular yolk material
embedded in the egg masses. Its function and chemical composition are unclear, but
it might serve as an additional nutritional reserve or as a toxic deterrent for predators
(Marin and Ros 1993; Jensen 1999).

20



Introduction

1.1.3 Are the slugs photosynthetic?

When the slugs have reached full adulthood and functional kleptoplasty has been
established, they can survive in starvation for a few months or in some cases up to a
year. The lifetimes of starved and fed E. chlorotica individuals, as well as the
exceptional longevity of the stolen plastids in this slug, seem to correlate well,
making it plausible that these slugs can indeed survive starvation for their natural
one-year lifetime with the help of their plastids (Green et al. 2000; Rumpho et al.
2011; Pelletreau et al. 2012). However, E. timida and E. viridis seem to be only able
to survive starvation periods that correlate with the longevity of their plastids, i.e., a
few months, whereas their maximal reported life expectancies are known to be as
long as 8 and 15 months, respectively (Trowbridge 2000; Vieira et al. 2009; Schmitt
et al. 2014; Laetz and Wigele 2017). Suffice it to say, that after stealing the plastids
from their prey algae the slugs can live without additional food for the rest of their
lives, but the rest of their lives might be a short stint.

The plastids inside the slug E. viridis have been shown to be continuously
replaced with new ones when the slugs are feeding (Frankenbach et al. 2021). This
suggests that when food is available, the slugs tend to simply digest the plastids, and
do not rely on photosynthesis provided by the plastids. Some slugs do face times of
food scarcity in the nature; the food source of E. timida, A. acetabulum, becomes
calcified and therefore impenetrable for the slugs during the autumn and spring
(Marin and Ros 1992). The slugs do benefit from the plastids at such times, but there
is no consensus regarding the modus how this benefit presents itself. The literature
is riddled with contrasting reports on whether light, and therefore photosynthesis, is
beneficial for adult slug survival or not (Christa et al. 2014a, b; Cartaxana et al. 2017;
Laetz et al. 2017; Donohoo et al. 2020; Frankenbach et al. 2021; Maeda et al. 2021).
The matter is further complicated by the fact that the absence of light likely affects
the slug itself, not just the plastids, and recently this has been taken into account by
utilizing low light, not darkness, or chemical inhibitors of photosynthesis to probe
the effect of photosynthesis on slug survival (Christa et al. 2014b; Cartaxana et al.
2017; Donohoo et al. 2020).

The plastids of long-term retention slugs do fix carbon in a light-dependent
manner and radiolabeled carbon can be found in the slug tissue and mucus after
starvation, but the unanswered question is whether the carbon products are released
for slug metabolism through active transport of photosynthates or by simple slow
digestion of the plastids, or perhaps both (Trench et al. 1972; Christa et al. 2014b;
Laetz et al. 2017; Cruz et al. 2020; Cartaxana et al. 2021). Recently, it was shown
that the slugs E. viridis and E. timida fix and assimilate radiolabeled carbon and
nitrogen in a light-dependent manner, and the labelled compounds tend to
accumulate in the reproductive tissues of the slugs. Furthermore, the slugs also lay
more eggs in moderate light than in the dark or very low light conditions (Cruz et al.

21



Vesa Havurinne

2020; Shiroyama et al. 2020; Cartaxana et al. 2021). This may indicate that the
benefits from the plastids are not necessarily directed for adult slug survival per se,
but rather for reproduction. Whether these slugs should be called photosynthetic, or
photoautotrophic, is still up for debate.

1.2 Plastids in algae

Adult photosynthetic sea slugs are often very stenophagous, meaning that they only
eat one specific species of macroalgae. This is also reflected in the different shapes
of the radular teeth of the slugs; specialized shapes of the teeth are an adaptation that
allows the slugs to be very efficient in puncturing specific cell walls (composed of
e.g. mannan, xylan or cellulose) of their food algae (Jensen 1997). Even though they
specialize in different species of macroalgae, most of the slugs steal their plastids
exclusively from a single class of siphonaceous green algae, the Ulvophyceae (de
Vries et al. 2013). To understand some of the fundamental problems isolated plastids
should be facing inside animal cells, a brief description of the early life events that
underpins the evolution and origin of plastids in algae is in order. Fitting to the main
topic of this thesis, the early life events in question also include heterotrophic
organisms that incorporate photosynthetic entities, cyanobacteria, into their own
cells.

1.2.1 Primary endosymbiosis

The initial event of plastid acquisition by eukaryotes, or primary endosymbiosis, led
to the emergence of the Archaeplastida, the group containing the Rhodophyta (red
algae), Chlorophyta (green algae and land plants) and the Glaucophyta,
approximately 1.5 billion years ago (Yoon et al. 2004). Although primary
endosymbiosis is a rare event, it seems to have taken place twice in the history of
life. Most plastids in contemporary algae and plants can be traced back to the original
endosymbiosis that gave rise to the Archaeplastida, but a more recent primary
endosymbiotic event has taken/is taking place in the cercozoan Paulinella (Ponce-
Toledo et al. 2019; Stephens et al. 2021). The endosymbiont cyanobacterium of
Archaeplastida was likely related to the Gloeomargarita cyanobacteria and taken in
by the eukaryotic host cell through phagocytosis during primary endosymbiosis
(Archibald 2015; Ponce-Toledo et al. 2019). All contemporary primary plastids of
Archaeplastida have retained both the outer and inner membranes of the original
cyanobacterium, known as the outer and inner envelope membranes of the plastids
(Gould et al. 2008).

The enslavement of the endosymbiont by the host cell into an obligate organelle
entailed a massive reduction in the genome size of the endosymbiont, partly owing
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to endosymbiotic gene transfer (EGT) from the endosymbiont’s genome into the
nuclear genome of the host, but also due to a simple loss of genes from the
endosymbiont (Ponce-Toledo et al. 2019). For reference, the genome size of the
model cyanobacterium Synechocystis sp. PCC 6803 is 3.96 Mbp, whereas plastid
genomes are usually 100-200 kbp, and even the largest ones are generally smaller
than 2000 kpb (Zerulla et al. 2016; de Vries and Archibald 2018). Even when the
genome is large, the gene content of the plastid genome (plastome) is still less than
5% of the gene content of a typical cyanobacterial genome (Green 2011; Simm et al.
2015; Ponce-Toledo et al. 2019). The plastomes of the prey algal species of the slugs
are seemingly no exception to this rule, although they do encode for some interesting
genes that are not ubiquitously distributed in the plastomes of algae and plants
(Rumpho et al. 2008; de Vries et al. 2013; Maeda et al. 2021).

The plastid proteome contains approximately 500-2300 proteins, but the
combined proteins encoded by the plastome and the EGT genes in the nuclear
genome of Archaeplastida sum up to only approximately 200-600 proteins (Ponce-
Toledo et al. 2019). The sizeable remainder of proteins in the plastid proteome are
encoded by e.g., duplicated host genes that have been re-purposed to serve the
plastid, or non-cyanobacterial bacterial genes in the nuclear genome. The origin of
the non-cyanobacterial bacterial genes remains debated, but they might have been
transferred to the nuclear genome of the ancestral Archaeplastida through horizontal
gene transfer, possibly from Chlamydiales bacteria (Price et al. 2012; Qiu et al. 2013;
Ponce-Toledo et al. 2019). The remarkable contribution of non-cyanobacterial genes
to the function of plastids showcases the evolution of alterations that have shifted the
once cyanobacterial endosymbiont into a eukaryote-specific energetic organelle.

Since most of the genes contributing to the proteome of the plastids eventually
either moved to or emerged within the nucleus, a way of directing the gene products
into the plastids must have evolved concurrently or subsequently. There are
altogether six different locations where a protein can be targeted to within primary
plastids: the outer envelope membrane, the intermembrane space, the inner envelope
membrane, the plastid stroma, the thylakoid membrane and the thylakoid lumen
(Gould et al. 2008). All Archaeplastida share a stringent targeting system for plastid
proteins synthesized in the cytosol, which involves the use of transit peptides and the
protein translocator machineries known as the translocators of the inner and outer
envelope membranes of the chloroplast (Tic and Toc), but there are differences
between the lineages (Price et al. 2012; Chen et al. 2018). The details of guiding the
cytosolically translated precursor proteins to the correct compartment in the plastids
are complicated in algae, and this underlines one major mystery regarding
photosynthetic sea slugs. If there are genes in the nuclear genome of the slugs that
have acquired a role in the plastids of the slugs, how are the gene products guided
inside such a foreign organelle?
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1.2.2 Secondary endosymbiosis

The only known photosynthetic slug that does not feed on primary plastid bearing
ulvophytes is E. chlorotica. In fact, this slug does not feed on green algae at all; its
culinary taste is more sophisticated, and it only enjoys a meal of V. litorea (Pelletreau
et al. 2012; de Vries et al. 2013). Primary endosymbiotic events are rare, but
secondary endosymbiosis is more common. It has been the driving force behind the
spread of photosynthesis into the major secondary green algal groups
Chlorarachniophyta and Euglenezoa, as well as the secondary red algal lineages in
the groups Cryptophyta, Alveolata, Haptophyta and Stramenopiles (Stephens et al.
2021). The last one of these lineages contains the yellow-green algae
(Xanthophyceae), to which also V. litorea belongs. In secondary endosymbiosis a
eukaryote engulfed another photosynthetic eukaryote, and this endosymbiont was
then merged into the cell ultimately as a plastid (Gould et al. 2008; Archibald 2015).

Just like during primary endosymbiosis, the genomes of the secondary
endosymbionts went through a dramatic reduction in size and gene content during
secondary endosymbiosis. This time, however, the EGT events took place largely
between the nucleus of the endosymbiont and the nucleus of the host (Gould et al.
2008; Gagat et al. 2014; Archibald 2015; Fiissy and Obornik 2018; Ponce-Toledo et
al. 2019). Secondary endosymbiosis occurred at least three times independently;
twice to account for the two separate secondary green algal lineages
Chlorarachniophyta and Euglenezoa and once during the origin of the secondary red
algae (Archibald 2015; Jackson et al. 2018). After this, determining the exact
sequence and number of plastid acquisitions across the tree of life becomes a matter
of what characteristics are emphasized in the analyses, mainly because several
lineages of the secondary plastid bearing algae are known to have acquired plastids
from yet other eukaryotic algae through tertiary endosymbiosis (Gagat et al. 2014;
Fiissy and Obornik 2018).

Secondary, or complex, plastids are typically surrounded by four membranes
(Gould et al. 2015; Tomeckova et al. 2020). The two innermost are essentially the
same inner and outer envelope membranes also found in primary plastids. The
outermost one is called the plastid endoplasmic reticulum membrane (pERM). This
membrane is thought to have derived from the original phagocytotic membrane
surrounding the endosymbiont, that over time fused with the endoplasmic reticulum
(ER) and the nuclear envelope of the host (Cavalier-Smith 2000; Flori et al. 2016).
Beneath the pERM is the periplastidial membrane (PPM), often stated to be the
vestigial plasma membrane of the endosymbiont, although a hypothesis stating that
PPM originated from the ER of the host has been put forward (Gould et al. 2015).
The remnants of the endosymbiont’s cytoplasm, including nucleomorphs, the
vestigial nuclei found in chlorarachniophytes and cryptophytes, still exist between
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the PPM and the outer envelope of the plastid in what is known as the periplastidal
compartment (Archibald and Lane 2009; Sheiner and Striepen 2013).

The translocation of nucleus encoded proteins across the four membranes
surrounding complex plastids was yet another evolutionary hurdle that secondary
algal lineages had to overcome to become autotrophic. Like primary plastids,
complex plastids also contain the major translocator complexes Toc and Tic of the
outer and inner envelopes, and protein translocation through them is similar to
primary plastids. However, the two additional membranes pERM and PPM require
specific signal and transit peptides and machineries for correct protein translocation
to complex plastids (Gould et al. 2008; Hempel et al. 2009; Sheiner and Striepen
2013; Gould et al. 2015; Flori et al. 2016). Interestingly, the complex plastids of V.
litorea are stripped of the two outermost membranes during incorporation to the slug
cells of E. chlorotica, suggesting that if any nucleus encoded gene products of F.
chlorotica were to be targeted to the plastids, their transit and signal peptides should
not be the same as the ones in V. litorea (Rumpho et al. 2001).

1.3 Photosynthesis

Photosynthesis is complicated, and it is an outright miracle that the plastids inside
the slugs remain photosynthetically active at all, let alone for months. Briefly, the
two major protein complexes facilitating photosynthetic electron transfer are
Photosystem II and Photosystem I (PSII and PSI), situated in the thylakoid
membrane. The main chain links connecting these two are lipid soluble
plastoquinone (PQ) molecules inside the thylakoid membrane, the membrane
embedded cytochrome b6f complex (Cyt b6f) and lumenal electron carrier proteins
plastocyanin (PC) or cytochrome c6 (Cyt c¢6). The concerted efforts of this linear
electron transfer chain result in the reduction of NADP" to NADPH via the stromal
electron carrier ferredoxin (Fd), and the formation of a proton/pH gradient across the
thylakoid membrane. The electrochemical energy contained in the proton gradient is
vented through a thylakoidal ATPase to (photo)phosphorylate ADP to ATP. Both
NADPH and ATP are then used to fix CO, as sugars in the Calvin-Benson-Bassham
(CBB) cycle (Vecchi et al. 2020). Unfortunately, studies focusing on photosynthesis
at a molecular biology level in the prey macroalgal species of the slugs are rare
(Handrich et al. 2017). Therefore, to get an idea about photosynthesis in green and
stramenopile algae, most of the following discourse will be navigated with
information from other chlorophytes, largely the green alga Chlamydomonas
reinhardtii, and several stramenopile diatoms.
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1.3.1 Photosystem Il and plastoquinone

Before the photosynthetic electron transfer reactions within PSII and PSI can take
place, light energy needs to be captured via photosynthetic pigments. Chl a is utilized
by all algae and plants in light harvesting, but the other common Chl in green algae
and plants, Chl b, is not. Instead, different forms of Chl ¢ (mainly c;, c; and c3) are
widespread in secondary red algae, including V. /itorea (Biichel 2020). Most of the
light harvesting in algae is facilitated by conserved membrane intrinsic light
harvesting complex (LHC) proteins (Kiihlbrandt et al. 1994; Ballottari et al. 2012).
All LHC proteins bind Chl a, but they can also contain either Chl b or ¢, depending
on the lineage. Typical carotenoids in the green lineage LHCs are lutein, neoxanthin,
violaxanthin or zeaxanthin, whereas in the stramenopile diatoms the main
carotenoids are fucoxanthin, diadinoxanthin or diatoxanthin. The LHCs of diatoms
are, in fact, called fucoxanthin-Chl a/c-binding proteins (FCP), but here the term
LHC will be used also to include FCPs, unless specific monomeric FCP proteins are
discussed (Ballottari et al. 2012).

Two internal antenna proteins, CP43 and CP47, are part of the monomeric core
of PSII and only bind Chl a (Su et al. 2017; Shen et al. 2019). Two PSII cores form
a functional dimer complex in a conserved manner, but the composition and binding
of the peripheral light harvesting complexes of PSII (LHCII) in the so called PSII
supercomplexes is highly variable. In C. reinhardtii the PSII peripheral antennae
system can be divided to two layers. The inner layer consists of monomeric LHC
proteins CP26 and CP29 as well as a trimeric LHCII that is strongly bound to PSII.
The outer layer contains only trimeric LHCIIs, that are either moderately or loosely
bound to the PSII complex (Tokutsu et al. 2012; Shen et al. 2019; Cazzaniga et al.
2020). The LHC complexes forming a major part of the peripheral PSII antenna in
the diatom Chaetoceros gracilis are tetramers. Altogether the peripheral antenna of
PSII supercomplex in C. gracilis contains four LHCII tetramers, two strongly bound
directly to the PSII cores and two moderately bound monomeric FCPs lining the PSII
cores. Two additional monomeric FCPs are located at the periphery of the
moderately bound LHCIIs (Nagao et al. 2019). It should be remembered, that even
though V. litorea is a stramenopile alga, like diatoms, the pigment compositions and
LHC arrangements might be completely different in this prey algal species of the
slugs. And the same goes for drawing too strong conclusions from the green alga C.
reinhardtii regarding the details in the green algal prey species of the slugs.

After a photon has excited a Chl molecule in the LHCs, the excitation energy is
usually delocalized amongst a conglomerate of pigments that share the excitation,
forming an exciton. The transfer of excitation energy from the LHCs to PSII (or PSI)
is fast, but the physics involved are still being debated. The energy transfer is often
described by semiclassical Forster resonant energy transfer models, where the energy
is assumed to hop downhill along the different energy levels of donor and acceptor
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pigments, but whether this is an accurate description of the events without taking
into account different quantum effects is still unclear (Sumi 1999; Sener et al. 2011;
Fassioli et al. 2014; Jumper et al. 2018). The reaction centre of PSII comprises the
conserved D1 and D2 protein subunits containing four Chl @ molecules. Two of these
(Pp1 and Ppy, where P stands for pigment and the subscript denotes their binding
subunit) are part of the P680 reaction centre dimer that, according to classical
interpretation, contains the primary electron donor in charge separation (Pp1), while
the other two (Chlp: and Chlpy) are stated to have an accessory role. However,
according to more recent takes on the topic, both Pp; and Chlp; can function as
electron donors in charge separation after P680 excitation to P680*, but the exact
reactions leading to forward electron donation remain open (Mamedov et al. 2015;
Romero et al. 2017). Nevertheless, excitation of the reaction centre Chls leads to
charge separation, where the pheophytin (Phe) of D1 is the electron acceptor,
creating the radical pair P680 Phe” (Nagao et al. 2017). Soon after the electron from
Phe transfers to the stable electron carrier PQ molecule Qa, residing in the D2
subunit of PSII (Nadtochenko et al. 2014). Electrons return to the D1 branch when
Qa” reduces another PQ molecule, Qg, in a reaction that is regulated by a stromal
bicarbonate ligated to a non-heme iron situated next to Qa and Qg (Brinkert et al.
2016). Two charge separations are required to fully reduce Qg to Qg*, followed by
the protonation of Qg to plastoquinol (PQH>) by two protons from the thylakoid
stroma. PQH: is then released into the PQ pool of the thylakoid membrane (Guskov
et al. 2009) (Fig. 2).

The electrons sent forward into the electron transfer chain are replaced by
electrons from water molecules. Water oxidation takes place in the oxygen evolving
complex (OEC) of PSII, and it is powered by P680". Four charge separations are
required to extract four electrons from two substrate water molecules bound to the
Mn4CaO:s cluster of the OEC (Fig. 2). This also results in the release of four protons
and one oxygen molecule to the thylakoid lumen. After charge separation, P680"
oxidizes a specific tyrosine residue of D1 (Y7z), and the resulting radical Y7, in turn,
oxidizes the Mn4sCaOs cluster in the Kok-cycle (Kok 1970). The four Mn ions of the
Mn4CaOs cluster have different oxidation states, and their combined oxidation state
determines the S-state of the OEC. In its most reduced state (S0) all but one of the
ions are Mn®*, whereas the fourth one is Mn*". After a charge separation event, one
of the Mn’" ions is oxidized to Mn*", marking the transition of the OEC from S0 to
S1 state. The oxidation of the Mn®" ions proceeds after subsequent charge separations
until the S3 state, where all Mn ions are Mn*". The next charge separation induced
state, S4, reduces very rapidly back to SO without charge separation, simultaneously
splitting the substrate water and releasing oxygen. Proton release is usually
associated with electron donation to Y7 in the Kok cycle, except for S1—S2, where
only an electron is donated without proton release, and S4—S0, where only a proton
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is released (Kern et al. 2018; Reiss et al. 2019; Mandal et al. 2020). It should be
noted that even though the most reduced state is SO, the OEC tends to equilibrate
towards S1 in the dark. This leads to the classical flash-induced oxygen evolution
pattern, where the third flash after dark acclimation causes the transition
S3—(S4)—S0, noticeable as a spike in oxygen evolution, whereafter the oxygen
evolution follows a period-four flash oscillation pattern (Vass and Styring 1991;
Joliot 2003).

PQH,

Figure 2. Light-induced linear electron transfer reactions in PSIl. The top left scheme
illustrates the main electron transfer pathway along the D1 and D2 proteins of PSII.
P680 is depicted here as a conglomerate of Pp4, Pp2 and Chlp1.The top right panel
shows the two-electron reduction of Qg, which leads to its protonation and the
release of a PQH, molecule into the thylakoid membrane. The cubane structure of
the Mn4CaOs cluster is shown in the bottom panel, as well as the H,O oxidation
cycle (Kok cycle) it catalyzes.
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1.3.2 Cytochrome b6f and PC/Cyt c6

The basic structure of Cyt b6f is conserved, although changes in the minor subunit
composition have been recorded in different lineages of algae. Any major deviations
from the Cyt b6f functionality described below are not expected to exist in the prey
algae of the slugs. The two core subunits forming a functional dimer have four major
subunits each, that include the essential haem iron containing Cyt fand Cyt b6, the
Rieske iron-sulfur protein and a fourth subunit binding both Chl a and B-carotene,
as well as four minor subunits (Stroebel et al. 2003; Hasan et al. 2013; Malone et al.
2019; Malone et al. 2021). The oxidation of PQH: takes place in the Q-cycle (quinol
oxidation cycle), where electrons are bifurcated into two pathways with chains of
either high or low redox potential electron carriers (Mitchell 1975; Crofts et al.
1983).

There are two PQ binding sites in Cyt b6f, Q, and Q;, that are situated closer to
the lumen or the stroma, respectively. In the the Q-cycle, one PQH: is first bound to
the Q, site, and one electron derived from PQH, oxidation is transferred to the
lumenal electron carrier PC via the high-potential chain. This is accompanied by the
release of the two protons from PQH; into the lumen, resulting in a PQ™ radical in
the Q, site, and transfer of an electron from PQ™ along the low-potential chain haems
of Cyt b6 to haem c, close to the Q; site. The original PQH> in the Q, site is now in
its oxidized PQ form and diffuses into the thylakoid membrane, marking the end of
the first half of the Q-cycle. To initiate the second cycle, another PQH, binds to the
Q. site, and the oxidation via the high-potential chain proceeds as before. The low-
potential oxidation proceeds along the Cyt b6 haems, this time creating a redox pair
that includes a reduced haem b and the previously reduced haem c close to the Q;
site housing a PQ molecule. The two electrons from the haems are then used in
reduction and protonation of the PQ molecule to PQH», which diffuses back into the
thylakoid membrane. Altogether the passing of the four electrons from water
oxidation through the Q-cycle to PC results in the release of eight protons into the
thylakoid lumen (Alric et al. 2005; Cramer et al. 2011; Tikhonov 2014; Malone et
al. 2021). The oxidation of PQH, by Cyt b6fis the rate limiting step of linear electron
transfer (Rochaix 2011). It is also at Cyt b6f where the so-called photosynthetic
control takes place; acidification of the lumen slows down PQH> oxidation in the Q,
site, possibly due to protonation of the proton accepting amino acid residues inside,
before PQH: has the chance to burden the Q-cycle with its own electrons and protons
(Tikhonov 2014; Colombo et al. 2016).

In most studied photosynthetic organisms, the main electron carrier between Cyt
b6f and PSI is the copper containing lumenal protein PC. However, green algae (and
cyanobacteria) can switch to an alternative, haem iron binding Cyt ¢6 electron carrier
as a response to copper limitation (Merchant et al. 1991; Torrado et al. 2019). On the
other hand, in the secondary red stramenopiles the only electron carrier between Cyt

29



Vesa Havurinne

b6f and PSI is Cyt ¢6 (Peers and Price 2006; Akazaki et al. 2009). It is therefore
likely that the green algae eaten by the slugs use PC as the electron carrier, whereas
V. litorea uses Cyt c6. Organisms that rely solely on Cyt c6 show slightly less
efficient electron donation to PSI than green algae relying on PC, but the mechanism
is similar between the two electron carriers. Both carriers rely on electrostatic
attraction to interact with the lumenal hydrophobic docking site of PSI, and in
photosynthetic eukaryotes this interaction is thought to be enhanced by the positively
charged lumenal loops of the PsaF subunit of PSI (Finazzi et al. 2005; Bernal-Bayard
et al. 2013; Bernal-Bayard et al. 2015; Castell et al. 2021).

1.3.3 Photosystem |, ATP synthase and carbon fixation

In eukaryotes, PSI cores exist as functional monomers that form lineage-specific
supercomplexes by attaching different PSI LHCs (LHCI) (Blankenship 1992; Jordan
etal. 2001; Suga et al. 2019; Xu et al. 2020). PSI core does not have separate intrinsic
antenna proteins; light absorption for photosynthesis in the PSI core is limited to the
Chl a located in PsaA and PsaB proteins that also form the reaction centre of PSI
(Jordan et al. 2001; Alboresi et al. 2017). The most recent structural studies indicate
that the PSI supercomplex in C. reinhardtii contains two heterotetrameric “belts” of
LHCIs on one side of PSI, with different compositions of the nine LHCI subunits.
In addition, a heterodimeric LHCI is bound on the other side of PSI (Suga et al.
2019). The complete LHCI antenna of the diatom C. gracilis is made up of 24 FCP
proteins. The FCP proteins form three layers; the innermost layer completely circles
PSI, the middle layer forms a semi-circle, and the small outermost layer is only on
the PsaA side of the PSI core (Xu et al. 2020). Once again, the LHCI compositions
of the green algae and the stramenopile V. litorea eaten by the slugs might be
completely different than LHCIs in the model green alga C. reinhardtii or
stramenopile diatoms.

The evolutionarily conserved core of PSI contains two Chl a molecules that form
the dimeric P700, located at the opposite branches, PsaA or PsaB, of the PSI reaction
centre. Here, the P700 Chls will be called P4 or Pg (pigment in the A or B branch).
Each branch also contains one accessory Chl a (Acca or Accg) and one Chl « that is
part of the electron transfer chain (Aoa or Agg), as well as a phylloquinone electron
acceptor (PhQa or PhQg). Two mechanisms for the primary charge separation events
in PSI have been proposed. In the classical one, excited P700 (P700*) donates an
electron to Aga or Ags, and Acca and Accs have roles only as intermediates that
facilitate the primary charge separation (Gobets et al. 2001; Shuvalov et al. 2007).
The other mechanism proposes that the primary charge separation takes place
between Acca or Accs and their respective Ag electron acceptors, and P700 only
donates an electron to Acca or Accgin a secondary reaction (Miiller et al. 2003;
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Miiller et al. 2010; Di Donato et al. 2011; Santabarbara et al. 2015). According to
both mechanisms, the electron hole is eventually located in P700 (P700") after
charge separation and the electron is donated to either of the Ao primary electron
acceptors (Fig. 3).

Electron donation from PC or Cyt c¢6 replaces the missing electron in P700", and
the electron in A transfers first to the PhQQ molecule in its corresponding branch and
then to the first 4Fe-4S cluster, Fx, which is located at the cross-section between the
two branches. Electron transfer continues along the next two 4Fe-4S clusters, Fa and
Fg, located in the PsaC subunit of PSI, until the reduction of the stromal electron
carrier Fd. After two electron reduction of Fds, ferredoxin NAD(P)H oxidoreductase
(FNR) oxidizes the two Fds and reduces NADP" to NADPH, that can then be used
in carbon fixation in the CBB cycle (Brettel 1997; Santabarbara et al. 2005; Vorphal
et al. 2017) (Fig. 3). Alternatively, the electrons from Fd can be diverted to multiple
different pathways in the plastid; perhaps most importantly to thioredoxins via
ferredoxin:thioredoxin reductase. Thioredoxins are small dithiol:disulfide
oxidoreductases that serve as a major regulatory hub in the plastids, and they have
been shown to contribute to almost all aspects of plastid functionality by affecting
the disulfide bridges in the cysteine residues of redox regulated proteins (Huppe et
al. 1990; Nikkanen et al. 2017).

In addition to NADPH, ATP is formed during photosynthesis by
photophosphorylation. Here, the accumulation of 12 protons in the thylakoid lumen
during the transfer of four electrons along the linear electron transfer chain creates a
proton motive force (pmf), which is utilized by the plastid F1F, ATP synthase (cFF.,
where ¢ stands for chloroplast) to create ATP from ADP and inorganic phosphate.
The membrane-intrinsic pmf driven motor (F,) provides the rotational force for ADP
photophosphorylation to ATP by the stromal F; catalytic site (Hahn et al. 2018). It is
often stated that an average of 4.7 protons need to pass through the F, to produce one
ATP, but according to other estimates this can already be achieved by passing only
four protons along the proton gradient (Seelert et al. 2000; Steigmiller et al. 2008;
Vollmar et al. 2009; Petersen et al. 2012). In terms of CO; fixation in the CBB cycle,
the four protons per ATP would support the ideal ATP/NADPH ratio (3/2) of 1.5 as
a result of linear electron transfer, whereas the 4.7 protons per ATP would result in
an ATP deficit with respect to NADPH (2.6/2=1.3). The matter is still somewhat
open for interpretation, but one of the main reasons for the existence of alternative
cyclic electron transfer routes in the electron transfer chain is thought to be to correct
for the ATP deficiency (Kramer and Evans 2010; Burlacot et al. 2019; Walker et al.
2020).

The CBB cycle is traditionally divided to three distinct phases: carbon fixation,
reduction of the carbon intermediates and regeneration of the five-carbon backbone
ribulose-1,5-bisphosphate (RuBP). In the carbon fixation phase ribulose-1,5-
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bisphosphate carboxylase oxygenase (Rubisco) catalyzes the reaction between CO»
and RuBP, forming two 3-phosphoglycerates, that are taken into the reduction phase
when they are phosphorylated by phosphoglycerate kinase using ATP. The resulting
two 1,3-bisphosphoglycerates are processed further by glyceraldehyde-3-phosphate
dehydrogenase that reduces the two 1,3-bisphosphoglycerates molecules to
glyceraldehyde-3-phosphate (G3P) using NADPH. One G3P exits the cycle and can
be further processed to suit the metabolic needs of the cell, while the other G3P
enters the regeneration phase, where G3P goes through several enzymatic steps to
regenerate RuBP (Calvin and Benson, 1948; Bassham et al. 1950; Michelet et al.
2013; Kiiken et al. 2018; Schreier and Hibberd 2019).

Generally, the two main organic carbon reserves of green algae are starch in the
plastids and oils (mainly triacylglyserols; TGA) in the cytosol. During normal
growth, starch is synthesized and stored during the day and degraded during the
night. Although stress conditions tend to lead to the accumulation of oils in green
algae, some conditions, like nitrogen limitation can result in starch accumulation
(Siaut et al. 2011; Allen et al. 2018; Burlacot et al. 2019). Secondary red
stramenopiles like diatoms do not possess the metabolic pathways for starch
synthesis (Ball et al. 2011). Instead, stramenopiles have been shown to store the
glucose polymers chrysolaminarin and laminarin in their vacuoles, as well as TGA
as oil droplets mainly in their cytosol. Diatoms tend to accumulate oils in many
different conditions, suggesting that carbon allocation to TGA is their prevalent form
of carbon storage (Chiovitti et al. 2004; Michel et al. 2010; Wagner et al. 2017,
Jensen et al. 2020). It is therefore not surprising that the green algal plastids in the
slugs have been shown to accumulate starch, whereas the plastids of the stramenopile
V. litorea seem to “leak” oil droplets into the cytosol of the slug’s cell (Pelletreau et
al. 2014; Laetz et al. 2017).
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NADPH  NADP'+(@

Figure 3. Light-induced linear electron transfer reactions in PSI. The scheme on the left
illustrates the main electron transfer reactions along the A and B branches of PSI.
The panel on the right shows the electron transfer reactions leading to NADPH
production at the acceptor side of PSI.
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Figure 4.

A simplified scheme of electron transfer routes in algae. Blue solid arrows depict the most studied linear electron transfer routes,
whereas the routes pointed out by dashed blue arrows are less studied and their existence in different algae remains to be clarified.
Orange dashed arrows indicate possible regulatory pathways of reduced thioredoxins (Trx). Components marked with gray color
might exhibit differences in functionality between evolutionarily divergent lineages or be lost in certain algae. The gray shading
around LHCII and LHCI portray the differences in LHCs in algae. Some components, mainly flavodiiron proteins (FLVA and FLVB)
and plastid terminal oxidase (PTOX) are discussed in Chapter 1.5.2. Alternative electron sinks. The scheme is modified from
Nikkanen et al. (2021).
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1.34 Cyclic electron transfer

Cyclic electron transfer usually refers to the electron flow recirculating electrons
around PSI. Generally, the electrons from Fd follow two main routes back to the PQ
pool; either via the NADH-dehydrogenase-like (NDH) complex or a pathway that is
dependent on the proteins proton gradient regulation 5 (PGRS) and PGRS5-like
photosynthetic phenotype 1 (PGRL-1) (Shikanai et al. 1998; Munekage et al. 2002;
DalCorso et al. 2008). These pathways may or may not exist in different
combinations in algae from different lineages, and their existence in both the green
and the stramenopile prey algae of the slugs is completely unknown (Grouneva et al.
2013; Shimakawa and Miyake 2018). Some green algae, like C. reinhardtii, do not
have a NDH complex, but they do utilize a type 2 NDH protein (NDA2) in their
thylakoid membrane. Unlike the NDH complexes of cyanobacteria and plants (and
possibly some green algae), NDA2 does not pump protons to the lumen while
reducing PQ, and it seems to be mostly involved in reducing the PQ pool in anaerobic
conditions in the dark by accepting electrons from stromal metabolites derived from
fermentation (or mitochondria), not necessarily from Fd (Jans et al. 2008; Krishna et
al. 2019; Zhang et al. 2020). If diatoms use NDH proteins, they are likely similar to
the C. reinhardtii NDA2 (Grouneva et al. 2011).

Although it is still unclear what is the actual Fd-PQ reductase in the
PRGS5/PGRL-1 dependent pathway, it is a prominent cyclic electron transfer route
in C. reinhardtii (Jokel et al. 2018). PGR5/PGRL-1 might not be part of the actual
electron exchange, but they have been suggested to be essential modulators of FNR
recruitment to the vicinity of PSI and Cyt b6f, creating a cyclic electron transfer
supercomplex where the electrons from Fd may be be utilized by Cyt b6/ to reduce
the PQ pool (Mosebach et al 2017; Nikkanen et al. 2021). When the electrons from
the reduced PQ pool are subsequently shunted through the normal Q-cycle of Cyt
b6f, protons are released into the lumen without producing NADPH, which may help
correct the ATP/NADPH ratio of linear electron transfer. Homologues for both
PGRS and PGRL-1 have been shown to exist in the diatoms P. tricornutum and
Thalassiosira pseudonana (Grouneva et al. 2011).

1.4 Reactive oxygen species and photoinhibition

Not only is photosynthesis complicated, but it is fragile as well. The inevitable
consequence of oxygen evolution near the redox active components of the
photosynthetic electron transfer chain is the eventual production of reactive oxygen
species (ROS). The main ROS related to photosynthesis are singlet oxygen ('O»),
superoxide anion radical (O>"), hydrogen peroxide (H>0,) and hydroxyl radical
(HO") (Mattila et al. 2015; Foyer 2018; Khorobrykh et al. 2020). Uncontrolled
production of ROS can be deleterious to the photosynthetic apparatus, and ROS are
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heavily linked to light induced damage to PSII and PSI, or photoinhibition. It would
therefore be in the best interest of a photosynthetic slug to avoid such ROS bursts
for the sake of its plastids, but also to protect its own hide.

141 Photoinhibition of photosystem |

The primary ROS produced by reduction of oxygen is O>™. In photosynthesis O>™ is
mainly produced by one-electron reduction of oxygen by PSI in the first step of the
Mehler-reaction (Mehler 1951; Asada and Kiso 1973). The bulk of oxygen reduction
by PSI associated electron transfer seems to involve redox cofactors inside PSI,
possibly the iron-sulphur clusters Fa/Fg and Fx. However, recent studies suggest that
PhQa is the main participant in oxygen reduction in PSI, especially during excessive
light conditions (Takahashi and Asada 1988; Kruk et al. 2003; Kozuleva and Ivanov
2010; Kozuleva and Ivanov 2016; Kozuleva et al. 2021). The final products of the
Mehler-reaction, H>O2 and oxygen, form via spontaneous or superoxide dismutase
(SOD) catalyzed dismutation of O," in the stroma (Gray and Carmichael 1992;
Asada 1996) (Fig. 5). The iron-sulphur clusters of PSI can be harmful if H,O»
production is out of control, as H,O» can react with them and lead to the formation
of the highly reactive HO" via the Fenton reaction. Here, Fe** ion reduces H-O,,
yielding Fe**, HO" and HO™ (hydroxide ion) (Mizuta et al, 1997; Snyrychova et al.
2006).

Photoinhibition of PSI can occur during excessive light conditions, especially in
fluctuating light (Terashima et al. 1994; Allahverdiyeva et al. 2013; Shimakawa and
Miyake 2018; Lima-Melo et al. 2019; Shimakawa et al. 2019). Electron donation
from PSII and oxygen are prerequisites for photoinhibition of PSI, suggesting that
ROS production in the vicinity of PSI is a major contributor (Sonoike 2011).
Whether the main PSI damaging ROS is O,", H,O, or HO" remains unclear, but it
has been suggested that the initial targets of photoinhibition are Fa/Fg, and full
photoinhibition to the level where charge separation does not occur involves the
destruction of the Fx cluster and possibly also the PhQs (Inoue et al. 1986; Sonoike
et al. 1995; Tiwari et al. 2016). The repair process of damaged PSI is metabolically
expensive and slow, because it involves the complete degradation and resynthesis of
the reaction centre (Zhang and Scheller 2004; Zhang et al. 2011).
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Figure 5. ROS production in PSI. One
electron reduction of oxygen to O, by PSI
(the first step of the Mehler-reaction) likely
happens via either the iron-sulphur clusters
Fx, Fa and Fg, or via the phylloquinone
PhQa. The Mehler-reaction is complete
after O," dismutates to H,O, and oxygen in
a reaction that can be catalyzed by the
stromal SOD.

14.2 Photoinhibition of photosystem I

The main ROS produced in PSII is 'O». The production of 'O; entails a spin inversion
of an outer orbital electron of oxygen (molecular oxygen is a triplet, *O,, and
therefore actually a di-radical). In photosynthetic material this can occur when a
triplet excited state Chl molecule (*Chl) reacts with oxygen (Krasnovsky 1994). The
main 'O, production pathway involves *Chl formation in the PSII reaction centre,
specifically in the P680 Chl Pp; or in the accessory Chlp; (collectively nominated as
3P680 for clarity) (Diner et al. 2001; Noguchi et al. 2001). If forward electron transfer
to Qa is blocked due to, for example, fully reduced PQ pool in high light, the
probability of charge recombination between P680" and Phe” increases (Krieger-
Liszkay 2005). This charge recombination can result in either re-excited P680%*,
ground state (singlet) P680 or the dangerous *P680. Oxygen can react with *P680,
resulting in the formation of 'O near the D1 protein of PSII and reversion of *P680
back to the ground state P680 (Rappaport and Lavergne 2009; Fischer et al. 2013;
Pospisil 2016) (Fig. 6). It has been shown that an increase in the electrochemical
component of pmf across the thylakoid membrane during photosynthesis may
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enhance 'O, production in PSII, possibly because the increased negative charge in
the stromal side of the thylakoid membrane can force the electrons in Q4™ back
towards the lumen, or Phep;. This would also favour the charge recombination
between the primary charge pair P680Phe” (Davis et al. 2016).

A B - C
Q. QJ/ Q, Q,/Q;
e = o A
Phe,, /Phep, Phe,, /Phegy, Phe,,/Phey,
< ~ Peso“)
P68O™ .., P680’ R e
T e P680* . P680
i A 5 P80« g,
ﬁpaem P680 P680 o, °
2 YJY;
i \
N 817> 82 ) \ (Bf)<«-"s2
V_/
Figure 6. The main events leading to 'O, production in PSII. (A) Linear electron transfer to Qa

in PSII after P680 excitation. First, P680* reduces Phep1 during charge separation,
creating P680* and Phep+ (the primary charge pair), which subsequently reduces
Qa to Qa. (blue arrows). Next, P680* oxidizes Yz, creating P680 and Yz (orange
arrows). Finally, the OEC donates an electron to Yz, causing the OEC to shift to S2
and creating Yz (black arrows). The blue, orange and black boxes indicate the
positions of the electrons from the reactions marked with the same colors after
charge separation. (B) A schematic of the charge recombination reactions that may
take place after charge separation, involving Qa, Phept and P680 in PSII. The order
of the reactions both in the reducing side (blue arrows) and in the oxidizing side
(black and orange arrows) is currently unknown. In the oxidizing side, the electron
in Yz recombines with the S2 state of the OEC, reverting the S-state back to S1 and
creating Yz (black arrows). Next, the electron from P680 may return to Y7, creating
Yz and P680* (orange arrows). P680* might accept the electron coming back from
Qa’ via Phepy, restoring P680 (blue arrows). The colored boxes show the position of
the electrons after these reactions. (C) The charge recombination reactions from Qa
to P680* via Pheps in more detail. If the energy of the primary charge pair is high
enough to re-excite P680 during charge recombination, it can lead to the formation
of either P680* or the dangerous 3P680. W hile P680* may return back to its ground
state P680 via photon emission (actually one of the surrounding Chls emits the
photon), 3P680 reversion back to ground state often entails a reaction with oxygen,
producing 'O.. If the energy of the primary charge pair is insufficient to re-excite
P680, the charge recombination between Pheps and P680* may produce P680
safely without dangerous intermediates.

PSII is very susceptible to photoinhibition, and an undeniable link exists between
'0, and photoinhibition of PSII. However, the primary mechanisms of PSII
photoinhibition are still under debate. UV radiation (200-400 nm) is highly
damaging to PSII, and a consensus exists that it causes photoinhibition by directly
damaging the Mn4CaOs cluster of the OEC (Hakala et al. 2005; Ohnishi et al. 2005).
The primary damaging reaction in visible light (~400-700 nm) has been suggested
to entail the absorption of a photon by the OEC that would damage PSII in a similar
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fashion as UV radiation, but other views on the topic insist that the damage is caused
by charge recombination and the associated 'O, production (Vass 2011; Tyystjirvi
2013; Nishiyama and Murata 2014). Other ROS that could be damaging PSII could
be O, and HO', as suggested recently (Kale et al. 2017). In addition to charge
recombination and ROS, the highly reactive intermediates of PSII electron transfer
chain, such as P680" and Y7, have been suggested to contribute to PSII
photoinhibition (Jegerschdld et al. 1990; Anderson et al. 1998). The degradation of
the DI protein ensues photoinhibition, and D1 has been shown to be subject to
oxidation during photoinhibition, but the exact damaging process leading to a
photoinhibited PSII that is unable to split water and donate electrons forward to the
PQ pool is not clear (Aro et al. 1993; Tyystjarvi 2013; Kale et al. 2017).

1.4.3 Photosystem Il repair cycle

Since photoinhibition of PSII is inevitable during photosynthesis, photosynthetic
organisms have an efficient repair cycle of PSII (Aro et al. 1993). PSII repair in
plants takes place only in the granal margins and the stromal lamellae of the
thylakoids, whereas in C. reinhardtii it proceeds in multiple locations throughout the
thylakoid membrane, likely due to less strict thylakoid stacking (Uniacke and Zerges
2007). The thylakoids of stramenopile diatoms are organised as long three-layer
grana stacks throughout the plastid, and translocation of a damaged PSII from the
middle of the stack to stroma-exposed regions for repair can be time-consuming.
Diatoms can, however, accumulate large pools of inactive PSII in specific thylakoid
zones to wait for re-assembly that occurs also during the night, unlike in
cyanobacteria and plants where the repair is light dependent (Li et al. 2016a; Levitan
et al. 2019). Since the prey algae species of the slugs are cohorts of green algae and
stramenopiles, it is plausible to think that the PSII repair cycle in the prey algae
follows the same basic principles as in the model algae species from both groups.
However, since most studies on PSII repair cycle have been done with plants and
cyanobacteria, care should be taken not to make too strong conclusions regarding the
inner workings of the prey algae of the slugs.

The first step in the repair cycle is the monomerization of the dimeric PSII
supercomplex and the localization of the monomeric PSII to specific repair zones.
In plants this involves phosphorylation of several PSII subunits, including D1, but
whether similar phosphorylation patterns govern PSII repair cycle in algae is not
known (Tikkanen et al. 2008; Goral et al. 2010; Nath et al. 2013; Grieco et al. 2016).
The disassembly of the PSII monomer continues with the release of LHCII, CP43
and the OEC, exposing the D1 protein for subsequent degradation (Theis and
Schroda 2016). Removal of the phosphoryl group by phosphatases precedes the D1
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degradation process in plants (Aro et al. 1992; Rintaméki et al. 1996; Kato and
Sakamoto 2014).

The D1 protein of a damaged PSII is degraded either only by FtsH proteases or
cooperatively by FtsH and Deg proteases (Kato and Sakamoto 2018). FtsH proteases
are essential in protein quality control and degradation in almost all lifeforms, but
photosynthetic organisms have a need for a wide repertoire of FtsH isoforms; for
example, Escherichia coli only has one fisH gene, whereas the plant Arabidopsis
thaliana has 12 (Wagner et al. 2012). All known FtsH isoforms involved in protein
degradation share an N-terminal transmembrane region, a C-terminal region
containing an AAA-ATPase domain and a proteolytic zinc binding M41 protease
domain (Kato and Sakamoto 2018). Thylakoidal FtsH isoforms are divided to type
A and type B based on sequence similarity, and a functional FtsH complex in the
thylakoids is a heterohexamer containing both A and B type subunits in a 1:1
(cyanobacteria) or 1:2 (plants) stoichiometry (Lindahl et al. 2000; Rodrigues et al.
2011; Boehm et al. 2012; Moldavski et al. 2012). C. reinhardtii only has one isomer
of each subunit that likely also form a heterohexameric FtsH complex (Malnog, et
al. 2014; Wang et al. 2017). ATP hydrolysis provides the driving force that pulls the
D1 protein out of the PSII monomer into the proteolytic zinc binding chamber of
FtsH where D1 is degraded (Wagner et al. 2012). In addition to D1 degradation, FtsH
proteases have been proposed to have a significant role in the maintenance of several
other thylakoid proteins, including PSI, LHCI and Cyt b6f (Kato and Sakamoto
2018). The contribution of ATP independent Deg proteases to the PSII repair cycle
in cyanobacteria is negligible, whereas in the green alga C. reinhardtii their role in
the PSII repair cycle during photoinhibition remains uncertain (Barker et al. 2006;
Malnog et al. 2014; Theis et al. 2019).

The PSII re-assembly starts with de novo synthesis of D1 proteins in ribosomes
near the PSII repair zones. The pool of psbA4 (D1) transcripts remains stable in the
plastids, and transcription of psbA4 has been shown to be constitutive even in the dark,
especially in plants (Rapp et al. 1992). Consequently, the expression of the plastid
encoded psbA is thought to be mostly regulated post transcriptionally (Mulo et al.
2012). For example, in C. reinhardtii the maturation of the psbA transcript has been
suggested to involve splicing and 5° UTR processing of the psbA transcript,
controlled by active photosynthetic electron transfer. This enhances the binding of
the transcripts with the ribosomes and is important for the initiation of translation
(Deshpande et al. 1997; Bruick and Mayfield 1998; Mulo et al. 2012). Both 5’ and
3’ UTR of the psbA transcripts of plants seem to be important targets for possible
proteins regulating ribosome recruitment and translation initiation (Memon et al.
1996; Gawronski et al. 2021).

In cyanobacteria, one main regulation point of psbA4 expression is the translation
elongation step, which has been shown to be negatively affected by ROS,
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particularly 'O, and H,0, (Allakhverdiev and Murata 2004; Nishiyama et al. 2004).
Here, specific cysteine residues of the translation elongation factors EF-G and EF-
Tu can be oxidized by H,O,, which results in their inactivation and the cessation of
protein synthesis (Kojima et al. 2009; Yutthanasirikul et al. 2016). The role of EF-
Tu in the PSII repair cycle of eukaryotes has not been studied extensively, but it has
been shown to be important for plants during heat stress (Ristic et al. 2004; Fu et al.
2008; Li et al. 2018). PSII repair cycle is also negatively affected by heat stress, and
this has led to postulations about the importance of EF-Tu in PSII repair also in
plants, especially since the oxidizable cysteine residue of EF-Tu exhibits high
evolutionary conservation (De Laurentiis et al. 2011; Jimbo et al. 2019). Translation
elongation in plants is also known to be light regulated, as it requires a
transthylakoidal proton gradient (Muhlbauer and Eichacker 1998; Mulo et al. 2012).
The PSII repair cycle includes the co-translational insertion of the new D1 into the
thylakoid membrane, and the ribosomes are known to pause at distinct pause sites
during translation, allowing the proper folding and insertion of cofactors into the
protein (Jarvi et al. 2015; Gawronski et al. 2018).

The highly complex PSII reassembly steps involve a plethora of auxiliary
proteins, most of which are nucleus encoded in the plant 4. thaliana. In plants, the
new D1 peptide is targeted to the thylakoid membrane via a signal recognition
particle and its receptor. At the thylakoid membrane, a translocase inserts the D1 into
the PSII monomer, assisted by a membrane insertase and multiple other proteins like
chaperones (Zhang et al. 2001; Nilsson and van Wijk 2002; Jarvi et al. 2015; Theis
and Schroda 2016). During the insertion process, the new D1 is processed to full
maturity by a lumenal carboxyl terminal peptidase (CTPA) that excises a short C-
terminal extension out of the D1 in cyanobacteria and primary green and red
endosymbiotic lineages. This extension is interestingly missing in most secondary
algae like the stramenopiles, which could be also important for the functionality of
the repair cycle in V. litorea plastids inside the slugs (Satoh and Yamamoto 2007,
Chang et al. 2021). The highly conserved vesicle inducing protein in plastids
(VIPP1) has been suggested to be important for creating specific lipid microdomains
in the thylakoid membrane near the PSII repair cites, which may attract the auxiliary
proteins and ensure their proper function (Nordhues et al. 2012; Rutgers and Schroda
2013; Theis and Schroda 2016; Theis et al. 2019).

The piecing together of PSII continues with the attachment of CP43 to the PSII
monomer, followed by the reassembly of the lumenal subunits of the OEC. This step
is severely blocked unless the C-terminal extension of the new D1 has been excised
by CTPA. The coordinator that might prevent premature assembly of PSII is likely
PSB27 protein in A. thaliana and cyanobacteria. PSB27 binds to the C-terminus of
the mature D1 after excision by CTPA and to the lumenal side of CP43, transiently
occupying a site reserved for the OEC subunits. This facilitates the formation of the
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rest of the OEC, including the MnsCaOs cluster (Chen et al. 2006; Roose and Pakrasi
2008; Wei et al. 2010; Cormann et al. 2014; 2016; Theis and Schroda 2016). Finally,
the fully reassembled PSII monomer needs to find a partner to re-establish a
functional PSII dimer supercomplex. For this, the repaired PSII monomers relocate
to the appressed regions of the thylakoid membrane where the LHCII proteins are
re-attached prior to dimerization (Mulo et al. 2008; Jarvi et al. 2015; Theis and
Schroda 2016). Even though the details of the PSII repair cycle might be different in
the prey algae of the slugs, completing such a complicated process in its entirety day
after day with plastids isolated from nuclear regulation is a seemingly impossible
task.

1.5 Protection against light and ROS

Photosynthetic sea slugs are not sessile creatures and can move to the shade to escape
excessive light conditions. Nevertheless, they do inhabit shallow coastal waters and
are expected to occasionally face harsh illumination. During such times, it would be
beneficial to make use of the inbuilt photoprotective mechanisms of the plastids to
maintain them functional. Long-term acclimation responses of photosynthetic
organisms to high light include decreasing the antennae size and altering the
stoichiometry of the photosystems (Chow et al. 1990; Bonente et al. 2012). Because
natural sunlight contains UV radiation, a common response to strong sunlight is the
production of UV screening compounds, most common ones being mycosporine-
like amino acids in algae (Sinha et al. 1998; Sun et al. 2020). More short term,
dynamic photoprotection mechanisms fall into three strategic categories. The first
strategy is to dissipate and redistribute the excess excitation energy at the level of
light harvesting complexes. Secondly, electrons filling the photosynthetic electron
transfer chain can be diverted to safe electron sinks. The third option is to utilize
specific compounds that serve as safe targets for ROS and can be sacrificed and
recycled instead of the photosynthetic apparatus.

1.5.1 Non-photochemical quenching

Several photoprotective mechanisms function by enhancing the safe thermal
dissipation of excitation energy in the antennae. Because thermal dissipation also
competes with Chl fluorescence for excitation energy, these mechanisms result in
the quenching of Chl fluorescence originating from PSII. For this reason, these
protective mechanisms are collectively called non-photochemical quenching (of
fluorescence; NPQ) (Genty et al. 1989; Krause and Jahns 2004; Niyogi and Truong
2013; Kalaji et al. 2014; Kalaji et al. 2017). Here, only the three most basic
components of NPQ, qT, qE and ql, are discussed (Miiller et al. 2001).
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Certain NPQ mechanisms function mainly during times of moderate to low
illumination. State transitions, constituting the qT component of NPQ, are one such
mechanism, although qT might have a role also during high light acclimation in C.
reinhardtii (Allorent et al. 2013). State transitions re-distribute the light energy
favourably between PSII and PSI as a response to altered light conditions. Conditions
that reduce the PQ pool, like light preferentially exciting PSII, force PQH> to bind
to the Q, site of Cyt b6f, which activates the Stt7/STN7 kinase (Zito et al. 1999;
Bellafiore et al. 2005). This threonine kinase phosphorylates specific subunits of the
LHCII complex, initiating a reorganization of the thylakoid membrane to state II,
where the phosphorylated LHCII dissociates from PSII and interacts with PSI
(Depége et al. 2003; Longoni et al. 2015). Conversely, oxidation of the PQ pool by
light that preferentially excites PSI deactivates Stt7/STN7 and allows the
dephosphorylation of LHCII by the PPH1/TAP38 phosphatase, returning the light
acclimation state back to state I (Pribil et al. 2010; Cariti et al. 2020; Mattila et al.
2020). According to a widespread notion, diatoms do not utilize state transitions as
a part of their photoacclimatory repertoire (Owens 1986; Lepetit et al. 2012; Biichel
2015). However, other secondary red algae, like the stramenopile Ochromonas
Danica and the haptophyte Phaeocystis antarctica seem to be capable of state
transitions, but their physiological significance remains to be tested (Gibbs and
Biggins 1989; Stamatakis et al. 2016).

The photoprotection mechanism prevalent in high light is the energy-dependent
component of NPQ, qE. Once active, qE lowers the excitation energy delivery to the
photosystems, mainly PSII, but also decreases the production of 'O, in the LHCs
(Carbonera et al. 2012; Girolomoni et al. 2017). Acidification of the thylakoid lumen
during photosynthesis is the main driving force of qE. The main pH sensor of plants,
PsbS, has been shown to have a role in photoprotection also in C. reinhardtii, but
not necessarily directly via NPQ (Redekop et al. 2020). Instead, C. reinhardtii
utilizes specific stress-related LHC proteins (LHCSR), mainly LHCSR3, to induce
qE (Allorent et al. 2013). LHCSR3 acts as a pH sensor of the thylakoid lumen via
protonation, which activates and associates LHCSR3 with multiple antenna proteins
of PSII and likely also PSI (Bonente et al. 2011; Ballottari et al. 2016; Girolomoni
et al. 2019; Cazzaniga et al. 2020). Unlike PsbS, LHCSR3 binds Chl and
xanthophylls, allowing it to act as the possible excitation energy quencher in qE
(Perozeni et al. 2020; Troiano et al. 2021). Diatoms possess stress related LHC
proteins, LHCXs, that share similarities with the LHCSR proteins (Bailleul et al.
2010). Some of the protonatable amino acid residues of LHCSRs are present also in
LHCXSs, but their protonation does not seem to be enough to trigger qE in diatoms
(Buck et al. 2021). Inference from structural data suggests that pigment binding by
LHCXs is likely (Ballottari et al. 2016; Wang et al. 2019). Importantly, LHCXs have
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been suggested to bind the pigments of the xanthophyll cycle, another key element
of gE (Buck et al. 2021).

In diatoms and other stramenopiles, including the prey alga of the slugs, V.
litorea the main pigments involved in the xanthophyll cycle are diadinoxanthin and
diatoxanthin (Cruz et al. 2015). The conversion of diadinoxanthin to diatoxanthin
via diadinoxanthin de-epoxidase (DDE) is a mandatory factor in qE induction in
many diatoms; in fact, the amount of diatoxanthin is directly proportional to the
extent of qE in most diatoms (Goss and Jakob 2010; Goss and Lepetit 2015;
Blommaert et al. 2017). The acidification of the thylakoid lumen has been suggested
to activate the lumenal DDE by protonation, allowing the enzyme to bind to the
thylakoid membrane and interact with diadinoxanthin (Goss and Jakob 2010; Lavaud
et al. 2012). However, DDE has been shown to function even in almost neutral pH
of 7.2, which is likely the reason why non-photochemical proton gradient formation,
possibly via NDH protein(s), is enough to induce diatoxanthin formation and gE in
the dark in diatoms (Jakob et al. 2001). It is possible that a diatoxanthin molecule
bound to LHCX proteins might serve as sites for thermal dissipation in a similar vein
as LHCSR3 in C. reinhardtii (Park et al. 2019). Alternatively, the conversion of
diadinoxanthin to diatoxanthin could result in oligomerization of the LHCX proteins
with the LHCII proteins, and the quenching would take place in the LHCII that also
binds diatoxanthin (Goss and Jakob 2010; Buck et al. 2021).

The reversal of the xanthophyll cycle proceeds via diatoxanthin epoxidase (DTE)
catalyzed epoxidation of diatoxanthin back to diadinoxanthin in a reaction that
consumes NADPH and oxygen. DTE is very efficient in low to moderate light but is
inhibited in the dark and in high light by unknown mechanisms (Goss et al. 2006a;
Goss and Jakob 2010; Buck et al. 2021). The activity of DDE, on the other hand,
increases linearly with light intensity, but the overall de-epoxidation by DDE is
modest compared to the more efficient epoxidation by DTE (Blommaert et al. 2021).
This points to a system where the photoprotective diatoxanthin is produced by
default, and only its removal by the efficient DTE keeps the antenna system in a
light-harvesting configuration during suitable light periods.

The basic idea of the xanthophyll cycle in green algae is the same as in diatoms,
but the xanthophylls are different: violaxanthin and zeaxanthin are interconverted
via de-epoxidation/epoxidation reactions in response to different light conditions
(Yamamoto 1979; Jahns et al. 2009). The functional pH range for the violaxanthin
de-epoxidase is approximately 5-6, which links its activity to electron transfer,
whereas the zeaxanthin epoxidase is not affected by the pH gradient (Goss and Jakob
2010). Zeaxanthin is an important modulator of qE but is not strictly necessary for
the induction of qE in C. reinhardtii or plants (Johnson et al. 2009; Bonente et al.
2011; Kress and Jahns 2017; Tian et al. 2019). However, C. reinhardtii seems to rely
on a stromal lycopene cyclase homologue that is analogous to the violaxanthin de-
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epoxidase found in many other green algae, suggesting that zeaxanthin might have a
specific role in C. reinhardtii (Li et al. 2016b; Handrich et al. 2017). Recent studies
in this alga have shown that the quenching associated directly with lumen
acidification and protonation of LHCSR3 could be a completely different qE
pathway that overlaps with the qE associated with zeaxanthin (Troiano et al. 2021).
The exact details of how zeaxanthin allows the quenching to proceed in C.
reinhardtii are not known, but PSII antennae and LHCSR proteins bind
violaxanthin/zeaxanthin and are potential quenching sites (Troiano et al. 2021;
Cazzaniga et al. 2020).

The last one of the traditional three NPQ components is gl that has much slower
induction and relaxation kinetics than qE (seconds to minutes) or qT (minutes to tens
of minutes). Classically, gl is the only component ascribed to the quenching
mechanisms occurring during extended periods of high light illumination, and it is
largely attributed to the peculiar quenching of fluorescence by photoinhibited PSII
reaction centres (Miiller et al. 2001; Matsubara and Chow 2004; Zavafer et al. 2019;
Nawrocki et al. 2021). The contribution of gl to diatom NPQ is usually estimated to
be negligible due to their efficient photoprotection (Lepetit et al. 2012). In addition
to photoinhibition of PSII, other processes that have long-lasting and slow kinetics
include a specific zeaxanthin-dependent quenching that is known to occur in plants
even in the absence of a transthylakoid pH gradient and the PsbS protein (Nilkens et
al. 2010; Malno€ 2018). Finally, a new form of sustained quenching was discovered
in plants, which involves a plastid lipocalin. The current model for this lipocalin
quenching entails the removal of the inhibition of lipocalin activity during stress
conditions, allowing it to interact with the antennae of PSII, resulting in their energy
dissipative state (Malno€ 2018; Malnoé et al. 2018).

1.5.2 Alternative electron sinks

Sometimes the quenching of excitation energy is not enough, and excessive amounts
of electrons flood the photosynthetic electron transfer chain. In addition to linear and
cyclic electron transfer, multiple alternative electron transfer routes exist in the
plastids, and they can vent out the excessive electrons. Some of them manage to do
this safer than the others.

The water-water cycle, where electrons originating from water in PSII are
directed to reduce oxygen, ultimately yielding water, is most often touted to be an
extension of the Mehler reaction (see chapter 1.4.1). Here, the product of the Mehler
reaction, H,O,, is detoxified by ascorbate peroxidase to H»O. Since the intermediates
of the water-water cycle involving the Mehler reaction include O, and H,O,, it is
not considered the safest of valves. However, because the oxygen reduction in this
reaction series takes place only at PSI acceptor side, the electrons contributing to it
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might at least enhance the ApH when they traverse the electron transfer chain all the
way from PSII, which releases protons into the lumen. Therefore, they may also
contribute to NPQ (Asada 1999; Makino et al. 2002). The plastid terminal oxidase
(PTOX) that facilitates chlororespiration is another water-water -type exit point for
electrons in the thylakoids of algae, as PTOX oxidizes the PQ pool and reduces
oxygen to water. PTOX might be relevant for maintaining a suitable redox poise of
the PQ pool during stress conditions in C. reinhardtii, for example to induce state
transitions, whereas the role of PTOX in diatoms is unclear (Grouneva et al. 2011;
Houille-Vernes et al. 2011; Fisher et al. 2020).

The Mehler-like reaction facilitated by flavodiiron proteins (FLVs) consumes
electrons from NADPH and/or Fd to reduce oxygen to H>O without the bothersome
production of ROS. FLVs are widespread throughout the evolutionary tree, but seem
to be curiously missing in angiosperm plants, primary red algae and most secondary
red algae (Allahverdiyeva et al. 2015; Alboresi et al. 2019a; Nikkanen et al. 2021).
The only secondary red lineage where they have been shown to exist to date is the
dinoflagellate family Symbiodiniaceae that often form a symbiosis with corals
(Cnidaria) (Shimakawa et al. 2021). FLVs work in pairs, and the active heterodimer
in C. reinhardtii consists of FLVA and FLVB proteins that are similar to the Flv1
and FIv3 proteins of cyanobacteria (Allahverdiyeva et al. 2015; Jokel et al. 2015;
Chaux et al. 2017). The alternative electron sink capacity of FLVs is extremely
important for safeguarding PSI from photoinhibition during a transition from dark to
light or in fluctuating light conditions in general; a sudden burst of light may
temporarily flood the electron sink capacity of the CBB cycle, which can lead to an
increase in the Mehler reaction if FLVs are not present (Jokel et al. 2018).

Although most of the algae in the red lineage do not seem to possess FLVs, many
of them do exhibit oxygen dependent fast oxidation of P700 in PSI during dark to
light transition (Shimakawa et al. 2019). This type of P700 oxidation has been
designated as a sign of FLV activity, as, for example, cyanobacterial FLV deletion
mutants lack the capability to maintain P700 oxidized during such treatments (Ilik et
al. 2017; Jokel et al. 2018). The fact that FLV-like P700 oxidation kinetics exist even
in algae where FLVs are not likely present underlines the importance of alternative
electron sinks downstream of PSI, whatever they may be. Indeed, algae of the red
lineage that are unable to efficiently oxidize P700 are susceptible to fluctuating light
photoinhibition of PSI. However, many secondary red algae, like the diatom P.
tricornutum, can oxidize P700 during a sudden light pulse even without oxygen,
implying that multiple different mechanisms for this purpose have evolved
throughout the tree of life (Shimakawa et al. 2019). Of course, the existence of FLVs
or other types of alternative electron sinks downstream of PSI in the prey algae of
the slugs has remained an open question.
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1.5.3 ROS detoxification

Try as they might to prevent it, plastids of algae will have to deal with ROS. This is
not always a bad thing, as ROS can also potentially contribute to signalling pathways
that are required to respond to the metabolic state of the plastid (Foyer 2018). It is
unclear how well the slug cell would/could respond to these signals, and they are
probably better off trying to maintain the ROS levels to the minimum in their
plastids. The following brief descriptions of ROS detoxification concern the
processes as they are known to function mainly in plant plastids, and some of these
mechanisms might be applicable to also slug plastids (Khorobrykh et al. 2020).

As mentioned earlier, the detoxification of O, and H,O, involves reactions
catalyzed by the enzymes SOD and ascorbate peroxidase, ultimately leading to the
production of H,O and an oxidized form of ascorbate, monodehydroascorbate radical
(MDA). Reduced ascorbate (shortened here to ascorbate) is a very central molecule
in almost all ROS detoxification, and it is therefore not surprising that a system
known as the ascorbate-glutathione cycle is in place to reduce MDA back to
ascorbate. Strictly speaking, glutathione is not necessary to regenerate ascorbate, as
MDA can be reduced directly by Fd or by NADPH in a catalytic reaction involving
MDA reductase. If not reduced immediately, however, MDA can react with another
MDA, producing one ascorbate and one dehydroascorbate (DHA). Here, reduced
glutathione reduces DHA to ascorbate with DHA reductase, and oxidized glutathione
is then regenerated catalytically by glutathione reductase and NADPH (Asada 1999;
Khorobrykh et al. 2020). Two-cysteine peroxiredoxins are known to complement
ascorbate peroxidase in H,O, detoxification in plastids by utilizing electrons from
either NADPH or thioredoxins (Dayer et al. 2008; Pulido et al. 2010).

Carotenoids bound to the LHCs, like lutein and xanthophylls, are important
agents of 'O, detoxification (Triantaphylidés and Havaux 2009). They can prevent
the formation of 'O in the first place by quenching both singlet excited Chl (in NPQ)
and the more deleterious *Chl in the antennae, preventing the *Chl from reacting with
oxygen (Ruban 2016; Malnoé 2018; Khorobryk et al. 2020). If 'O, still manages to
form, the abundant carotenoids in the LHC and surrounding them can take the hit
and react with it, mainly by physical quenching. This results in the triplet state of the
carotenoid, and the triplet carotenoid dissipates the excess energy non-radiatively
and safely (Di Mascio et al. 1990; Conn et al. 1991; Triantaphylidés and Havaux
2009). Carotenoids in the reaction centre of PSII are not thought to be able to quench
the *P680 but can possibly quench other *Chls in the intrinsic antennae. Additionally,
B-carotene inside PSII may take part in chemical scavenging of 'O,, where p-
carotene is oxidized to B-cyclocitral (Umena et al. 2011; Ramel et al. 2012; Fischer
et al. 2013). LHCs are not the only place that contain antioxidants against 'O,; free
carotenoids and especially tocopherols (a-tocopherol) in the thylakoid membrane
have an important role in detoxification of 'O,. a-tocopherol can detoxify 'O, either
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by chemical scavenging or physical quenching, although the latter one is thought to
be rare (Triantaphylidés and Havaux 2009). The product of the chemical reaction
between a-tocopherol and 'O, is 8-hydroperoxy-tocopherone, which can be reduced
and recycled by ascorbate. This may tie the detoxification of also 'O, to the
enzymatic ascorbate-glutathione cycle of ROS detoxification (Di Mascio et al. 1990;
Kramarenko et al. 2006; Krieger-Liszkay and Trebst 2006; Triantaphylidés and
Havaux 2009; Khorobrykh et al. 2020).

1.6 Plastids inside sea slugs, how does it work?

No one knows. That is not to say that nothing is known about plastid
functionality inside the slugs, on the contrary. It is clear that it takes a specific type
of slug species and a specific type of plastid to make functional kleptoplasty work.
For example, both E. timida and Elysia cornigera feed on A. acetabulum, but only
E. timida is able to store the plastids long-term in its body (de Vries et al. 2015).
Conversely, both P. ocellatus and E. viridis feed on multiple algae species, but long-
term retention of plastids is possible only if the plastids are stolen from specific
algae, like the green ulvophyte algae Halimeda macroloba and Bryopsis hypnoides,
respectively (Christa et al. 2013; Rauch et al. 2018). The plastomes of the algae that
have their plastids incorporated by the slugs have not retained thousands of genes
that would explain how they can autonomously take care of themselves without the
algal nucleus, but there are certain interesting genes related to PSII repair cycle and
plastid maintenance that are specific to these plastomes; the genes for FtsH and EF-
Tu are common factors in the long-term plastid sources of the slugs, although only
V. litorea contains ftsH with the proteolytic zinc binding protease domain (Mujer et
al. 1996; Rumpho et al. 2008; de Vries et al. 2013; Christa et al. 2018; Maeda et al.
2021). Whether the plastids can maintain a functional PSII repair cycle in the slugs
is, however, questionable. The plastids inside E. chlorotica, derived from the
stramenopile V. litorea do synthesize D1 and other plastid proteins during the slug’s
starvation, but if this is the case in the rest of the slugs that steal green algal plastids
is unclear (Mujer et al. 1996; Vieira et al. 2009).

The remarkable robustness of lab-isolated plastids of some ulvophytes and the
stramenopile alga V. litorea has also been known for decades, and this is likely a
factor that allows the plastids to withstand the physical stress and possible osmotic
changes they face during the feeding process of the slugs (Giles and Sarafis 1972;
Trench et al. 1973a,b; Green et al. 2005). The plastids can incorporate inorganic
carbon in a light dependent manner once inside the slugs, and even at comparable
rates to the algae themselves, which indicates that the CBB cycle is in working order
(Rumpho et al. 2001; Christa et al. 2014b; Rauch et al. 2018; Cruz et al. 2020;
Cartaxana et al. 2021). However, most reports on the photosynthetic functionality of
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the plastids in the slugs come from Chl fluorescence measurements that are an
indicator of mainly PSII activity. The xanthophyll cycle, involving either
violaxanthin or diadinoxanthin, and qE are functional in the slug plastids, but the
contribution of LHCSR and/or PsbS to gE in the slugs (and the macroalgae
themselves) is not clear (Cruz et al. 2015; Handrich et al. 2017; Christa et al. 2018;
Cartaxana et al. 2019).

Having the correct plastid inside the cells of a photosynthetic slug is only half
the answer to functional kleptoplasty. The genetic details of the photosynthetic sea
slugs themselves have only recently begun to unravel. While it is still too early to
point to any one specific direction too confidently, the findings that several genes
related to oxidative stress management and synthesis of sacoglossa-specific complex
polyketides have undergone multiple gene duplications in long-term retention slugs,
not to mention their upregulation during different stages of kleptoplasty, support the
notion that the slugs are actively trying to accommodate their plastids (de Vries et
al. 2015; Chan et al. 2018; Cai et al. 2019; Torres et al. 2020; Maeda et al. 2021).
Whether the animal cell products make their way into the plastids remains to be seen.
In the meantime, we can continue inspecting the basic properties of the plastids
inside the slugs to determine the bottlenecks of plastid maintenance, where possible
aid from the animal would be appreciated.
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2 Aims of the study

It is currently not known how sacoglossan sea slugs can remain photosynthetic for
weeks and months. The present work aims to reveal some of the photosynthetic and
genetic factors contributing to the photoinhibition tolerance of photosynthetic sea
slugs and their plastids. The specific goals of the project were the following:

1. Using the slug E. timida and its prey green alga A. acetabulum, | wanted to
examine whether plastid incorporation into slug cells results in
photoprotective alterations in the photosynthetic electron transfer chain of
the plastids.

2. lintended to find out the extent of passive photoprotection provided by the
slug tissue to the plastids against both visible light and UV radiation, again
using E. timida and A. acetabulum.

3. The final goal was to pinpoint the inherent photosynthetic and genetic
properties contributing to the longevity of the plastids of V. litorea, the only
stramenopile prey alga of the slugs.
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3 Materials and Methods

3.1 Organisms and culture conditions

Both E. timida and A. acetabulum were grown in 10 1 plastic tanks at photosynthetic
photon flux density (PPFD) 40-50 pmol m™s™ (12/12h light/dark cycle) at 22-25 °C
temperature. The growth medium for Acetabularia was f/2 medium (Guillard and
Ryther, 1962) made into 3.7 % artificial sea water (ASW; Sea Salt Classic, Tropic
Marin, Montague, MA, USA), whereas the slugs were grown in plain 3.7 % ASW
that was aerated with aquarium air spargers. A detailed description of the culturing
methodology used for both species is given in Paper I of this thesis. Mainly freshly
fed slugs and healthy green algae were used in the work, and exceptions to this are
indicated in the text.

The stramenopile alga V. litorea C.Agardh 1823 (strain SCCAP K-0379) used in
Paper I1I of this thesis was grown in /2 medium made into 1% ASW (Tropic Marin)
at PPFD 40 pumol m?s™ (12/12h light/dark) in 250 ml flasks without shaking. V.
litorea cells were routinely maintained by detaching an inoculate cell mass (1-4 g
wet weight) from older cultures, and then placing the mass into a new flask
containing 50-100 ml fresh f/2 media. Only healthy green cultures that were 7-14
days old were used in the experiments. Approximately two months old spinach
plants, routinely grown in PPFD 40 pmol m?s™ (8/16h dark/night), were also used
in Paper III of this thesis. The growth temperatures for V. litorea and spinach were
17 and 22 °C, respectively.

3.1.1 E. timida feeding and starvation experiments

To induce changes to the photosynthetic machinery of A. acetabulum plastids prior
to feeding them to the slugs in Paper I, the algae were grown in two separate
conditions: elevated CO; (1% of air volume; high CO;) and under strong illumination
(high light) in combination with cold temperature. In the high CO» experiment the
algae were acclimated to the altered gas composition for three days inside a separate
growth cabinet (Algaetron AG230; Photon Systems Instruments, Drasov, Czech
Republic), while maintaining the temperature and light conditions as identical as
possible to the normal growth environment. The goal of the high light conditions
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was to produce the red morphotype of A. acetabulum, that is known to emerge when
these algae are put under a combination of high light and cold stress (Costa et al.
2012). In our conditions (continuous light, PPFD 600 pmol m?s™, 10 °C) truly red
morphotypes of 4. acetabulum were only noticeable after 31 days in the growth
cabinet (Algaetron AG230).

Once the algal acclimation period to the new conditions had been carried out, the
newly acclimatized 4. acetabulum were fed to E. timida slugs. In the case of high
CO; algae, the slugs were fed in cycles, where the tanks holding both the algae and
the slugs were taken in and out of the high CO, chamber at set intervals to avoid
suffocating the slugs with the excess CO,. The time periods out of the chamber were
kept short, approximately 1-2 h per cycle, to avoid losing the high CO; acclimation
of the algae. This feeding cycle was continued for 4-6 days to ensure that the slugs
had incorporated specifically acclimated plastids into their own cells. The high light
acclimated red morphotype A. acetabulum cells were taken out of their acclimation
chamber and presented to E. timida slugs for feeding inside Petri dishes in the normal
growth conditions of the slugs. The slugs were allowed to incorporate the high light
acclimated red 4. acetabulum plastids for two days, and the red coloration of the
slugs was taken as a sign that most green plastids inside the slugs had been replaced
with the red ones.

Both slugs that had been feeding on high CO; acclimated algae and slugs feeding
on algae in regular growth conditions were used in the starvation experiments, where
the slugs were deprived of their food. Two different starvation conditions in ambient
air were used in the present work: normal growth conditions and a fluctuating light
regime. In the fluctuating light experiment the day/night cycle was normal (12/12 h),
and the base level PPFD was also 40 pumol m™s’1, but this background illumination
was interrupted with a strong 10 s light pulse (PPFD 1500 pmol m™s™'; Heliospectra
L4A, Goteborg, Sweden) every 10 min during the day.

3.2 Isolation of plastids and thylakoid membranes

In Paper 111, intact plastids were isolated from V. litorea using the protocol described
in Green et al. (2005) with slight modifications. The cells were homogenized with
ULTRA-TURRAX (IKA, Staufen, Germany) in plastid isolation buffer (0.2 % BSA,
1 mM EDTA, 50 mM Hepes-KOH pH 7.6, 1 mM MgCl,, 330 mM sorbitol), and the
homogenate was filtrated through Miracloth (Calbiochem, Darmstadt, Germany).
The filtrate was pelleted (1900 x g, 5 min), resuspended in the isolation buffer, and
pipetted between 75 and 30 % Percoll solutions. Plastids were collected from the
interface after centrifugation (3500 x g, 20 min; swing-out rotor) without
deceleration, and washed two times (2200 x g, 3 min) with the isolation buffer
without BSA.
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Thylakoid isolation procedure followed the protocol by Hakala et al. (2005),
after keeping the plants and algae in the dark overnight prior to grinding them in a
porcelain mortar in isolation buffer (1 % BSA, 1 mM EDTA, 1 mM glycine betaine,
40 mM HEPES-KOH (pH 7.4), 10 mM MgCl, 0.3 M sorbitol). The homogenate
was filtered through Miracloth, pelleted and resuspended in osmotic shock buffer
(10 mM HEPES-KOH (pH 7.4), 10 mM MgCl,, 5 mM sorbitol). After the osmotic
shock treatment, the samples were again pelleted and resuspended in a buffer
containing 10 mM HEPES-KOH (pH 7.4), 10 mM MgCl,, 5 mM NacCl, 500 mM
sorbitol, where they were stored until use. All centrifugation steps used for pelleting
the samples were done at 5000 x g for 5 min. All isolation procedures, including the
plastid isolation, took place in dimly lit rooms at 4 °C.

3.3 Spectroscopic methods to probe
photosynthesis

3.3.1 E. timida immobilization

The movement of photosynthetic sea slugs can seriously affect the spectroscopic
measurements from these slugs (Cruz et al. 2012). To counteract this, in Paper I E.
timida slug bodies were immobilized with either a swift decapitation using a razor
or by alginate fixation (1 % alginate in H,O, polymerized with 0.5 mM CaCl,) for
long (>1 s) or highly error-prone measurements, such as rapid light curves and P700
measurements, respectively. When Chl a fluorescence was measured with only a
single saturating pulse lasting approximately one second, no other immobilization
procedures apart from placing the slug individuals on a dry Petri dish were required.

3.3.2 Chl a fluorescence

The ratio of variable to maximum Chl a fluorescence (Fv/Fu; i.e. (Fm-Fo)/Fm) was
routinely measured with pulse amplitude modulated (PAM) fluorometers (Dual-
PAM 100 and PAM-2000; Heinz Walz GmbH, Effeltrich, Germany) to estimate PSII
activity in Papers [, II and III. It should be noted, however, that the theoretical basis
of the Fv/Fm parameter to represent the maximum quantum yield of PSII
photochemistry (Genty et al. 1989) was recently disputed (Sipka et al. 2021), and
this can affect also other parameters derived from fluorescence analyses, such as
NPQ and relative electron transfer rate (rETR), that were also estimated in the
current work. NPQ was calculated as Fum/Fm’-1, where Fy and Fum® stand for
maximum fluorescence measured from dark acclimated sample and during
illumination, respectively, and rETR as 0.42*®y*PPFD, where 0.42 is the estimated
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fraction of photons absorbed by PSII and ®y; the effective quantum yield of PSII in
the light.

More specific methods aimed for analysing electron transfer reactions within
PSII were also used in Papers I and III. The polyphasic Chl a fluorescence rise
kinetics (OJIP curves) were measured with AquaPen-P AP 110 P fluorometer
(Photon Systems Instruments), whereas the decay of Chl a fluorescence after a
single-turnover flash was measured with FL 200 fluorometer (Photon Systems
Instruments, Drasov, Czech Republic). Because the work by Sipka et al. (2021)
demonstrates that conformational changes in PSII are behind the rise of Chl
fluorescence originating from PSII to the maximum level, the relationship of the
OJIP fluorescence induction curves to Qa reduction and electron transfer in general
is unclear, and the data from OJIP analyses presented in this work should be treated
with caution. The decay kinetics of Chl a fluorescence, however, can still provide
information about electron transfer reactions related to Qa  oxidation by charge
recombination reactions and forward electron transfer, especially when also
measurements in the presence of DCMU (3-(3, 4-dichlorophenyl)-1, 1-
dimethylurea; 10-20 pM), a PSII electron transfer inhibitor, are included. Also
thermoluminescence was measured to estimate charge recombination reactions in
isolated thylakoid membranes in Paper III. Thylakoids were pipetted on a filter
paper, flashed with a Xenon flash (EGandG, Gaithersburg, MD, USA) at -20 °C,
then heated at a rate of 0.47 °C s™ and luminescence emitted by the samples during
heating was recorded. The measurements were conducted in the absence and
presence of DCMU.

In Paper II, fluorescence emission spectra after excitation with different
wavelengths of light were measured both at room temperature using QEPro
spectrometer (Ocean Optics, Largo, FL, USA). Corion band pass filters (Newport,
Irvine, CA, USA) were used to get different excitation wavelengths. The room
temperature fluorescence was measured from dark acclimated E. timida and A.
acetabulum by placing them on a matte black cardboard, approximately 5 mm away
from the light guide head (probe) of the spectrometer. The probe was positioned at a
45 ° angle regarding the sample. The light guide was bifurcated, and all visible light
excitation wavelengths were guided to the sample through it, but the 390 nm UV
light source had to be positioned directly above the sample. Care was taken so that
the light guide did not shade the sample from UV-light during these measurements.
The excitation light (P)PFD was always 4 pmol m™s’ for the visible light
wavelengths, and 3 pmol ms™ for the 390 nm UV-light.
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3.3.3 In vivo absorptance and reflectance

Absorptance of whole 4. acetabulum cells and E. timida individuals was measured
in an integrating sphere (Labsphere, North Sutton, NH, USA) in Paper II. For this,
5-10 A. acetabulum cells or 30 live slugs in their culture media were placed into a
glass tube and put into the integrating sphere. The sphere was illuminated with white
light from a 1000 W Xenon lamp (Sciencetech Inc., London, Canada) and
absorptance was measured with STS-VIS spectrometer. The absorptance of the
samples was corrected with absorptance measurements from absolutely calibrated
matte black surface.

The QE Pro spectrometer was used for the reflectance measurements from E.
timida individuals and A. acetabulum placed on a matte black cardboard in Paper IL
The probe was set perpendicular to the samples, with approximately 5 mm of space
between the probe and a sample. Only white light from a slide projector was used
for the reflectance measurements, and a white reflectance standard was used to get a
full reflectance reading for calibration.

3.34 P700 and electrochromic shift

In Papers I and III, absorption changes at 830 nm (referenced with 870 nm) related
to P700 oxidation were measured with Dual-PAM 100 (Heinz Walz GmbH) to
inspect PSI activity (Schreiber and Klughammer 2008a; Klughammer and Schreiber
2016). When possible, the maximum oxidation of P700 (Pm) was estimated
according to Klughammer and Schreiber (2008a), but in most cases PSI activity was
estimated by inspecting the kinetics of P700 redox changes during dark-to-light
transition with a light pulse (<1 s, 635 nm, PPFD 10 000 pmol m™s™), as described
by Shimakawa et al. (2019). P700 redox kinetics were measured in aerobic and
anaerobic conditions to probe the oxygen dependent electron sinks downstream of
PSI. Oxygen was removed from the samples either by flushing them with nitrogen
(spinach leaves) or by a combination of glucose oxidase (8 units ml '), glucose (6
mM) and catalase (800 units ml") in the measurement media.

In Paper I, the electrochromic shift (ECS) signal was measured using the P515
module of Dual-PAM 100 that records the absorbance changes at 515 nm (550 nm
used as a reference). These changes are indicative of modifications to the carotenoids
in the sample, that are affected by the electric field component of pmf generated
during thylakoid membrane energization in the light (Schreiber and Klughammer
2008b; Klughammer et al. 2013). The kinetics of ECS signal during a dark-to-light
transition were recorded using a 780 ms light pulse (635 nm, PPFD 10 000 pmol m"
25-1)‘
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3.4 Oxygen measurements

3.4.1 PSIl and PSI activity

PSII and PSI activities of isolated thylakoids were also estimated under strong light
(PPFD 3200 pmol m?s™) using a Clark-type oxygen electrode (Hansatech
Instruments, King’s Lynn, England) from samples containing 20 pg Chl ml" in
Paper III. The same basic buffer solution was used for measuring both activities (1M
glycine betaine, 40 mM HEPES-KOH (pH 7.4), 1 mM KH,PO4, 5 mM MgCl,, 5
mM NaCl, 5 mM NH4Cl and 330 mM sorbitol), but with small additions. For PSII
activity measurements, where the activity was estimated as oxygen evolution, 0.5
mM 2,6-dichloro-1,4-benzoquinone (DCBQ) and 0.5 mM hexacyanoferrate(III)
were added into the solution; DCBQ accepts electrons from PSII and
hexacyanoferrate(Ill) keeps DCBQ oxidized. The additions into the buffer for PSI
activity measurements, where the activity was measured as oxygen consumption,
were 0.3 mM dichlorophenolindophenol (DCPIP), 0.01 mM DCMU, 0.12 mM
methyl viologen, 32 mM Na-ascorbate, 0.6 mM NaN3; DCMU blocks electron traffic
from PSII, DCPIP donates electrons to Cyt b6f and Na-ascorbate keeps DCPIP
reduced, whereas methyl viologen accepts electrons from PSI, which consumes
oxygen and produces H>O,, and NaNj inhibits possible catalase activity, preventing
oxygen from being produced in the breakdown of H.0O,. Temperature was
maintained at 22 °C for the measurements, and the samples were constantly stirred
with a magnet.

In Paper III, a bare platinum Joliot-type oxygen electrode (Photon Systems
Instruments) was used to estimate charge recombination reactions within PSII in
isolated thylakoids diluted to 50 pg Chl ml™" in the same base buffer that was used
for PSII and PSI activity measurements (without the specific additions),
supplemented with 50 mM KCIl. After keeping the thylakoids on the electrode in the
dark for 10 min, they were exposed to a laser flash train (1 flash/s, 532 nm Nd:YAG
laser; Minilite, Continuum, San Jose, CA, USA) and the oxygen evolved by each 4
ns flash was recorded. To probe the charge recombination reactions with this setup,
some of the samples were exposed to a pre-flash and different dark times prior to
proceeding with the flash train.

3.4.2 02 measurements

In paper 111, 'O, was measured from isolated thylakoids diluted to 100 pg Chl ml™
using a method that relies on the efficient reaction between 'O and histidine (rate
constant 5 x 10’ M's”'; Bisby et al. 1999), as described earlier (Telfer et al. 1994;
Rehman et al. 2013). The addition of histidine (20 mM) results in faster oxygen
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consumption from the sample due to the additional oxygen depletion when 'O, reacts
with the imidazole ring of histidine, and the difference in oxygen consumption rates
in the absence and presence of histidine was taken as a measure of 'O, production in
the samples. For this, the thylakoid samples in the same basic buffer as was used for
PSII and PSI activity measurements were illuminated with a strong light (PPFD 3200
umol m?s™) in the cuvette of the oxygen electrode (Hansatech), while being
constantly stirred by a magnet at 22 °C.

3.5 Photoinhibition of PSIl and PSI

3.5.1 In vivo photoinhibition of PSII

Photoinhibition of PSII in intact organisms in Papers II and III was evaluated by
measuring the decrease in Fv/Fy in response to different light treatments. Fv/Fy is
known to correlate well with photoinhibition of PSII, even though the theoretical
basis for Fy/Fum to present the maximum quantum yield of PSII photochemistry no
longer holds true (Tyystjarvi 2013; Sipka et al. 2021). In most cases, the samples
were exposed to lincomycin, a plastid specific translation inhibitor, prior to the light
treatments, to block PSII repair cycle (Mulo et al. 2003). This is essential when
evaluating the damaging reaction of photoinhibition without interference from the
simultaneous repair mechanisms. The lincomycin concentration was 10 mg/ml,
unless specified otherwise. In Paper III photoinhibition was also measured from
samples that had been exposed to cycloheximide (I mM), a cytosolic translation
inhibitor. When inhibitors were used, the samples were always incubated in their
presence overnight in the dark prior to the light treatments. Temperature was
maintained at 17-23 °C during the photoinhibition treatments, depending on the
experiment. Artificial Sunlight Module lamp (SLHolland, Breda, The Netherlands)
was used as a white light source for the photoinhibition treatments, whereas
monochromatic light was obtained with multiple LEDs and filters (Newport, Irvine,
CA, USA).

3.5.2 In vitro photoinhibition of PSIl and PSI

In paper II1, photoinhibition was estimated in vitro in isolated thylakoid membranes.
When photoinhibition of PSII and PSI was estimated with an oxygen electrode, the
isolated thylakoids were diluted to 100 ug Chl ml™' in a buffer solution containing 1
M glycine betaine, 40 mM HEPES-KOH (pH 7.4), 5 mM MgCl,, 5 mM NaCl, 330
mM sorbitol, and exposed to photoinhibitory light treatment (PPFD 1000 pmol m®
%s™") while being constantly stirred with a magnet. Temperature was maintained at 22
°C during the light treatment. Aliquots were taken at set intervals during the
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photoinhibition treatment, and PSII or PSI activities were measured as described
above (section 3.4.1.).

To measure photoinhibition using spectroscopic methods in vitro, 50 pl of
thylakoid suspension containing 25 pg Chl was pipetted on to a filter paper disk,
which was then pinned between an inverted lid and bottom of a plastic Petri dish.
The filter paper assemblage was then moistened with a buffer solution (1 M glycine
betaine, 40 mM HEPES-KOH (pH 7.4), 5 mM MgCl,, 5 mM NaCl, 330 mM
sorbitol) from the opening on the side of the assemblage. Thylakoids inside this
contraption were then exposed to high light and activities of both photosystems (Fv/
Fum, PSII; Py, PSI) were measured with Dual-PAM 100 (Heinz Walz GmbH) at set
intervals. Temperature was maintained at 22 °C during the light treatment. Dark
control treatments were always performed for all in vitro photoinhibition treatments.

3.5.3 Rate constant of PSII photoinhibition

The rate of PSII photoinhibition was estimated by calculating its rate constant (kpr)
from the loss of PSII activity during a light treatment using Sigmaplot (v.13.0 and
v.14.0; Systat Software, San Jose, CA, USA) in Papers II and III. Here the original
data were modelled according to first-order reaction kinetics using the exponential
decay equation A(t)=exp(-kp'). Here, A stands for PSII activity at time t, and kpp is
the rate constant of PSII photoinhibition. The value of A at the onset of the
experiments was always pre-set according to the data. Dark inactivation of PSII was
also estimated for the in vitro photoinhibition experiments and the rate constant of
dark inactivation was subtracted from the raw kp obtained from the light treatments.

3.6 General ROS assays

In Paper III, lipid peroxidation during in vitro photoinhibition treatments was
estimated using the method described by Heath and Packer (1968).
Malondialdehyde, a product of lipid peroxidation, reacts with thiobarbituric acid,
leading to colorimetric changes that are observable as an increase in the absorbance
at 532 nm. Here, thylakoid aliquots from the photoinhibition treatment were mixed
with 20 % trichloroacetic acid solution containing 0.5 % thiobarbituric acid. The
mixture was incubated at 80 °C for 30 min, put on ice for 5 min and centrifuged
(13500 x g, 5 min) to separate the precipitate from the supernatant. The increase in
absorbance, measured from the supernatant at 532 nm using 600 nm absorbance to
correct for unspecific turbidity (Absss-s00) Was taken as an indicator of the relative
amount of malondialdehyde in the samples. Malondialdehyde formation in the dark
was estimated separately, and malondialdehyde formation during the light treatment
was corrected by subtracting the dark values.
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Oxyblot™ Protein Oxidation Detection Kit (MilliporeSigma, Burlington, MA,
USA) was used to measure protein carbonylation, an indicator of protein oxidation,
during the in vitro photoinhibition treatments in Paper III. Thylakoid aliquots
containing 45 pg protein were treated with dithiotreitol and prepared according to
the manufacturer’s protocol. Proteins were separated with 10 % SDS-PAGE and
Immobilon Western Chemiluminescent HRP Substrate (MilliporeSigma) was used
to detect carbonylated proteins.

3.7 Molecular biology

3.71 Western blot

Depending on the experiment in Papers I and 11, samples for SDS-PAGE (Next Gel;
VWR, Radnor, PA, USA) were loaded into the wells of a 10 % polyacrylamide gel
on a total Chl or protein basis. Protein concentration was estimated using DC Protein
Assay (Bio-Rad, Hercules, CA, USA). After SDS-PAGE, the proteins were
transferred on to Immobilon-P PVDF membranes (MilliporeSigma) and
immunodetected with different primary antibodies, using goat anti-rabbit IgG (H+L)
alkaline phosphatase conjugate (Life Technologies, Carlsbad, CA, USA) in
conjunction with CDP-star Chemiluminescence Reagent (Perkin-Elmer, Waltham,
MA, USA) for imaging. Protein band quantification was done using Fiji (Schindelin
et al. 2012).

3.7.2 RT-gPCR

Transcript levels of a set of genes in isolated plastids were estimated with RT-qPCR
in Paper III. RNA was isolated using Spectrum™ Plant Total RNA Kit (Sigma-
Aldrich, St. Louis, MO, USA), and samples containing 10 ng RN A were utilized for
cDNA synthesis (iScript™ ¢cDNA Synthesis Kit, BioRad, Hercules, CA, USA) after
DNAse treatment (Thermo Scientific, Waltham, MA, USA). RT-gPCR in
StepOnePlus (Applied Biosystems, Foster City, CA, USA) was done using reagents
from Bio-rad and primers designed using Primer3. Analysis of the results was done
using the AACt method (Pfaffl 2001) by normalizing the data to time point 0 and to
two reference genes, that were selected based on their similar behaviour during the
incubation of isolated plastids.

3.8 Pigment analyses

Chl  concentration of different samples was routinely estimated
spectrophotometrically using different solvents. In Paper III, where Chl
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concentration was measured from spinach, containing Chls a and b, and V. litorea,
containing Chls a and ¢, Chl was extracted in 90 % acetone from both organisms and
quantified using the appropriate wavelengths, extinction coefficients and equations
described earlier (Jeffrey and Humphrey 1975). In Paper II Chl was quantified from
E. timida individuals and A. acetabulum after extraction in N,N-dimethylformamide
according to Porra et al. (1989).

Carotenoid and a-tocopherol content of spinach and V. litorea thylakoids was
estimated with HPLC in Paper III. Pigments were extracted in 100 % methanol,
centrifuged (12000 x g, 15 min) and the resulting supernatant was collected and
filtrated (0.2 pm). Pigment separation was performed essentially as described by
Gilmore and Yamamoto (1991), using a series 1100 HPLC system (Agilent
Technologies, Palo Alto, CA, USA) with a reverse phase C18 column
(LiChroCART 125-4; Hewlett Packard, Palo Alto, CA, USA). Pigments were
detected based on their absorbance at 440 nm, whereas a-tocopherol detection relied
on fluorescence (excitation wavelength 295 nm, emission 340 nm). Pigments were
identified and quantified using standards from DHI Lab Products (Hersholm,
Denmark) when possible.
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4 Main results

4.1 Photosynthetic light reactions in E. timida and
A. acetabulum

4.1.1 The PQ pool of E. timida is not strongly reduced in the
dark

To compare the details of electron transfer in PSII and electron donation to the PQ
pool in photosynthetic sea slugs and their prey algae, the Q4™ reoxidation kinetics
were measured by recording the decay of Chl fluorescence after a single turnover
flash in E. timida and A. acetabulum (Fig. 2 in Paper I).

The Qa™ reoxidation kinetics between these two organisms were nearly identical
when the plastids inside E. timida individuals originated from A. acetabulum grown
innormal growth conditions, and both the slugs and the algae used in the experiments
were nice and green. The similarity in the oxidation kinetics was present both
without and with DCMU, showing that the slugs do not seem to alter the
fundamentals of electron transfer within PSII (Fig. 2A, B in Paper I). However, when
samples from the same conditions were deprived of oxygen, Q4™ reoxidation slowed
down in both species, but was noticeably faster in E. timida than in the algae (Fig.
2C in Paper I). Non-photochemical reduction of the PQ pool is known to occur in
many photosynthetic organisms, and this can cause slower Q™ reoxidation due to
PQH: binding to the Qg pocket of PSII (de Wijn and van Gorkom 2001).
Additionally, the so-called wave-like kinetics of fluorescence decay were very clear
in A. acetabulum cells that had been acclimated to high light and cold temperature
to induce the red morphotype of this alga (Gonzalez-Wangiiemert et al. 2006; Costa
et al. 2012). The wave-phenomenon is known to be a consequence of strong
reduction of the PQ pool in the dark in cyanobacteria and green algae (Deak et al.
2014; Krishna et al. 2019). However, E. timida individuals that had incorporated the
red morphotype plastids to the level of turning the slugs red did not show any sign
of the wave phenomenon (Fig. 2D in Paper I).

To check whether the differences in the dark redox state of the PQ pool have an
effect also on the full photochemical reduction of the PQ pool during a dark to light
transition, Chl fluorescence rise kinetics during a strong multiple turnover light pulse
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were measured from healthy green E. timida and A. acetabulum taken from their
normal growth conditions (Fig. 3A in Paper I). The most notable finding from these
measurements was that the fluorescence rise to the maximum fluorescence level took
~300 ms longer in the slugs than in the algae, possibly simply because it took longer
to fully reduce the initially more oxidized PQ pool of the slugs.

4.1.2 NPQ is stronger in E. timida than in A. acetabulum

Growing A. acetabulum in high CO; conditions (1% CO) resulted in elevated NPQ
levels in comparison to algae grown in normal, ambient air growth conditions, when
the NPQ levels of dark acclimated algae were monitored during rapid light curve
measurements (Fig. SH in Paper ). In these measurements, the samples were
exposed to successively stronger light treatments, each lasting 90 s, prior to a
saturating pulse analysis. The NPQ levels of E. timida slugs that were allowed to
incorporate plastids from high CO; acclimatized algae were also higher than of slugs
that had only been fed algae from ambient air conditions, suggesting that the light
protection phenotype of the algae is transferred to the slugs to some extent (Fig. 5G
in Paper I). However, during the rapid light curve measurements both ambient air
and high CO; slugs showed higher levels and faster onset of NPQ than the algae they
stole their plastids from.

To investigate the reasons behind the differences in NPQ between the slugs and
the algae, the ECS signal during a strong light pulse was measured from ambient air
grown samples of both organisms (Fig. 4A in Paper I). The short ECS measurements
did not allow to break the signal down to its two individual components (electric
field and ApH) and the ECS signal during the light pulse was taken as an indicator
of the total pmf in the thylakoid membranes (Kramer et al. 2003). The pmf kept on
building up during most of the strong light pulse in the slugs, whereas the pmfin A4.
acetabulum dissipated to a stable level after the initial spike in thylakoid membrane
energization caused by the sudden light burst.

4.1.3 Oxygen-dependent electron sinks are functional in E.
timida plastids

Next, the contribution of alternative electron sinks to plastid longevity in the slug E.
timida was put under scrutiny. The existence of one of the main photoprotective
electron sinks downstream of PSI in green algae, FL Vs, was confirmed by a Western
blot in A. acetabulum (Fig. 6 in Paper I). The functionality of FLLVs was probed by
measuring the oxidation kinetics of P700 during a transition from dark to light by
exposing the samples to a strong light pulse. A. acetabulum samples taken from
ambient air conditions exhibited clear oxidation of P700 during the pulse, and the
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oxidation was even stronger when a second pulse was fired 10 s after the first one.
P700 oxidation in E. timida individuals whose plastids derived from ambient air
grown algae was not nearly as strong as in the algae during the initial light pulse, but
P700 oxidation did start to increase towards the end of the pulse. However, the
second pulse after 10s of darkness noticeably increased the P700 oxidation capacity
also in the slugs. Still, a clear dip in the oxidation was noticeable almost immediately
after turning on the light, whereafter the slugs retained a stable level of P700
oxidation for the rest of the pulse. This implies that the alternative electron sink
downstream of PSI, be it FLVs or not, was not as efficient in maintaining P700
oxidized in the slugs as it was in the algae (Fig. 4B in Paper I).

Since FL Vs are an oxygen dependent electron sink, P700 oxidation kinetics were
also measured in anaerobic conditions, again from samples grown in ambient air
conditions (Fig. 4D in Paper I). The absence of oxygen had a dramatic effect in the
algae, as the P700 oxidation towards the end of the light pulse was almost completely
inhibited, and even with the second pulse the oxidation was severely inefficient. The
effect of anaerobic conditions was not nearly as drastic in the slugs as it was in the
algae. However, exposing the slugs to anaerobic conditions removed the slight
oxidation at the end of the first light pulse, and also the second pulse oxidation
kinetics did not show signs of increased oxidation towards the end, but remained
stable.

Growing 4. acetabulum in high CO- conditions decreased their P700 oxidation
capacity compared to ambient air grown algae, both during the initial and the second
high light pulse (Fig. 5B, D in Paper I). This decrease could not, however, be
appointed to a simple decrease in the FLV content of the algae, as the amount of
FLVs did not seem to decrease in high CO; according to Western blotting (Fig. 6 in
Paper I). Nevertheless, allowing E. timida individuals to incorporate plastids from
high CO, algae did result in similar changes in the P700 oxidation of the slugs as
witnessed in the algae (Fig. 5A, C in Paper I).

To inspect whether the altered P700 oxidation capacity affects the longevity of
the plastids inside E. timida, two starvation experiments were conducted using slugs
whose plastids were derived from either ambient air or high CO, grown algae. In the
first one, the slugs were deprived of their food in their normal growth conditions,
where the only fluctuations in light were due to the 12/12h day/night cycle. Here, the
PSII activities of both groups declined almost identically, as probed by the Chl
fluorescence-based index Fv/Fum, even though the differences in P700 oxidation
capacity were still measurable at day 5 of the starvation experiment (Fig. 7 in Paper
I). However, when these two slug groups were starved in fluctuating light
conditions, where the background illumination (PPFD 40 pmol m*s') during the
day was supplemented with a 10 s high light pulse (1500 umol m%s™") every 10
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minutes, the rapid phase of Fv/Fum decrease was initiated approximately 6-10 days
earlier in the high CO; slugs than in the ambient air slugs (Fig. 8 in Paper I).

4.2 Passive photoprotection of the plastids in
photosynthetic sea slugs

421 Photoinhibition of PSIl is slower in E. timida than in A.
acetabulum

Light response curves of photoinhibition of PSII were constructed by exposing the
slugs and the algae to seven different light intensities of white light. The decrease in
Fv/Fm in all tested light intensities followed the first-order reaction kinetics of
photoinhibition of PSII well, which allowed determining the rate constant of
photoinhibition for both organisms (Fig. 1A, B in Paper II). Plotting the rate
constants against the PPFD of the treatment light revealed that photoinhibition of
PSII is directly proportional to PPFD in both E. timida and 4. acetabulum. However,
the plastids inside A. acetabulum were considerably more susceptible to
photoinhibition in all tested white light intensities (Fig. 1C in Paper II).

The visible light action spectra of photoinhibition of PSII were measured to
distinguish whether the slugs were simply blocking part of the visible light spectrum,
which could have affected their susceptibility to white light photoinhibition. Once
again, the slugs were more resilient against photoinhibition caused by the
monochromatic visible light treatments than the algae, but the overall shape of the
visible light action spectrum of photoinhibition was similar in both species. The
minor differences between the shapes of the action spectra were most pronounced in
the blue-to-violet treatment light wavelengths 470 and 425 nm; 470 nm light resulted
in an increase in photoinhibition compared to the damage caused by green 560 nm
light in the slugs, but not so much in the algae, whereas 425 nm light was already
showing the well-known damaging signs of short wavelength blue light in the algae,
but not in the slugs (Fig. 2 inset in Paper II).

422 Tight packing of plastids protects them from
photoinhibition of PSII in E. timida

The existence of passive photoprotection mechanisms that the slugs might provide
to their plastids against excessive irradiance were inspected by multiple
spectroscopic measurements in E. timida individuals and 4. acetabulum cells. The
simplest evidence for passive photoprotection against visible light offered by the
slugs to their plastids came from absorptance spectra measurements. The visible light
absorptance spectra were dominated by photosynthetic pigments; both organisms
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showed absorption peaks in the red and blue light regions and low absorption in the
green light region, which is typical for photosynthetic material (Fig. 4B in Paper II).
When the absorptance spectra were normalized to the total Chl of the samples, it
became evident that the slugs absorb considerably less light per Chl than their algal
counterparts, indicating that the plastids in the slugs are more concentrated than in
the algae (Fig. 4C).

Light penetration into the slug tissue or algal cells was also estimated by
inspecting their room temperature Chl fluorescence emission spectra excited by
different monochromatic visible light wavelengths (Fig. 3 in Paper II). An
enrichment of 750 nm fluorescence was noticeable with all tested excitation
wavelengths in the slugs compared to the algae, which is a common feature in
samples that contain a high concentration of Chl (Lichtenthaler et al. 1981; Weis
1985). This also supported the suggestion that the slugs fill their bodies up to a high
concentration of plastids.

When photosynthetic sea slugs are put into starvation, they start to lose their
plastids almost immediately (Serddio et al. 2010; Laetz et al. 2017). This was also
clear in the reflectance spectra measured from freshly fed slugs and slugs starved for
nine and 21 days, or until the slugs were completely devoid of plastids, which
showed that the dips in the reflectance caused by Chl absorption smoothened out as
the starvation proceeded (Fig. 4A in Paper II). To test the protective effect of high
concentration of plastids against photoinhibition of PSII, slugs that had been freshly
fed or kept in starvation for nine days were exposed to a white light photoinhibition
treatment. The starved slugs were significantly more susceptible to white light
photoinhibition than freshly fed slugs, possibly because the loss of plastids led to an
increased exposure of the remaining plastids during the photoinhibition treatment
(Fig. 6 in Paper II).

4.2.3 The plastids inside E. timida are protected from UV
radiation

In the complete action spectra of photoinhibition of PSII in E. fimida and A.
acetabulum, also photoinhibition caused by UV radiation was measured (Fig. 2 in
Paper II). As is common in photosynthetic organisms, UV radiation was a lot more
damaging to PSII than any of the tested monochromatic visible light wavelengths.
This was true for both E. timida and A. acetabulum, but the increase in the rate
constant of photoinhibition going from the 425 nm blue/violet light to UV A radiation
(365 nm) was more dramatic in the algae than in the slugs. Furthermore, when the
wavelength of the UV radiation treatment shortened from UVA to UVB (312 nm)
and UVC (254 nm), the rate constant of photoinhibition increased to a larger degree
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in the algae than in the slugs, making it clear that something slug specific was
protecting the plastids from UV radiation in E. timida.

The penetration of UVA into the slug tissue and algal cells was inspected using
the same Chl fluorescence excitation method as with the monochromatic visible light
wavelengths, but this time the samples were excited with 390 nm UVA radiation. In
the algae, UVA excitation resulted in only a slightly lower level of Chl fluorescence
emission than with 470 nm visible light excitation. UVA exposure of the slugs, on
the other hand, did not excite almost any Chl to emit fluorescence, showing that
UVA was screened by the slug tissue, therefore preventing it from efficiently
reaching the plastids inside the slugs (Fig. 3A, B in Paper II). To check if the
mechanisms protecting the plastids inside the slugs against visible light and UV
radiation were completely different, also UVA photoinhibition experiments were
done with slugs that had been starved for nine days. Although there was no statistical
significance between the rate constant of UVA photoinhibition of freshly fed slugs
and starved slugs, UVA photoinhibition was stronger in the starved individuals (Fig.
6 in Paper II). It is likely that the same mechanisms that protected the slug plastids
from visible light were also contributing to UVA protection, making it difficult to
estimate the individual contribution of both at the same time.

4.3 Innate characteristics of the plastids
contributing to their longevity

In Paper III, the focus of the research shifted from the E. timida/A. acetabulum
system to V. litorea, the stramenopile prey alga of E. chlorotica, to uncover innate
factors of the plastids contributing to long-term photosynthesis in the slugs. Since
the specifics of V. litorea needed to be compared to something, spinach was selected,
somewhat arbitrarily, to represent the primary endosymbiotic green lineage in the
measurements whenever possible. E. timida was used only as a proof of concept for
experiments that required an actual photosynthetic sea slug, since getting F.
chlorotica was unfortunately impossible.

4.3.1 Plastids of V. litorea are highly autonomous in
recovering from photoinhibition of PSII

Lab-isolated V. litorea plastids were incubated in the growth conditions of the algae
for seven days, and expression of nine plastid encoded genes was analysed with
gPCR at different time points of the incubation. Two of these genes, rbcL and psaA
were used as reference genes. The transcripts of all tested genes decreased during
the incubation period, but in comparison to the reference genes, the relative transcript
levels of fisH and tufA increased throughout the incubation period. These genes
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encode the FtsH protease and EF-Tu, respectively. The relative amounts of the
transcripts of other tested genes decreased or remained stable in comparison to the
reference genes (Fig. 2B in Paper III).

The autonomy of the plastids of the prey algae of the slugs in recovering from
photoinhibition of PSII was first tested in an actual photosynthetic slug using E.
timida. The plastids of E. timida, originating from the green alga 4. acetabulum, do
also contain the genes for FtsH and EF-Tu, although the fisH gene in A. acetabulum
plastome was shown not to contain the metalloprotease domain that is required for
D1 degradation (Christa et al. 2018). Nevertheless, E. timida slugs were
photoinhibited by high light both in the absence and presence of lincomycin, and the
slugs that had been treated with lincomycin were not able to recover their PSII
activity (Fv/Fu) almost at all during an overnight recovery period, whereas the Fy/Fu
in the absence of lincomycin recovered back to 78% capacity of the initial level (Fig.
2C in Paper III).

The autonomy of V. litorea plastids to repair PSII was tested by functionally
isolating them from nucleus encoded proteins using cycloheximide, a cytosolic
translation inhibitor. The cycloheximide poisoned algae were subjected to a 60 min
photoinhibitory high light treatment, and the Fv/Fu of the samples was recorded at
different timepoints of the light treatment, as well as during a subsequent 250 min
recovery in the dark and in low light. Cycloheximide had almost no effect on
photoinhibition of PSII or the recovery process in V. litorea (Fig. 3B in Paper III).
The experiments were also done with spinach leaves in the presence and absence of
cycloheximide, where the introduction of cycloheximide made the leaves highly
susceptible to photoinhibition of PSII. The Fv/Fu of spinach leaves did recover in
the presence of cycloheximide, but not to the same extent as in untreated leaves put
through the same process (Fig. 3A in Paper III).

The expression of both A- and B-type FtsH proteins was also inspected during
the photoinhibition treatment with Western blot. In V. litorea, cycloheximide did not
have any significant effect on the FtsH levels during the 60 min high light treatment
or the first 60 min recovery period in the dark, but both FtsH A and B protein levels
were up at the end of the recovery period compared to the samples that had not been
subjected to cycloheximide (Fig. 3D in paper III). Cycloheximide did not affect the
FtsH levels of spinach leaves (Fig. 3C in paper III).

4.3.2 Isolated V. litorea thylakoids produce a lot of ROS in
general, but not 'O2

Next, photoinhibition of isolated thylakoids of spinach and V. litorea was estimated
during a 60 min high light treatment. The rate constant of PSII photoinhibition was
higher in spinach thylakoids (0.03 min™") than in V. litorea (0.01 min™) (Table 2 in
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Paper III) when PSII activity at different timepoints during the high light treatment
was estimated by separate oxygen evolution measurements in strong light (Fig 4A
in Paper III). Also Fv/Fu decay was faster in spinach thylakoids, although the rate
constants were not calculated from the Fv/Fy decay experiments (Fig. 6C, D in Paper
IIT). However, the PSI side of the electron transfer chain exhibited signs of more
dramatic high light induced damage in V. litorea thylakoids than in spinach when
PSI activity was estimated by measuring the oxygen consumption separately in
strong light. The oxygen consumption by PSI of spinach thylakoids was almost
unaffected by the high light treatment, whereas the oxygen consumption by V. litorea
PSI decreased with almost the same kinetics as PSII oxygen evolution (Fig. 6A, B
in Paper III). PSI damage during the high light treatment was also estimated by
measuring the decrease in the maximum P700 oxidation (Pm) in both species.
According to this index, the damage to PSI proceeded similarly in both, although the
decrease in Py in spinach thylakoids reached a stationary phase only after 30 min in
high light, whereas the decrease in Py was rapid only during the first 15 min of the
treatment in V. litorea thylakoids (Fig. 6C, D in Paper III).

The effect of the thylakoid isolation procedure on the P700 oxidation kinetics
was also inspected to estimate the possible causes behind the differences in PSI
susceptibility to photoinhibition between spinach and V. liforea thylakoids. As
expected, the P700 oxidation kinetics of intact spinach leaves were not affected by
anaerobic conditions, and P700 remained largely reduced during a strong light pulse
after dark acclimation both in the presence and absence of oxygen. Furthermore, the
overall P700 oxidation kinetics of isolated spinach thylakoids in the presence of
oxygen were similar to the kinetics of intact leaves (Fig. 6E in Paper III). The
capability of intact V. litorea cells to maintain P700 oxidized during a strong light
pulse was strongly inhibited in anaerobic conditions, and the isolated thylakoids of
V. litorea exhibited a noticeable decrease in their P700 oxidation capacity even in
the presence of oxygen compared to the situation in intact cells (Fig. 6F in Paper III).

ROS production during a 60 min high light treatment was estimated indirectly
from the isolated thylakoids by measuring the production of malondialdehyde, an
indicator of lipid peroxidation, and protein carbonylation, an indicator of protein
oxidation. The thylakoids of V. /litorea seemed to produce more ROS in high light
than spinach according to both general ROS assays (Fig. 4B, C in Paper III).
However, the production of 'O,, the only ROS that was specifically measured, in
freshly isolated V. litorea thylakoids was lower than in spinach thylakoids even
though other photosynthetic parameters between the thylakoids isolated from these
two species were highly comparable (Fig. SA, Table 2 in Paper III).
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4.3.3 V. litorea thylakoids contain efficient 'O, antioxidants
and exhibit slow PSII charge recombination

The main antioxidants against 'O, are a-tocopherol and carotenoids (Khorobrykh
et al. 2020). An HPLC analysis of the pigments in spinach and V. /itorea thylakoids
revealed that the spinach thylakoids did not contain any a-tocopherol, whereas a-
tocopherol was readily available (36.29 pg ml-1) for ROS detoxification in V. litorea
thylakoids even after the overnight dark period that preceded the thylakoid isolation
(Table 3 in Paper III). The carotenoid content per Chl was also seemingly higher in
V. litorea than in spinach thylakoids, as the normalized absorption in the 460-520
nm range was stronger in the absorption spectra of dimethylformamide extracted
pigments from V. litorea thylakoids (Fig. SE in Paper III).

Next, the charge recombination reactions within PSII were inspected in spinach
and V. litorea thylakoids using three different methods: flash oxygen evolution,
fluorescence decay kinetics after a single turnover flash (Qa™ reoxidation) and
thermoluminescence. When spinach thylakoids were subjected to a single preflash
prior to the flash train of the actual flash oxygen evolution measurements, the S-state
equilibration back to the dark stable distribution via charge recombination was
complete after a 100 s dark period between the preflash and the flash train. In V.
litorea, however, the 100 s dark period between the preflash and the flash train was
not enough to fully equilibrate the S-states back to the original distribution. A clear
indicator of this was the fact that the second flash of the flash train after the 100 s
dark period in V. litorea thylakoids still resulted in considerably more oxygen being
released by PSII than originally (after a 10 min darkness with no preflash) (Fig. 5B
in Paper III). Chl fluorescence decay kinetics after a single turnover flash also
indicated that the charge recombination reactions were slower in V. litorea than in
spinach; when forward electron transfer from Qa™ was blocked by DCMU, the
fluorescence decay was noticeably slower in V. litorea (Fig. 5C in Paper III).

The data obtained from the thermoluminescence measurements were not as
unambiguous, perhaps because anti-freeze substances like glycerol were not used in
the measurements. In fact, the finding that thermoluminescence measured in the
presence and absence of DCMU (the Q and B band of thermoluminescence,
respectively) exhibited peaks at lower temperatures in V. liforea than in spinach
rather showed that at least the minor charge recombination pathway leading to
luminescence emission was more favourable in V. litorea (Fig. 5D in Paper III). The
temperature gap between the Q and B bands was, however, smaller in V. /itorea (10
°C) than in spinach (13 °C), which indicates a narrower energy gap between Qa and
Qg in V. litorea.
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5.1 Active photoprotection of the slug’s plastids at
a molecular level

5.1.1 Oxidized PQ pool alleviates electron pressure in PSI|

One thing that a photosynthetic sea slug would likely want to do is to maintain the
PQ pool of its plastids in a state where the PQ pool can accept as much electrons as
possible, should there be a sudden burst of excessive light. This could alleviate the
electron pressure in PSII, and therefore also reduce the risk of undesired charge
recombination reactions leading up to 'O, production in PSII. According to the
results shown in Paper I, this is something that indeed does likely occur in the plastids
of the slug E. timida. The results from three separate measurements support this; the
Q4™ reoxidation is faster in E. timida than in 4. acetabulum in anaerobic conditions
(Fig. 2C in Paper I), the fluorescence decay in the Qa” reoxidation measurements
exhibits completely different kinetics in the red morphotype 4. acetabulum than in
the red morphotype slugs (Fig. 2D in Paper 1) and the fluorescence rise to the
maximum level during a strong light pulse takes considerably longer in the slugs
than in the algae (Fig. 3A in Paper I).

Perhaps the most convincing data concerning the differences in the non-
photochemical reduction of the PQ pool in the dark came from the Q4™ reoxidation
measurements performed on the red morphotype 4. acetabulum and E. timida. When
the dark reduction of the PQ pool is very strong, like in sulphur deprived C.
reinhardtii cells kept in anaerobic conditions in the dark, it can lead to wave-like
kinetics of Chl fluorescence decay in Q™ reoxidation measurements (Dedk et al.
2014; Krishna et al. 2019). The wave-like kinetics were very clear in A. acetabulum
cells that had been acclimated to high light and cold temperature to induce the red
morphotype of this alga (Gonzalez-Wangiiemert et al. 2006; Costa et al. 2012).
However, E. timida individuals that had incorporated the red morphotype plastids to
the level of turning the slugs red did not show any sign of the wave phenomenon
(Fig. 2D in Paper I).

Unfortunately (or fortunately), the science regarding the PSII Chl fluorescence
rise to its maximum level has moved forward after Paper I was published, casting
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doubt to the conclusions that were derived from the fluorescence rise kinetics in
Paper 1. It is true, that full reduction of the PQ pool is often referred to as a
prerequisite for maximum fluorescence of PSII, which might suggest that the
photochemical reduction of the entire PQ pool takes longer in the slug plastids
(Kramer et al. 1995; Yaakoubd et al. 2002). However, a recent study showed that the
maximum fluorescence emitted by the PSIIs of a sample is not due to the full closure
of the reaction centres (all Qa molecules are reduced), but rather the result of
structural changes within PSII that occur during continuous illumination of the
sample (Sipka et al. 2021). Therefore, the full photochemical reduction of the PQ
pool was poorly estimated in Fig. 3A of Paper I. Nowadays the redox state of the PQ
pool can be assessed directly by HPLC in photosynthetic organisms, and this should
also be considered for future studies of the slugs as well, although applying the
HPLC method to the slugs is likely an endless swamp of new challenges (Kruk and
Karpinski 2006; Khorobrykh et al. 2020; Mattila et al. 2020).

Altogether, the data in Fig 2 and Fig. 3A of Paper I do, however, suggest that the
dark reduction of the PQ pool is weaker in the plastids inside the slug E. timida than
in the original algal host of the plastids, 4. acetabulum. It is unclear what the
mechanisms contributing to the dark reduction of the PQ pool are in 4. acetabulum
and why they are not working to the same extent in the plastids of the slug. One
explanation could be that the stromal reductants that are utilized to reduce the PQ
pool, likely via NDH, are of cytosolic or mitochondrial origin in the alga. Of course,
also photosynthetic sea slugs have mitochondrial metabolism, but whether the slugs
are willing or able to invest their own energetic currency to suit the needs of a stolen
organelle is questionable. Another possibility is that degradation of starch is not
efficient in the plastids inside the slugs, therefore decreasing the number of
reductants available for PQ reduction in the dark in the slugs. In C. reinhardtii,
fermentative degradation of starch is thought to be the main source of electrons for
PQ reduction in the dark in anaerobic conditions (Krishna et al. 2019). Indeed, the
plastids inside E. timida have been shown to mainly accumulate, not degrade, starch
during starvation, making this a reasonable suggestion (Laetz et al. 2017). It is also
reasonable to think that, in comparison to 4. acetabulum, the more oxidized PQ pool
of the slugs would simply take longer to become fully reduced in the light, but this
was only tentatively shown to occur by analysing the enigmatic fluorescence rise
kinetics (Fig 3A in Paper I).

51.2 NPQ is enhanced due to a build-up of pmf

Even if maintained in an oxidized state, the PQ pool and the rest of the electron
transfer chain can only accommodate a finite number of electrons. Therefore,
electron pressure is to be expected even in slug plastids if excessive light conditions
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persist. It would therefore be beneficial for the plastids inside the slugs to be able to
efficiently dissipate excessive light energy already at the level of light harvesting
antennae. According to the data shown in Fig. 5 G, H of Paper I, the slugs not only
maintain the original NPQ capacity of the plastids, but they also seem to enhance it.
The amplification of NPQ in the plastids of E. timida was noticeable both as a faster
induction and generally higher levels of NPQ than what was witnessed in the plastids
inside 4. acetabulum.

Admittedly, the differences in the behaviour of NPQ between the slugs and the
algae are somewhat minute. Therefore, one possible explanation for the differences
could simply be the highly different optical properties of these two organisms, which
might affect the saturating pulse analysis of Chl fluorescence. The ECS
measurements from the slugs and the algae do, however, point to a difference in the
build-up of pmfbetween the two; in the alga A. acetabulum pmf dissipates to a steady
level within <1 s after a transition from dark to light, whereas in the slug E. timida
pmf seems to be mainly building up during the same time period in the light (Fig. 4A
in Paper I). This suggests that the acidification of the thylakoid lumen is stronger in
the slug’s plastids, making it plausible that the enhanced NPQ of the slugs is a real
physiological phenomenon, not just an artefact of the fluorescence measurements.

Paper I of this thesis is not the first study where the differences between the NPQ
in the plastids of the slugs and the algae have been noticed. Indeed, both E. timida
and E. chlorotica have been shown to induce NPQ faster and to higher levels than
their prey algae, but these differences were not discussed in detail in the studies
where the data were presented, possibly to avoid too strong conclusions based on the
Chl fluorescence data (Cruz et al. 2015; Christa et al. 2018). The short- to long-term
retention sea slug E. viridis steals plastids from green algae belonging to the group
Bryopsidales. Many algae in this group do not possess a xanthophyll cycle and have
seemingly completely lost the ability to induce qE type NPQ; they seem to rather
rely on some form of sustained quenching (Cruz et al. 2015; Christa et al. 2017).
Although there are slight differences in the NPQ induction between the Bryopsidales
plastids inside E. viridis and inside the algae, the differences are not nearly as clear
as in E. timida or E. chlorotica and their prey algae. Most importantly, the
Bryopsidales plastids inside £. viridis do not seem to exhibit faster induction of NPQ
than the algae themselves (Cruz et al. 2015; Christa et al. 2018). This might suggest
that if NPQ is enhanced in the slugs, the enhancement works mainly at the level of
the energy dependent gE component of NPQ, which agrees with the pm/f build-up
witnessed in the plastids of E. timida (Fig. 4A in Paper I). The mechanisms
contributing to NPQ in the green alga A. acetabulum on a molecular level are largely
unknown, but fine-tuning NPQ to be more efficient has potential in being very
beneficial for maintaining the plastids functional inside slug cells.
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5.1.3 Alternative electron sinks protect the plastids during
fluctuating light

Even with a more oxidized PQ pool and enhanced NPQ, excessive light reaching the
photosynthetic machinery can flood the electron transfer chain with electrons in the
plastids of the slugs. This is a real possibility especially during sudden fluctuations
in light intensity, when carbon fixation might not be able to consume all the electrons
gushing from PSI. A last-ditch effort of guiding the excess electrons to safe
alternative electron sinks has proven a successful strategy in many photosynthetic
organisms. Not making use of such innate sinks of the plastids would be a terrible
strategy for the slugs, as these sinks, most notably FLVs, protect one of the most
precious components of the electron transfer chain, PSI, from photoinhibition
(Allahverdiyeva et al. 2013; Jokel et al. 2018). Being a sensible creature, the slug E.
timida does indeed seem to be holding on to the alternative electron sinks
downstream of PSI that are in place in the plastids of 4. acetabulum (Fig. 4B-D in
Paper I).

The capability of these alternative electron sinks to oxidize P700 during a
transition from dark to light does, however, seem to decrease once the plastids are
incorporated into the cells of E. timida (Fig. 4B in Paper I). The FLV-specific
antibody that reacts with both FLVA and FLVB proteins of C. reinhardtii did
recognize FLVs in 4. acetabulum (Fig. 6 in Paper I), and the P700 oxidation in 4.
acetabulum was severely hindered and of smaller amplitude in anaerobic conditions
(Fig. 4D in Paper I). These data suggest, that at least in 4. acetabulum the electron
sinks facilitating P700 oxidation during a strong light pulse are FLVs. The P700
oxidation in the plastids of E. fimida did also respond to anaerobic conditions; the
small increase in P700 oxidation that was noticeable in aerobic conditions was not
present in the absence of oxygen, and the P700" signal in general was a lot weaker
than in aerobic conditions (Fig. 4D in Paper I). It is possible that in the dark the
respiration of the slugs removes some of the oxygen that would otherwise be reduced
by FLVs during a transition from dark to light, even in aerobic conditions. This could
be behind the weaker P700 oxidation witnessed in the slugs than in the algae during
a strong light pulse.

Switching the growth conditions of A. acetabulum from ambient air to high CO,
lowered their P700 oxidation capacity (Fig. 5B, D in Paper I). Originally, this
experiment was designed to lower the FLV content in the plastids on the basis that
elevated CO, environment has been shown to lead to downregulation of FLVs in
cyanobacteria and C. reinhardtii, possibly because the excess inorganic carbon
allows the CBB cycle to consume more electrons (Zhang et al. 2012; Jokel et al.
2015; Santana-Sanchez et al. 2019). However, the ambient air and high CO» grown
A. acetabulum did not show any differences in the amount of FLVs (Fig. 6 in Paper
I). The band that was detected by the FLV antibody in 4. acetabulum samples was
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relatively broad, and it is likely that it contained both FLVA and FLVB, but it is
impossible to distinguish if either of these individual proteins were downregulated
from the blot presented in Fig. 6 in Paper L. In C. reinhardtii FLVA and FLVB likely
form a functional heterodimer (Allahverdiyeva et al. 2015; Nikkanen et al. 2021). If
the FLV system is similar in A. acetabulum, a decrease in either one of these subunits
could result in a decreased functionality of FL Vs in general. The redox regulation of
FLV activity has recently gained traction among researchers, as FLVs contain
conserved cysteine residues that are potential targets for the thioredoxin systems of
the plastids (Alboresi et al. 2019b). Altered redox regulation of FLVs could also be
behind the differences in FLV activity between ambient air and high CO, grown A.
acetabulum. Regardless of the exact reason behind the lowered P700 oxidation
capacity of high CO, 4. acetabulum, this lowered P700 oxidation capacity was also
noticeable in E. timida individuals that ingested plastids from high CO, algae (Fig.
5A, C in Paper I).

As mentioned earlier, P700 oxidation by FLVs or other alternative electron sinks
is an important photoprotective mechanism during fluctuating light. Therefore, it is
not surprising that E. timida slugs whose plastids were of ambient air or high CO;
origin did not show differences in the decay of their photosynthetic activity (Fv/Fu)
when starved in steady light conditions, where the only fluctuations in light were due
to the day/night cycle (Fig. 7C in Paper I). When the slugs were starved in fluctuating
light, however, the fast phase of Fy/Fu decay did start earlier in the high CO; slugs,
suggesting that the lowered P700 oxidation capacity led to a more severe damage to
the photosynthetic apparatus in fluctuating light (Fig. 8A in Paper I). This indicates
that also the slugs benefit from maintaining alternative electron sinks functional in
their plastids, if they want to maintain these organelles in working order in the nature,
where light fluctuations are unavoidable.
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Figure 7.

Differences in the electron transfer reactions between the alga A. acetabulum (left
panels) and the slug E. timida (right panels) revealed in Paper I. (A) Dark reduction
of the PQ pool is weak in the plastids of E. timida compared to A. acetabulum, which
might help the slugs maintain efficient electron flow from PSII during sudden
transitions from dark to light. NDH-1 is shown here as the facilitator of PQ dark
reduction by donating electrons from NAD(P)H, but the details remain to be solved.
(B) During a dark-to-light transition, the pmf of the slugs builds up, unlike in A.
acetabulum. The build-up of pmfis likely at least partially due to a large ApH, which
could result in stronger cessation of electron flow through the Cyt b6f complex to
PSI, possibly decreasing the risk of ROS formation at PSI. The differences in ApH
could also explain the stronger NPQ witnessed in the slugs. (C) Alternative, oxygen-
dependent electron sinks do work and protect PSI of E. timida during sudden bursts
of light, but their functionality seems weak compared to A. acetabulum. If said
electron sinks are FLVs, the slug respiration in the dark could deprive them of the
oxygen needed for their full functionality.
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5.2 Photoprotection at the level of the slug’s body
and tissues

The molecular level photoprotective mechanisms discussed in the previous chapter
might be important for decreasing the inherent susceptibility of the plastids to
photoinhibition, but just how much photoinhibition, specifically of PSIIL, does the
conglomerate of plastids face inside the body of the slugs? This was the leading
research question in Paper II of this thesis. Different photosynthetic slugs have been
shown to shun away or curl up by closing their parapodia in response to bright light,
but instead of such active forms of photoprotection, Paper II focused more on passive
strategies that might exist simply due to the fact the plastids are inside an animal
body (Cruz et al. 2013; Cartaxana et al. 2018; Cartaxana et al. 2019) (Fig. 8).

5.2.1 Plastids inside the slugs are protected against both
visible light and UV radiation

The sea slug E. timida is optically very different than the algal cell of A. acetabulum.
One major difference between the two is the arrangement, or packing, of the plastids;
E. timida is obviously a lot thicker than a single siphonaceous 4. acetabulum cell,
and the plastids are more concentrated throughout the slug’s body than in the algal
cell (Fig. 4 in Paper II). Being packed so tightly in the body of E. timida, especially
in the parapodia, also prevents the plastids in the deeper layers from absorbing
excessive light (or light in general), as most of the light is being absorbed by the
thick concentration of plastids in the outer layers of the slug (Fig. 4C). This also
explains the drastic differences in susceptibility to photoinhibition of PSII between
A. acetabulum and E. timida, especially when PSII activity is estimated as the Chl
fluorescence parameter Fv/Fum, which integrates the fluorescence from the deeper
layers (within limits) with the fluorescence from the outer layers (Fig. 1 and 3 in
Paper II) (Serodio and Campbell 2021).

The finding that the plastids inside E. timida are not as susceptible to
photoinhibition of PSII as the plastids inside A. acetabulum has been described
previously, but the reasons for this were not discussed in detail (Christa et al. 2018).
The lack of discussion could be due to the glaring obviousness of the situation, or to
once again avoid too strong conclusions based on Chl fluorescence data from
optically very different samples. Indeed, it should be noted that even though the bulk
of the plastids inside E. timida are seemingly less susceptible to photoinhibition of
PSII, the fluorescence measurements in Fig. 1 in Paper II do not allow to determine
the inherent photoinhibition susceptibility of an individual PSII in the plastids of a
slug. Also, even though the Fyv/Fum parameter has been shown to correlate well with
other PSII activity estimates during photoinhibition experiments, the fact is, that with
the recent advances in PSII fluorescence emission research, the basis for Fv/Fum to
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represent the maximum quantum yield of PSII photochemistry is questionable
(Tyystjarvi 2013; Sipka et al. 2021).

Nevertheless, the data in especially Figs. 3 and 4 in Paper Il do indicate that the
slugs are more concentrated in terms of plastids, or Chl, than their algal counterparts,
and thickening Chl concentrations have been shown to be an efficient means of
photoprotection also in leaves of plants (Pitsikka et al. 2002). Slug individuals that
had lost some of their plastids during nine days of starvation were more susceptible
to photoinhibition of PSII (Fig. 6 in Paper II). This supports the notion that a thick
plastid concentration is indeed protecting the bulk of the plastids inside the slugs.
Utilizing the plastids themselves as shields against excessive light suits the voracious
feeding habits of the slugs well; given the opportunity, the slugs tend to fill
themselves up with plastids, which provides them with a good starting point for a
simple and effective photoprotective mechanism that allows the plastids to stay
functional for longer periods of time during starvation.

The plastids inside E. timida were also found to be very well protected against
UV radiation, based on the action spectra of photoinhibition of PSII in both the slugs
and the algae (Fig. 2 in Paper II). The fluorescence emission from UVA excited slugs
was also very weak compared to the algae, which indicates that the slug body or
mucus functions as an efficient UV screen that prevents UV radiation from reaching
the plastids (Fig. 3A, B in Paper II). This is a very probable cause for the UV
resilience of the plastids inside E. timida. How exactly do the slug’s screen UV
radiation remains to be solved, but good candidates for UV screening compounds
are the complex polyketides that are specific to long-term retention photosynthetic
sea slugs, including E. timida. For example, the precursor of the polyketide
tridachione absorbs already at 400 nm, and the absorption increases until reaching a
peak at 335 nm, and has a strong shoulder in the UVB and UVC regions all the way
down to 250-260 nm (Torres et al. 2020). The fact that these compounds may show
stronger absorption in the UVC and UVB regions than in the UVA region could be
behind the finding that the rate constant of photoinhibition did not increase
noticeably from UVA to UVB in the slugs (Fig. 2 in Paper II). Photosynthetic sea
slugs inhabit shallow marine environments, where they are likely exposed to at least
some UV radiation, but the true significance of this UV screening to plastid longevity
remains to be tested in conditions that mimic natural environments.
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Figure 8.
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The body of the slug E. timida protects the plastids from photoinhibition. (A) The
plastids are distributed along the narrow filamentous single cell of the green alga A.
acetabulum, and visible light reaches most of the plastids. The algae might therefore
be well-suited to perform photosynthesis even under suboptimal irradiance. The
downside is that most of the plastids will also experience considerable
photoinhibition when the algae are exposed to bright light. The algae are also highly
susceptible to photoinhibition caused by UV radiation, suggesting that they do not
synthesize UV screening compounds, at least not without UV acclimation. (B) The
plastids are tightly packed in the digestive tissue cells of the slugs, effectively
allowing them to use the plastids packed in the outer layers of the tissue as a shield
that takes the brunt of the photoinhibitory damage caused by both visible light and
UV radiation. Furthermore, the body of the slug shields the plastids from UV
radiation, possibly by UV screening compounds in the epidermis (and other tissues)
or in the mucus.

Photoinhibition and repair mechanisms in the
plastids of the prey algae

What if excessive light energy still overflows the photosynthetic machinery of the
stolen plastids inside the slugs, despite the fine tuning of the electron transfer and
passive protection of the plastids discussed in the previous chapters? Are there any
specific innate characteristics of the plastids in the specific prey algal species of the
slugs that could further alleviate and repair the damage caused by photoinhibition?
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These were the questions guiding the research effort in Paper III of this thesis, where
the genetic autonomy and photoinhibition of the plastids of the secondary red alga
V. litorea, the plastid source for E. chlorotica, were inspected in detail.

5.3.1 Genetic autonomy of the plastids is sufficient for PSII
repair

The idea that a set of only three genes, psbA (D1), fisH (thylakoid maintenance
protease FtsH) and fuf4 (translation elongation factor EF-Tu), could be at the heart
of plastid maintenance in photosynthetic sea slugs was originally put forward almost
a decade ago (de Vries et al. 2013). In its original form, this idea postulated that the
lack of fisH in the plastome of Bryopsis hypnoides would prevent the long-term
maintenance of the plastids from this green alga inside polyphagous slugs like E.
viridis. However, more recent sequence analyses have revealed that also B.
hypnoides plastome contains fisH, suggesting that the situation might be more
complicated (Christa et al. 2018). In fact, almost all algae, be they of the green or
red lineage, do contain all three genes in their plastomes, unlike land plants, where
both fisH and tuf4 seem to have moved to the nuclear genome (de Vries et al. 2013).
Even if fisH and tufa were not plastid encoded in V. litorea, their prominent roles in
plastid maintenance, especially in PSII repair cycle, would warrant an in-depth
investigation about their possible involvement in plastid longevity in sea slugs (Kato
and Sakamoto 2018; Jimbo et al. 2019).

When the transcript levels of seven plastome genes were inspected throughout a
seven-day incubation of lab-isolated V. litorea plastids, it became evident that the
trancripts of ftsH and tufA4 did not decay at the same rate as the transcripts of all other
tested genes of the plastome (Fig. 2B in Paper III). This suggests that the expression
of ftsH and tuf4 was active and possibly upregulated as the isolation proceeded, or
at the very least these transcripts were more long-lived than the others. Furthermore,
functional isolation of V. litorea plastids inside the algal cell by cycloheximide
resulted in elevated levels of FtsH also at a protein level (normalized to total Chl of
the samples) during recovery from photoinhibition, as inspected by Western blotting
using antibodies for both A and B type FtsH proteins (Fig. 3D in Paper III). These
data might indicate that isolating V. litorea plastids from the regulatory network of
the algal cytosol leads to an upregulation of the plastid encoded ftsH and tuf4, which
would supply the plastids inside the slugs with proteases that can degrade D1 after
photoinhibition, as well as support plastid translation that can replenish the D1-less
PSII monomers with new D1 proteins (de Vries et al. 2013; Kato and Sakamoto
2018). Indeed, both photoinhibition and subsequent recovery proceeded almost
identically in V. litorea cells in the absence and presence of cycloheximide,
suggesting that the PSII repair cycle is not dependent on active translation of nucleus

79



Vesa Havurinne

encoded proteins in the plastids of V. litorea (Fig. 3B in Paper I1I). The contribution
of FtsH to the resilience against the combination of photoinhibition and
cycloheximide is still, however, somewhat questionable in V. litorea, the elevated
FtsH levels were only noticeable at the very end of the recovery, and they did not
enhance the recovery. On the contrary, the Fyv/Fu of cycloheximide treated algae was
lower at the end of the recovery than in samples without cycloheximide. Perhaps the
slug E. chlorotica is a better host for the plastids than the barren ruins of a
cycloheximide ravaged V. litorea cell.

Another problem exists with the hypothesis that plastid encoded FtsH is a major
factor facilitating the longevity of plastids inside photosynthetic sea slugs. The
plastid fisH of V. litorea is likely functional based on sequence data, as it contains
the critical M41 domain required for proteolytic degradation of proteins, including
DI. On the other hand, the proteolytic capability of the plastid fisH of all other prey
(green) algae of the slugs is questionable, because they were recently shown not to
contain the M41 peptidase metalloprotease domain (Christa et al. 2018). And even
if the plastids encode for a single FtsH subunit with proteolytic capability, the
functionality of the FtsH complex is still dubious, because in photosynthetic
organisms the FtsH complex is known to be a heterohexamer containing both A and
B type subunits (Moldavski et al. 2012). With all that said, the green algal A.
acetabulum plastids inside the slug E. timida were able to recover from
photoinhibition during an overnight recovery period, whereas inhibiting plastid
translation with lincomycin prevented the recovery (Fig. 2C in Paper III). The
recovery was not 100% without lincomycin, but it does indicate that even the plastids
derived from green algae, like A. acetabulum, are sufficiently autonomous to
facilitate PSII repair inside the slugs, at least when the plastids are fresh.

FtsH proteins that do not (presumably) contain proteolytic activity due to the
lack of the M41 domain exist also in plants, named FtsHi (inactive), and they have
been shown to be associated with both the plastid envelope and the thylakoid
membrane with largely unknown functions (Mishra et al. 2019). Maybe the FtsH
proteins in the plastids of the prey algae of the slugs can form functional homo-
oligomers, like in mitochondria, which would suit V. litorea (and E. chlorotica) with
its one proteolytic FtsH subunit (Janska et al. 2013). Or perhaps some of the FtsH
subunits in the functional hetero-oligomers can be substituted by the non-proteolytic
FtsH encoded by the plastomes of the green prey algae of the slugs.

5.3.2 Electron sinks downstream of PSI are important for
preventing oxidative damage in V. litorea

Inspecting the photosynthetic properties of algae in isolated systems, like in isolated
thylakoids, can be problematic, because the intricate details of the complex network
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of redox reactions controlling photosynthesis in intact cells or plastids might be lost
and easily misinterpreted. But this can also be considered an advantage of in vitro
photosynthesis studies done with isolated thylakoids; the loss of some of the native
electron transfer routes and sinks that were in place when the thylakoids were inside
their native environment can offer clues about their importance in preventing
oxidative stress during high light. In vitro studies can also even out some of the
optical differences between different species and justify the comparisons between
evolutionarily distant relatives, especially when the basic photosynthetic properties
between the two are as similar as between the isolated thylakoid membranes from
spinach and V. litorea (Table 2 in Paper III).

Compared to spinach thylakoids, V. litorea thylakoids seemed more susceptible
to general oxidative stress in high light (Fig. 4B, C in Paper III). The finding that PSI
showed signs of photoinhibition according to two different PSI activity estimates,
oxygen consumption and Py, might also suggest that photoinhibition of PSI was
more severe in the isolated thylakoids of V. litorea than in spinach thylakoids, where
only Py showed any indications of decreased PSI activity in high light (Fig. 6A-D
in Paper III). Isolated thylakoids of both species are presumably devoid of the main
electron sink downstream of PSI, the CBB cycle. Unlike spinach leaves, intact V.
litorea cells exhibit “FLV-like” P700 oxidation kinetics during a strong light pulse
after darkness (Fig. 6E, F insets in Paper III). The photosynthetic machinery of V.
litorea might therefore rely heavily on the combined sink capacity of both the CBB
cycle and the mysterious proteins that are maintaining P700 oxidized in the
secondary red algal lineage of photosynthetic organisms (Shimakawa et al. 2019).

According to the P700 oxidation kinetics of isolated V. litorea thylakoids, some
of the alternative electron sink capacity is lost during the thylakoid isolation
procedure (Fig. 6F in Paper III). This is a possible cause for the drastic general
oxidative stress witnessed in the isolated thylakoids of V. litorea in high light, as
electrons from PSI would be forced to create ROS in the Mehler reaction in the
absence of safe electron sinks. A direct implication of this is, that photosynthetic sea
slugs should maintain the CBB cycle and alternative electron sinks, like FLVs in the
E. timida/A. acetabulum system, in working order to avoid massive oxidative
damage to the plastids but also to their own cells. Future work should focus on
detailing the molecular players behind P700 oxidation in V. liforea and secondary
red algae in general; if this process is indeed not facilitated by FLV proteins, it could
reveal a whole new means of photoprotection that could be useful as a tool to
improve the photoprotection of crop plants (Wada et al. 2018).
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5.3.3 Low 'O yield in V. litorea is beneficial for an efficient
PSII repair cycle

The isolated thylakoids of V. litorea were more resilient against photoinhibition of
PSII than spinach thylakoids, even though the general oxidative stress was more
rampant in V. litorea (Table 2, Figs. 4A and 6C, D in Paper III). One ROS that has
an undeniable link to photoinhibition of PSII is 'O,, even though its connection to
the actual damaging reaction(s) of photoinhibition remains debated (Vass 2011;
Tyystjirvi 2013). Therefore, it is conceivable that the measured lower 'O; production
in V. litorea compared to spinach might have contributed to the slower decrease in
PSII activity in high light in V. litorea thylakoids (Fig. SA in Paper III). Based on
the data in Fig. 5 B-F in Paper 111, it seems like V. litorea is very reluctant to produce
'0,; the charge recombination reactions within the PSII of V. litorea are slow
compared to spinach, which reduces the risk of *P680 formation, but the thylakoids
of this alga are also supplied with plenty of powerful antioxidants against 'Oa, a-
tocopherol and carotenoids, even in the darkness that preceded the thylakoid
isolation (Vass 2011; Treves et al. 2016; Khorobrykh et al. 2020). The measurable
production of 'O, depends on its generation (mainly) via the charge recombination
reactions within PSII and its detoxification by the available antioxidants, and it is
impossible to determine which is the more prominent component behind the low 'O
yield in V. litorea based on the data in Fig. 5A in Paper III.

The differences in photoinhibition of PSII in the isolated thylakoids of spinach
and V. litorea were not massive. The PSII of V. litorea is certainly not immune to
photoinhibition, unlike the extremophile algae Chlorella ohadii (that also produces
very little '05) (Treves et al. 2016). The low inherent 'O, yield of V. litorea is likely
more beneficial in terms of maintaining a functional PSII repair cycle, especially in
the isolated plastids inside the slug E. chlorotica, as PSII repair has been shown to
be inhibited by 'O, (Nishiyama et al. 2006). It is possible that the tendency of V.
litorea to avoid 'O, production is something that helps E. chlorotica in maintaining
the plastids in working order by alleviating stress from the repair machinery of the
plastids. Based on the data in Paper I and on the work by other groups, both
alternative (FLVs) and main sinks (CBB cycle) of photosynthesis are at least
somewhat functional even in the plastids stolen by photosynthetic sea slugs (Rumpho
et al. 2001; Christa et al. 2014b; Rauch et al. 2018). It is therefore not likely that the
plastids would experience such drastic oxidative damage by ROS produced in the
PSI side of the electron transfer chain as witnessed in the isolated thylakoids of
V.litorea in high light. If that is the case, then the low yield of the main ROS
produced by PSII, 'O,, would be a major factor in supporting the longevity of V.
litorea plastids inside E. chlorotica.
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6 Concluding remarks

How do photosynthetic sea slugs maintain their stolen plastids photosynthetically
active without the help of the algal nucleus for extensive time periods?
Unfortunately, a comprehensive answer to this question remains elusive even after
the publication of this thesis. However, the data presented in the pages of this book
do describe novel photoprotective mechanisms that are only present after the plastids
have been incorporated to the slug cells (Papers I and II) and deepen our knowledge
concerning the role of the specific plastids themselves in both avoiding and repairing
the light induced damage to the photosynthetic machinery (Paper III). The
mechanisms described and discussed in this thesis can be divided to three categories:
I) active and fast responding photoprotective measures of the plastids that can be
enhanced upon incorporation to slug cells, II) passive protection of the plastids from
UV radiation and excessive light, which is reliant on the packing of the plastids
inside the slugs, and III) autonomous repair machinery of the plastids that is still
functional even in the cellular environment of the slugs.

The research presented in the pages of this book was driven purely by curiosity.
This kind of an opportunity for a PhD project is sadly becoming a rare commodity.
There are no immediate gains to be reaped from the results of my thesis, and future
research efforts regarding these incredible photosynthetic animals should focus on
whatever sparks joy in the inquisitive mind of a scientist brave (or stupid) enough to
study them with the limited number of resources available.
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