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Abstract
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The evolution of photosynthetic organelles, or plastids, through endosymbiosis has been
transformative for life on our planet. Yet, many questions remain about the process of
endosymbiont integration and organellogenesis. Identifying the different steps leading towards
acquisition of a permanent plastid requires studying organisms that are at different stages
of plastid integration. In this thesis, we investigate the plastid symbioses in the marine
centrohelid Meringosphaera in order to determine their nature and level of genetic and metabolic
integration.

In Paper I, we determine that Meringosphaera has obtained plastids from dictyochophyte
algae at least twice independently in two different groups. We suggest that these plastids are
kleptoplastids stolen from unknown dictyochophyte prey. We also find evidence of genetic
integration of these plastids in the Meringosphaera host genome.

In Paper II, we expand our taxon sampling of Meringosphaera and discover that instead of
kleptoplastidy, we find evidence of permanent integration of Meringsophaera’s plastids. We also
find more evidence of genetic integration through horizontal gene transfer, including ancestral
acquisition of plastid-related genes before Meringosphaera’s plastids were obtained.

In Paper III, we investigate the expanded diversity of both Meringosphaera and
dictyochophytes as well as their global biogeography. We find that several Meringosphaera
and dictyochophyte amplicon sequence variants (ASVs) co-occur in marine samples, and
hypothesize that this co-occurrence may have contributed to Meringosphaera’s preference for
dictyochophyte plastid donors.

Finally, in Paper IV, we test a new strategy for targeting and sequencing Meringosphaera
single-cells from specific clades, by combining digital PCR (dPCR), cell sorting, and single-
cell transcriptomics. We obtain the first four Meringosphaera single-cell transcriptomes and are
able to confirm that essential plastid genes as well as host-encoded plastid-targeted genes are
transcribed.

In summary, we show that Meringosphaera consists of several clades with different
lifestyles, including both plastid-containing and plastid-lacking groups. We also find that
Meringosphaera’s plastids are genetically and metabolically integrated into its cell, and that
this integration preceded plastid acquisition, supporting current models of plastid evolution.
Altogether, we show that Meringosphaera is a diverse and interesting novel model system for
studying the evolution of plastids.
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Introduction

The establishment of photosynthetic organelles, or “plastids”, in eukaryotes
was an incredibly impactful evolutionary transition'™. It led to not only the
emergence of land plants, well known for their vital ecological roles, but also
the less renowned but equally important algae®*”’. Algae are a polyphyletic
group of microbial eukaryotes (or “protists”) that are found in several
branches of the tree of life* 2. They are highly diverse but the one thing they
have in common is the presence of a (photosynthetic) plastid.

Plastids were originally cyanobacteria which were taken up by protist hosts
and eventually evolved into organelles®'*™'°. After this original symbiotic
event, which is referred to as “primary endosymbiosis” (Figure 1A), these
plastids were then spread not only to direct descendants through vertical in-
heritance, but also to various other protist groups through secondary and
higher order endosymbioses (Figure 1B)'*!"22,

The evolution of plastids is therefore highly complex and includes multiple
plastid gains as well as losses of photosynthesis and even entire plastid orga-
nelles'*2. However, the transition of endosymbiont to organelle is still
poorly understood'**. This is because of the ancient origin of most plastids,
which makes it difficult to study the processes required for the establishment
of these organelles®'**,

Hence, novel systems with more recently evolved plastids are needed to
increase our understanding of plastid integration. The overarching aim of this
thesis is to investigate the plastid symbioses in the marine microbial eukaryote
Meringosphaera and gain further insight into their evolutionary history. Be-
fore the main results of this thesis are presented, I will first introduce what we
know of plastid evolution, why Meringosphaera represents such an intriguing
study system, and what methods were applied during our investigation.



Figure 1: Primary and secondary endosymbiosis. (A) Primary endosymbiosis
featuring the uptake and integration of a cyanobacterium into a eukaryotic cell.
(B) Secondary endosymbiosis featuring the uptake and integration of a eukar-
yote with a primary plastid into another eukaryotic cell. In this case a remnant
nucleus (called nucleomorph) is also present, which is the case for some algae
with complex plastids.

The evolutionary history of endosymbiotically acquired

organelles

Life on Earth first evolved in the shape of microscopic unicellular organisms
at a time when the Earth’s atmosphere was very different than it is now. This
changed with the evolution of oxygenic photosynthesis in cyanobacteria, a
process that uses the energy carried by photons to turn carbon dioxide and
water into oxygen and organic carbon. The dramatic increase of free oxygen
in the atmosphere brought about a major ecological shift in what is now called
the Great Oxygenation Event (GOE). The GOE was followed by an expansion
of aerobic metabolism, which potentially paved the way for the evolution of
eukaryotes from within the Asgard archaea®®.

Eukaryotes are a diverse group of organisms that not only include animals,
plants, and fungi, but also a wide diversity of microbes collectively called
“protists”. Crucially, the evolution of eukaryotes goes hand in hand with the
establishment of the first symbiotically acquired organelles: mitochondria.
Mitochondria evolved sometime between the establishment of the first com-
mon ancestor of all (currently living and described) eukaryotes (FECA), and
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the existence of the last common ancestor of all (currently living and de-
scribed) eukaryotes (LECA)*’>*. They are thought to originally have been bac-
teria related to alphaproteobacteria, and their transformation into an organelle
gave eukaryotes the ability to generate adenosine triphosphate (ATP) through
aerobic respiration'>*’. Whether mitochondria evolved early in the evolution
of eukaryotes through syntropy between a bacterium and an archaeon (the mi-
tochondria-early hypothesis), or mitochondria were established through phag-
ocytosis during a later stage of eukaryogenesis, when most common eukary-
otic features had already evolved (the mitochondria-late hypothesis) is still a
topic of debate***'. Because the evolution of mitochondria happened so long
ago, it is difficult to study and therefore mitochondrial evolution remains a
field with many unanswered questions'***.

Eukaryogenesis and the establishment of mitochondria were followed by
the evolution of the second endosymbiotically acquired organelle: the plastid.
The engulfment of cyanobacteria by the ancestor of the Archaeplastida more
than a billion years ago led to the formation of the first photosynthetic orga-
nelles, giving eukaryotes access to photosynthesis. After this first primary en-
dosymbiosis event, plastids were also spread throughout the tree of life hor-
izontally. Several secondary and higher order endosymbioses, in which case
a plastid-containing eukaryote is taken up by another eukaryote and eventu-
ally transforms into an organelle, have led to an incredible diversity of algae.
Today, primary production is dominated by not only the plastid-carrying
land plants (members of the Archaeplastida), but also by many different eu-
karyotic algae in the oceans. Together with cyanobacteria these algae (most
of which carry secondary or more complex plastids) are responsible for up
to 50% of our global oxygen production®’. Algae include an astounding di-
versity of morphological shapes and are found across the eukaryotic tree of
life, including groups such as diatoms with their silica cell walls, dinoflag-
ellates, known for both their blooms and their important role as coral sym-
bionts, and beautifully armored coccolithophores®>"#*43. Without the pri-
mary production of algae and cyanobacteria, collectively called phytoplank-
ton, the ocean could not sustain the variety and quantity of life that it does.
The evolution of plastids in eukaryotes therefore marks a fundamental evo-
lutionary transition for life on earth.

Organelles were acquired through endosymbiosis with bacteria two more
times that we know of. One additional plastid acquisition in Paulinella amoe-
bae happened much more recently than the first plastid primary endosymbio-
sis event (about 0.1 billion years ago).

The final primary endosymbiotic event that has led to the establishment of
an organelle, the nitroplast, was only recently confirmed*. Formerly
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described as a tightly integrated endosymbiosis between the haptophyte
Braarudosphaera bigelowii and the nitrogen-fixing cyanobacterium Candida-
tus Atelocyanobacterium thalassa (UCYN-A), the nitroplast has now been
shown to be an organelle instead*®*’. As the first confirmed nitrogen-fixing
organelle, this is an incredible scientific discovery and represents another ma-
jor evolutionary transition.

Although the nitroplast is extremely interesting and doubtlessly has much
to teach us about the evolution of endosymbiotically derived organelles, nei-
ther this organelle nor mitochondria are the topic of my PhD. I will therefore
focus on the evolution of plastids specifically for the rest of this introduction.

The transition from endosymbiont to organelle

Endosymbiosis is an evolutionarily and ecologically important phenomenon
that can be found in a wide variety of organisms***. It describes the relation-
ship between at least two organisms, one of which (the endosymbiont) lives
inside the other (the host). Endosymbiosis can be anything from mutually ben-
eficial to actively harmful to one of the partners, though it is often difficult to
determine where on this spectrum a given relationship falls***°. There are
many reasons organisms engage in endosymbiosis: the endosymbiont might
gain a safe, stable, and nutrient rich environment, whereas the host might ben-
efit from the symbiont’s metabolic capabilities that could supplement its own.

Perhaps the most impactful endosymbioses in evolutionary history are
those that have led to the establishment of an organelle: an endosymbiont so
tightly integrated into its host that it can no longer be called a separate organ-
ism16’33’5"52.

But what is the difference between an endosymbiont and an organelle?
What adaptations are required for the transformation of one to the other? One
of the main difficulties in answering these questions is that most endosymbi-
otically derived organelles are so ancient that time has erased many clues
about how they were established. Over the years a combination of different
organisms and methods have been used to get closer to resolving these ques-
tions and I will summarize what we have learned below.

Cellular integration

Endosymbionts are likely initially taken up by their eukaryotic hosts through
the same mechanisms used to take up prey. In many cases this was likely
phagocytosis, though other feeding mechanisms have been proposed as well**
3% For example, the plastids of (some) dinoflagellates were possibly originally
obtained through myzocytosis: a mode of feeding where the contents of a prey
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cell are sucked out with the tube-like peduncle®®. This is also called “cel-
lular vampirism”. An important initial step in cellular integration is therefore
for the endosymbiont to avoid being eaten by escaping the phagosome or
otherwise rendering it harmless'’. Some known endosymbionts are instead
contained in specialized membrane-bound compartments called “symbio-
somes”*”" (Figure 2A). In primary plastids, the host-phagosomal membrane
seems to have been entirely lost and these plastids are contained by two
membranes which are thought to correspond to the two membranes of the
original cyanobacterium®' (Figure 2B). Complex plastids derived from sec-
ondary or higher order endosymbiosis generally have three or four mem-
branes: the inner two membranes representing the original plastid mem-
brane, the third thought to represent the plasma membrane of the eukaryotic
endosymbiont, and the outer membrane representing the phagosomal mem-
brane of the host (sometimes connected to or replaced with the endoplasmic
reticulum (ER))**® (Figure 2C).

plasma membrane eukaryotic endosymbiont

symbiosome host

inner cyanobacterial membrane

outer cyanobacterial membrane

inner cyanobacterial membrane

\\ /)g outer cyanobacterial membrane
iy

plasma membrane eukaryotic endosymbiont

phagosomal membrane host

Figure 2: An illustration of the membranes enclosing endosymbionts (A) pri-
mary plastids (B), secondary and more complex plastids (C).

Another aspect of organelle cellular integration is host control of organelle

division and synchronization between host and organelle division. In other
words, the plastids need to be stably vertically inherited®*. Host control over

13



plastid division involves several plastid division-related genes encoded by the
host, some of which are of host-origin and others that were acquired from the
endosymbiont (see next paragraph).

Genetic integration

One of the hallmarks of plastid integration is the transfer of plastid genes to
the host nucleus and the re-targeting of their protein products back to the plas-
tid'>%>"%® Plastid genomes are highly reduced, as they have lost many genes
they no longer need in their new host-controlled environment, and other genes
necessary for plastid function are encoded by the host genome instead® .
These plastid-associated host encoded genes are generally thought to have
three possible origins. Some of them are endosymbiotic gene transfers
(EGTs), originating from the cyanobacterial endosymbiont in the case of pri-
mary endosymbiosis and the algal endosymbiont nucleus and plastid in the
case of higher order endosymbiosis®®’"’* (Figure 3A).

—— Gene transfer

............. i Protein targeting

Figure 3: An illustration of the three possible origins of host-encoded plastid
targeted genes: endosymbiotic gene transfer (A), horizontal gene transfer (B),
and re-purposed host genes (C).

Previously, this was speculated to be the most important source of host-en-
coded plastid genes, but in recent years it has become apparent that EGTs are
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not as prevalent as had been assumed’*"*. The second possible origin of host-
encoded plastid genes is horizontal gene transfer (HGT) from previous endo-
symbionts or ingested prey®®*®">>7> (Figure 3B). Lastly, a large portion of
the host-encoded plastid genes also appear to be re-purposed host genes: genes
that were already present in the host genome but have been “re-cycled” for
plastid use’®”” (Figure 3C).

Metabolic integration

Another important adaptation necessary for organelle evolution is the estab-
lishment of a mechanism for targeting the host-encoded plastid proteins to the
plastids.

The membranes of the primary plastids of the Archaeplastida contain a
TIC-TOC (translocon on the inner chloroplast membrane — translocon on the
outer chloroplast membrane) complex which allow plastid proteins encoded
by the nucleus of the host to be transported to the plastid™ (Figure 4A). Both
TIC and TOC consist of several different proteins involved in gating of the
host-encoded preproteins’®. These preproteins contain and N-terminal transit
peptide, also referred to as a plastid targeting signal, which are recognized by
the TIC-TOC proteins’"

Some (core) components of the TIC-TOC complex are also encoded by
algae with complex plastids, which use this system to allow host-encoded pre-
proteins to pass through the inner two plastid membranes (Figure 4B). How-
ever, many complex plastids also have a symbiont-specific endoplasmic retic-
ulum-like machinery (SELMA), which allows proteins to cross the third in-
nermost membrane® . SELMA is derived from the host ERAD (ER-associ-
ated protein degradation) system, and has been acquired horizontally from the
eukaryotic endosymbiont to its new host at least once®. The fourth and outer-
most membrane can be crossed with the host Sec61 protein complex and, if
this membrane is not directly connected with the ER, using vesicle trafficking.
The host-encoded plastid-targeted proteins of complex plastids in many cases
also have what is called a “bipartite” plastid targeting signal, consisting not
only of a N-terminal transit peptide but also an additional N-terminal signal
peptide that helps it cross the outermost membranes®’.
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Figure 4. An illustration of the plastid import mechanism in primary (A) and
complex (B) plastids. Depicts all known protein import complexes as well as
the plastid targeting signals.

Organelles generally meet all of these requirements, however there are also

endosymbionts who have some or all of these adaptations. In reality, the line
between endosymbiont and organelle is often blurry.
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Models of plastid integration
But what is the order of events in which these different adaptations of both
host and symbiont take place? There are different theories to explain this.

According to the classical model of plastid evolution, plastid integration is
linear: algal prey is engulfed by the host, followed by a transition from prey
to endosymbiont'?"%®. Once the endosymbiont is established in the host cell,
genes are transferred from the endosymbiont to the host, and finally a protein
targeting system is established followed by endosymbiont genome reduction
as genes become redundant. A key element of this model is that first gene
transfer and then protein targeting are specifically established for the endo-
symbiont that will eventually turn into an organelle (Figure 5A).

However, recently different models of endosymbiont integration have be-
come more popular. One of these is the “shopping bag” model, which states
that before the host gains the endosymbiont that will eventually transition into
an organelle, it has temporary relationships with other endosymbionts and
prey, which are eventually digested®. During this process, perhaps during ly-
sis of the prey cell, genes are transferred to the host nucleus and an import
system is established. As the host acquires more adaptations to support its en-
dosymbionts, the temporary endosymbionts stay alive for longer and longer
periods inside the host, until eventually one is never digested and becomes an
organelle (Figure 5B). A variant of the shopping bag model is the “targeting
ratchet” model, which emphasizes the importance of protein targeting”®. It
states that the establishment of a protein targeting system creates an evolu-
tionary ratchet, allowing more and more proteins to be targeted to the endo-
symbiont and generating a positive feedback loop, therefore speeding up the
process of integration.
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——— Gene transfer
_______ 1 Protein targeting

Figure 5. An illustration of the linear model of plastid evolution (A) vs the
“shopping bag” model (B). Endosymbiotic gene transfers and resulting pro-
tein-targeting are depicted in green, horizontal gene transfers and protein-tar-
geting in blue, and targeting of repurposed host genes in purple.

Primary plastid endosymbiosis

Plastids have evolved through primary symbiosis twice that we know of (see
Figure 6 for an illustration of all eukaryotic algal groups and their phyloge-
netic position). The first time, possibly involving a Gloeomargarita-like fresh-
water cyanobacterial endosymbiont and the ancestor of the Archeaplastida as
host, has been by far the most ecologically impactful'**. Traditionally, Ar-
chaeplastida consists of three main lineages: the green algae or chlorophytes,
which contain the land plants, the red algae or rhodophytes, and the glauco-
phytes®’. The plastids from both the green and the red algal lineages have
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spread throughout the eukaryotic tree of life horizontally as well as vertically
by secondary and higher order endosymbiosis, which I will talk about in the
next paragraph'®'7?*?" The plastids of the Archaeplastida are generally con-
sidered to have a single origin because the plastids of these three different
groups are monophyletic and share many similarities, such as their TIC-TOC
import machinery and gene content®*"%,

However, recently two different groups were added to the Archaeplastida:
the non-photosynthetic predator Rhodelphis and the seemingly plastid lacking
Picozoa, both most closely related to the red algae’ 2. Rhodelphis as a direct
sister of the red algae and Picozoa a sister to Rhodelphis + the red algae. The
putative addition of the Picozoa to the Archaeplastida, in particular, is highly
interesting: it would suggest that either Picozoa had a plastid in the past but
lost it (complete loss of plastids has only been shown in a few parasitic protists
with complex plastids), or it never had a plastid to begin with. If the latter is
true and the placement of Picozoa within the Archaeplastida holds up, this
could indicate that the red algaec may have obtained their plastid separately
from the green algae and glaucophytes, after they diverged from Picozoa.

The chromatophores in Paulinella originated from a Synechococcus-like
cyanobacterium instead of a Gloeomargarita-like cyanobacterium’**. This
chromatophore is much larger in size than the original cyanobacterium (152
pm?® in volume to 1.1 pm? of cyanobacteria), and although its genome has been
greatly reduced (~1 Mbp compared to the ~2-5 Mbp of cyanobacteria), it is
still significantly larger than the plastid genomes of the Archaeplastida (80—
200 kbp)’>*®. Paulinella has also evolved a protein targeting system and con-
tains host-encoded plastid targeted genes, and the chromatophore is vertically
inherited by Paulinella daughter cells’” . It therefore has all the hallmarks of
an organelle, though one at a more intermediate stage of organellogenesis
compared to the plastid in the Archaeplastida’®. Excitingly, Paulinella also
has closely related yet heterotrophic sister lineages, which represent a prime
opportunity to study the sequence of events of organelle integration'®.
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Figure 6. An illustration of the eukaryotic tree of life including all algal
groups. Eukaryotic clades that contain algal groups are shown in colors other
than grey. This figure was adapted from the PlastidOrigin Dissimination by
Fabien Burki in the Project Repository Journal'"".

Secondary and higher order plastid endosymbiosis

The plastid that originated in Archeaplastida further spread horizontally
throughout the eukaryotic tree of life by secondary and higher order endosym-
biosis'®“!"??"3! The endosymbiosis between a heterotrophic protist and an
alga of the Archaeplastida (already in possession of a plastid) has led to the
establishment of a secondary plastid several times. These secondary plastids
can be replaced by different complex plastids, a process called serial second-
ary endosymbiosis, and algae with secondary plastids can be taken up by other
heterotrophic eukaryotes, a process called tertiary endosymbiosis'. In reality
it is difficult to conclusively determine if a plastid is of secondary, tertiary, or
higher order origin, which is why these plastids are often collectively called
“complex plastids” instead.
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We generally differentiate between two different kinds of complex plastids:
those deriving from the green algal lineage of the Archaeplastida (the chloro-
phytes) and those deriving from the red algal lineage (the rhodophytes). So
far, no complex plastid of glaucophyte origin is known.

Complex plastids of green algal origin

Green algal plastids were integrated as secondary plastids in three different
eukaryotic groups: in chlorarachniophytes, in euglenophytes, and in the dino-
flagellates Lepidodinium, TGD, and MGD (which are not directly re-
lated)*"'9%71% T will discuss the complex evolution of dinoflagellate plastids
later on, as it involves complex plastids of red algal origin as well, but first I
will give a brief overview of chlorarachniophytes and euglenophytes.

Chlorarachniophytes are marine protists belonging to the Rhizaria and
have secondary plastids of green algal origin that are bound by four mem-
branes'*>'%. Chlorarachniophyte plastids also retain a nucleomorph: a rem-
nant of the original green algal endosymbiont nucleus which is located be-
tween the two inner plastid membranes and the two outer plastid mem-
branes'’” "', Nucleomorphs are highly reduced and have only been found in
chlorarachniophytes, cryptophytes, and the dinoflagellate strains TGD and
MGD, but they provide additional clues about the original endosymbiont and
the process of plastid integration'®. Chlorarachniophytes have different mor-
phologies: flagellated, coccoid, and amoeboid, and for several species multi-
ple of these cell types have been described'*>'%. Interestingly, despite the
presence of a plastid, the first described chlorarachniophyte species,
Chlorarachnion reptans has been observed to be able to take up small prey,
including several protists such as cyrptophytes, haptophytes, and dinoflagel-
lates, as well as cyanobacteria''?.

Euglenophytes (Discoba) similarly have plastids of green algal origin,
which were obtained in a separate secondary endosymbiosis event’"''*. This
is apparent from both host and plastid phylogenies, as neither euglenophytes
and chlorarachniophytes nor their plastids are closely related''*''*. Eugleno-
phyte plastids have three membranes and euglenophytes are generally flagel-
lates that live in aquatic environments®"'"*. Our knowledge of this group ex-
tends all the way back to the 1674, when they were described by van Leeu-
wenhoek as microscopic “animalcules”''®. Interestingly, at least five euglen-
ophyte species have lost their ability to perform photosynthesis and practice
osmotrophy instead®'. Euglena longa, the most well-studied of these species,
still retains a plastid and plastid genome, but for others such as Euglena quar-
tana and Phacus ocellatus it is uncertain whether their cells still contain a
plastid"'”'"?,
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Complex plastids of red algal origin

Compared to the plastid evolution of the green algal derived secondary plas-
tids, the spread of the red algal derived plastid throughout the eukaryotic tree
of life is much more convoluted'**"'?*"'?2._ Complex plastids of red algal origin
can be found in cryptophytes, haptophytes, ochrophytes (stramenopiles),
myzozoans (alveolates), which include the dinoflagellates and apicomplexans,
and leptophytes'?. Before leptophytes were discovered, these lineages were
sometimes collectively called MOCHa (myzozoans, ochrophytes, crypto-
phytes, haptophytes)".

Cryptophytes have red algal derived plastids surrounded by four mem-
branes that still contain a nucleomorph, like chlorarachniophytes'®”''!. Cryp-
tophytes have a distinct asymmetric, biflagellated morphology and can be
found in various aquatic habitats'**. Though there are many purely photosyn-
thetic cryptophytes, mixotrophy is also a lifestyle practiced by some members
of this group and some cryptophytes have lost their ability to perform photo-
synthesis altogether”'?*. In the freshwater cryptophyte genus Cryptomonas,
at least three independent losses of photosynthetic ability have been shown®®.
These Cryptomonas still retain a non-photosynthethic and non-pigmented
plastid, called “leucoplasts”, and can be grown in the dark.

Haptophytes are protists that are especially abundant in the marine envi-
ronment and they include the coccolithophores, which is one of the most eco-
logically important algae groups, capable of forming massive blooms'**. Hap-
tophytes have organic body scales that allow them to be identified morpho-
logically and their red algal derived plastids are surrounded by four mem-
branes'?*"'?, Despite the presence of this plastid, there are members of this
group that practice phagotrophy as well, such as Chrysochormulina leadbeat-
eri, Chrysochromulina polylepis, and Prymnesium parvum'?. Perhaps the
most well-known member of the haptophytes is the coccolithophore Gephy-
rocapsa huxleyi (formerly called Emiliania hyxleyi), which is also one of the
most important bloom-formers'*’. When G. huxleyi blooms, it sheds its outer
calcite scales, also called coccoliths, whose light-scattering properties make
the surface waters look milky'?'.

Ochrophyte (Stramenopiles) plastids are also surrounded by four mem-
branes and this group is incredibly diverse'?”'**"'*’. They contain both the
well-known and ecologically critical diatoms and the giant, macro-algal
kelps, as well as many less well-known groups. Ochrophytes are abundant
in both marine and freshwater environments. Within the ochrophytes, there
are also several lineages that have lost the ability to perform photosynthesis,
such members of the Dictyochophyceae (Pteridomonas and Ciliophrys),
Chrysophyceae, (Paraphysomonas, Apoikia, and Spumella), diatoms within
the Nitzschia clade, and the genus Leukarachnion®=""*'* Complete
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plastid loss has even been suggested for Actinophrys sol and Picophagus
flagellatus"*>'*S.

Recently a new algal group was discovered through the investigation of
plastid metagenomic data, called leptophytes'**. Leptophyte plastids are most
closely related to haptophyte and cryptophyte plastids, but thus far no se-
quence or image of the leptophyte host is available.

Lastly, the Myzozoans have perhaps the most complicated plastid history
as they include both the parasitic, non-photosynthetic apicomplexans and the
plastid-switching dinoflagellates®***!*"-'48 " Apicomplexans have non-photo-
synthetic plastids surrounded by four membranes, which are called apico-
plasts®. They are highly prevalent parasites, including the well-known causa-
tive agent of malaria'®. Apicomplexans also include one of the few proven
cases of complete plastid loss, which is thought to have been facilitated by
their parasitic lifestyle?. Dinoflagellates are also an importance protist group,
who are responsible for a large part of the primary production in the ocean'*’.
They are well-known for being coral symbionts, and they can cause toxic red
tides. The plastid evolution of dinoflagellates is highly complex and very in-
teresting, which is why I will expand on it a little bit more extensively™.

Plastid evolution in dinoflagellates

The evolutionary history of the dinoflagellates includes multiple plastids
gains, plastid replacements, losses of photosynthesis, and at least one case
of loss of plastid altogether’®. Although dinoflagellates play such an im-
portant role as algae, about half of the dinoflagellate species currently known
are heterotrophic and their ability to perform photosynthesis has been lost at
least 21 times**'*°. The ancestral plastid of the dinoflagellates is generally
thought to be the peridinin plastid (which is called this because of the spe-
cific type of peridinin carotenoid it contains that is only found in dinoflag-
ellates), which is of red algal origin and surrounded by three mem-
branes*>'>""'°2, The peridinin plastid has been replaced multiple times by
other plastids in its role to perform photosynthesis: in these cases a non-
photosynthetic peridinin plastid is usually thought to remain, to perform
other functions®”>. Replacements of the peridinin plastid include plastids of
green algal origin in Lepidodinium, TGD, and MGD, plastids of haptophyte
origin in the Kareniaceae, and plastid endosymbionts of diatom origin in the
Peridiniales, which are collectively called “dinotoms”**'**. In addition to
this, many dinoflagellate lineages also engage in transient plastid symbioses,
which I will expand on a little bit in the next paragraph.
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The evolution of red algal-derived plastids

The question of how all these groups obtained their (initial) red algal derived
plastid, however, remains unresolved. The chromalveolate hypothesis was
popular initially, which states that all complex red algal-derived plastids orig-
inate from one secondary endosymbiosis event in their collective ancestor and
that this plastid was then transferred vertically to all lineages within this
clade'”. This was a plausible hypothesis, as in plastid phylogenies red algal-
derived plastids usually form one monophyletic clade that branches within the
red algae'>*'%. Red algal-derived plastids also share many similarities, such
as presence of chlorophyll ¢ and (in most cases) the SELMA protein import
machinery®® 1201567138 1t was further argued that one secondary endosymbi-
otic event would be more likely than multiple separate ones”’.

However, as the eukaryotic tree of life has become more resolved and new
super groups have come to light, it has become clear that the MOCHa host
lineages are not monophyletic and each is more closely related to one or sev-
eral plastid-lacking groups than to each other’"'*. For the chromalveolate the-
ory to work, many separate events of plastid loss are required, and plastid loss
has only been conclusively shown to have occurred in a few parasitic line-
ages™>*°. Moreover, phylogenomics and molecular clock analyses show that
the ancestor of all MOCHa lineages existed before the divergence of the red
and green lineages in Archaeplastida, which would mean that for the chromal-
veolate theory to work, a red alga would have had to travel back in time to be
taken up by this distant ancestor""'*’.

Therefore, a new hypothesis was constructed, called the “rhodoplex hy-
pothesis”, which theorizes that a single secondary endosymbiotic event in one
of the MOCHa lineages was followed by several tertiary and higher order en-
dosymbiotic events?'-'?%13%160-162 Qevera] versions of the rhodoplex hypothe-
sis have been proposed, but the two versions that are most consistent with
what we now know of the eukaryotic tree of life (specifically, that haptophytes
and cryptophytes are not monophyletic), both argue that the initial secondary
endosymbiosis of a red alga occurred in cryptophytes®"'?*'%?. According to
these models, this plastid was then horizontally transmitted to the ochrophytes
through tertiary endosymbiosis, and either found its way to the haptophytes
by tertiary endosymbiosis with a cryptophyte as well'®?, or spread from the
ochrophytes to the haptophytes through quaternary endosymbiosis'?. It was
suggested that the red algal-derived plastid was then transmitted to the myzo-
zoa either through endosymbiosis with a haptophyte'®” or an ochrophyte'*.
Leptophytes are thought to have gained their plastids in their common ances-
tor with haptophytes before the two diverged.

The rhodoplex hypothesis therefore requires several independent higher or-
der endosymbiotic events, unlike the chromalveolate hypothesis, which
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requires extensive plastid loss instead. A question that could be asked is: what
is more likely, plastid gain or plastid loss?

Ongoing plastid symbioses

In addition to the several eukaryotic lineages that have obtained permanent
plastids, there is also a wide variety of eukaryotes that have acquired the abil-
ity to perform photosynthesis through endosymbiosis with phototrophic or-
ganisms (photosymbiosis) or theft of their photosynthetic organelles (klepto-
plastidy)'®'%°. Photosymbiosis is a symbiosis between a heterotrophic protist
and a photosynthetic alga or cyanobacterium'®. This relationship can be fac-
ultative or obligate for at least one of the partners and the hosts can have a
varying range of control over their endosymbionts'®>'%®, For example, on one
end of this spectrum you might place the ciliate Tetrahymena utriculariae,
which loses its algal endosymbionts and switches to bacteriovory when ex-
posed to an environment saturated with bacteria'®’. While on the other end of
these spectra you could put the foraminifer Globigerinoides sacculifer, which
needs its dinoflagellate endosymbionts to grow'®®, and the radiolarian Acan-
tharia, who force their endosymbionts Phaeocystis antarctica to go through
such a drastic transformation that they do not seem to be able to survive out-
side of their host once taken up®*'**'”*. Kleptoplastidy, or kleptoplasty, is the
theft of plastids, and in some case other organelles such as the nucleus or mi-
tochondria as well, from algal prey by a heterotrophic host'”'~'”*. Kleptoplas-
tidy is temporary and stolen plastids, or “kleptoplasts”, are retained inside the
host anywhere from a couple of days, for example in the dinoflagellate Gym-
nodinium gracilentum and its cryptophyte prey, up to many months or even
years, such as is the case for the Antarctic Ross Sea Dinoflagellate, which will
be discussed in more detail in a later paragraph'’*"'"®, However, kleptoplasts
eventually degrade and their host is then obligated to find new prey to steal
organelles from. This is because unlike in the case of permanent plastids, the
kleptoplastidic host usually does not have all the adaptations necessary to sus-
tain a plastid, such as protein import and control over plastid division.
Photosymbiosis and kleptoplastidy can both be found in a wide variety of
organisms and are highly prevalent and ecologically important in some envi-
ronments. Known hosts include Foraminifera, dinoflagellates, ciliates, eugle-
nozoans, kathablepharids, heliozoans, diatoms, Radiolaria, lichens, cnidarians
(such as the famous coral-dinoflagellate symbioses), bivalves, and gastropods,
such as the Sacoglassan sea slugs and marine flatworms’®'6*!71%¢ ' A potential
kleptoplastidic lifestyle has also been suggested for some parasitic plants'®’.
Photosymbioses and kleptoplastidic systems are also evolutionarily very
interesting. Photosymbiosis is, after all, how most algae are generally thought
to have obtained their plastids and in recent years kleptoplastidy has also been
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suggested as a possible intermediate stage towards plastid integration™. Espe-
cially in light of the shopping bag and targeting ratchet hypotheses, plastid
endosymbionts, even if they themselves do not eventually turn into permanent
plastids, are possibly an important player plastid evolution. I will therefore
expand on the main protist groups that perform photosymbiosis or kleptoplas-
tidy and highlight a few systems that are particularly interesting and can help
us gain a greater understanding of plastid integration.

Radiolaria

There are multiple species of Radiolaria that form symbioses with photosyn-
thetic organisms'®. These symbiotic relationships can be found within the
Collodaria, Spumellaria, and Nassellaria and endosymbionts include green al-
gae, dinoflagellates, and cyanobacteria'®. But the Radiolaria I want to high-
light are the star-shaped Acantharia that form endosymbiotic relationship with
haptophyte algae®”'*'"° These symbionts have been shown to undergo quite
a drastic transformation within their host, including enlargement of organelles
and halting of their cell cycle®. The Acantharian host is able to exert tran-
scriptional and metabolic control over its symbionts, modifying it in such a
way that is most beneficial for the host itself. This relationship is seemingly
entirely one-sided and has therefore also been called “cell farming” or “cy-
toklepty”®. As control over the symbiont by the host is a necessary step to-
wards endosymbiont integration and organellogenesis, this system represents
an intriguing opportunity to study this step more closely.

Foraminifera

Foraminifera are also members of the Rhizaria which are known to form pho-
tosymbiotic relationships as well as perform kleptoplastidy'®*'#!190-193 = Al
most all marine benthic larger foraminiferans are suspected to form endosym-
biotic relationships with algae, and known symbionts of both benthic and
planktonic foraminiferans are rhodophytes, chlorophytes, haptophytes, dino-
flagellates, and diatoms'®>'®!, Kleptoplastidic foraminifera have been found in
both the rotaliid and miliolid clades and all known kleptoplastidic prey are
diatoms'**"**. The benthic foraminifer Haynesina germanica has been shown
to have functional, photosynthethic kleptoplasts which have been suggested
to transfer their organic carbon to their hosts, as carbon assimilation in H. ger-
manica was detected under light conditions (but not in the dark-
ness) 71119319 Most kleptoplastidic and photosymbiotic foraminifera have
not been well studied, but they may well contain important clues that could
help us address the evolutionary mechanisms of plastid integration.
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Cilliates

The highly diverse and abundant ciliates also engage in both endosymbiosis
and kleptoplastidy with algae'®. The most well-studied ciliate systems are the
freshwater genus Paramecium and their green algal Chlorella endosymbionts,
and the marine species Mesodinium rubrum, which steals plastids from cryp-
tophyte prey' "7,

Paramecium bursaria can contain several hundred endosymbiotic Chlo-
rella sp. in their cells, which are located in the cytoplasm'®’. These endosym-
biotic algae are protected from being eaten by being enclosed in a special per-
ialgal vacuole membrane, which is derived from the host digestive vacuole
membrane'**'”. In P. bursaria, host and endosymbiont cell division are coor-
dinated and ciliate daughter cells can therefore inherit the symbiotic Chlo-
rella''"*** . Despite this level of coordination, both host and symbiont are ca-
pable of growing without each other.

The kleptoplastidic ciliate Mesodinium rubrum is remarkable in that it not
only steals the plastids of cryptophyte prey, but also their mitochondria as well
as their transcriptionally active nucleus (the kleptokaryon) which is kept in a
separate membrane-enclosed compartment'’*"'7* The kleptokaryon retains
full control over the cryptophyte plastids and Mesodinium kleptoplasts are
even able to divide within the Mesodinium cell because of the kleptokaryon®®'.
There has been no sign of genetic integration into the Mesodinium host ge-
nome, but instead Mesodinium seems to control the expression of the klepto-
karyon'’#2"2% However, the kleptokaryon itself does not divide, and eventu-

ally has to be replaced with one from new prey'”.

Dinoflagellates

Acquired phototrophy is also common among dinoflagellates®*'**. Algal en-
dosymbionts and prey of dinoflagellates include cyanobacteria, chlorophytes,
haptophytes, pelagophytes, prasinophytes, and dictyochophytes, although
cryptophyte prey is most common among kleptoplastidic systems®>'%.

An interesting example of this is the dinoflagellate genus Dinophysis,
which acquired cryptophyte plastids not directly from cryptophyte prey, but
instead from the ciliate M. rubrum, which as we have seen has also stolen
those plastids®*2°. Dinophysis does not retain the kleptokaryon, but does en-
code plastid-targeted genes in its host genome, which originate from multiple
algal sources '%2°72%8 The kleptoplasts in Dinophysis have even been reported
to divide within the host, without the help of the kleptokaryon, which has not
been shown in any other kleptoplastidic system so far’*’.

Another very interesting case of kleptoplastidy in dinoflagellates is that in
the Antarctic Ross Sea Dinoflagellate (RSD), which steals plastids from
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haptophyte prey'’2'*?'!_ The RSD is closely related to the Kareniaceae dino-
flagellates, which harbor permanent haptophyte plastids, and evidence for host
encoded plastid targeted genes has been found in RSD?'". Some of these genes
are of haptophyte origin, but not from RSD’s specific prey, Phaeocystis ant-
arctica. Instead, they seem to be related to the plastid associated genes in
Kareniceaea host genomes, lending support to the shopping bag model of plas-
tid establishment. The kleptoplasts in the RSD are also able to last for at least
30 months without the presence of new prey, which is longer than in any other
known kleptoplastidic system'”’. This suggests a high level of integration of
the kleptoplasts and this system may therefore be at “the tipping point” be-
tween kleptoplast and integrated plastid®'".

There are also many other interesting kleptoplastidic dinoflagellates. For
example, dinotoms, dinoflagellates which possess plastids of diatom origin,
were briefly mentioned before as examples of permanent plastids in dinoflag-
ellaetes?'**'*. However, there is also a “dinotom”, Durinskia capensis, which
has been reported to be kleptoplastidic instead®'®. As it is closely related to
dinotoms with permanent plastids, this could be an interesting system to study
the role of kleptoplastidy in plastid evolution. There is also the freshwater di-
noflagellate Nusuttodinium aeruginosum, which retains kleptoplasts from
cryptophytes and retains a kleptokaryon as well'>2'®. Within N. aeruginosum,
these cryptophyte plastids have been shown to increase more than 20-fold in
volume, a transformation somewhat similar to that in the photosymbiosis of
Acantharia®'”®. And these are not the only interesting dinoflagellates with ac-
quired phototrophy, this group seems to represent somewhat a goldmine when
it comes to studying the possible stages of plastid evolution®*!63-176.185.217,

Euglenozoans

Lastly, an interesting case of kleptoplastidy is the euglenozoan Rapaza viridis,
which harbors temporary kleptoplasts of green algal origin, specifically,
Tetraselmis sp.*'*. R viridis is a direct asister to the euglenophytes with per-
manent green algal plastids, which, like the RSD and the Kareniaceae, makes
this a particularly interesting system to study. Putative host-encoded plastid-
targeted genes as well as kleptoplasts transporters were detected in R. viridis,
which is significant as the presence of such genes had previously only been
shown in dinoflagellates®'®. What is more interesting, a number of these genes
seemed to cluster with plastid-associated genes in the euglenophytes, suggest-
ing once again that genetic integration might occur before complete integra-
tion of the plastid. Sources of these genes include: multiple green algae line-
ages other than Pyramimonas, the lineage to which Tetraselmis belongs; al-
most 30% that cluster with red algal lineages; some clustering with other eu-
glenophytes, suggesting that these genes were potentially gained in a common
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ancestor with the photosynthetic euglenophytes; and a few that are similar, but
not identical, to genes found in Tetraselmis. Most of the genes were of Chlo-
rophyte origin. Importantly, and unlike the RSD and other kleptoplastidic di-
noflagellates, R. viridis does not have a photosynthetic ancestor, which means
that these adaptations are not simply re-used from a previous plastid establish-
ment but may either represent new gene transfers or transfers that already took
place in the non-photosynthetic ancestor of R. viridis and the photosynthetic
euglenophytes.

The importance of novel model organisms
As we have been seen, there are still many questions left unanswered when it
comes to the evolution of plastids. How did plastids spread throughout the
eukaryotic tree of life and in which order? What is the sequence of events in
which endosymbiotic integration takes place? Does this always happen the
same way or can it differ between algal groups? These questions are often
difficult to answer because of the ancient origin of most permanent plastids.
This is why novel systems are vital to studying the evolution of plastids and
other endosymbiotically derived organelles. Systems such as the chromato-
phores in Paulinella or the newly named nitroplast that were more recently
integrated represent pieces of this puzzle, whereas ongoing plastid symbioses
such as photosymbioses and kleptoplastidy can tell us more about the early
steps of plastid integration. No one system will be able to give us all the an-
swers, but with enough models that represent the many different stages of
plastid evolution, we will get closer to understanding this fundamental biolog-
ical process.

Meringosphaera
Meringosphaera is a globally distributed and at times quite abundant genus of
marine centrohelids (it was called the most abundant and widespread amplicon
sequence variant (ASV) in marine surface waters during the Malespina expe-
dition in 2010), which is characterized by undulating silica spines and
green/golden “bodies” with chlorophyll autofluorescence®'**° (Figure 7). It is
about 3-9 um in diameter with 4-20 barbed spines that can vary in length.
Meringosphaera was first described in 1887 and named in 1902, but be-
cause of its “green chromatophores” it was at that time considered to be an
alga of uncertain taxonomic origin®****'. Meringosphaera has been placed into
different taxonomic groups over the years (more thoroughly reviewed by
Zlatogursky et al., 2021%%°). In very early literature it was described as belong-
ing to the green algal family Oocystaceae, but later it was placed in the
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Heterococcales and then in the Chrysophyceae?. It was Thomsen (1979) who
first compared the morphology of Meringosphaera’s siliceous scales to that
of the centrohelid heliozoans and it was also suggested to belong to this group
by several scientists afterwards?*****?*. However, Vers later called Me-
ringosphaera an “incertae sedis” taxa, or of uncertain taxonomic id**’. In more
recent literature, Meringosphaera is called a chrysophyte, xanthophyte, or
again incertae sedis”*****>!. Throughout the years, Meringosphaera has most
often been described with autofluorescent bodies, but a few times also with-
out, and Vers reported them as colored food vacuoles instead of “chromato-
phores”??°. It was only recently that Meringosphaera was shown to unambig-
uously be a centrohelid based on its first sequenced 18S rDNA®°. It was
placed in the NC5 clade of the centrohelids, which is most closely related to
Choanocystis, though with low support.

Centrohelids are a monophyletic group of heterotrophic, free-living organ-
isms that can be found in most aquatic environments*?. They are a sister group
to the haptophytes and they are well known for their radiating axopo-
dia'***2%33 Previously, they were described as part of the Heliozoa: a group
with similar morphology, but it has been shown that this is not a monophyletic
group and heliozoan organisms can be found in different branches of the tree
of life such as in the Rhizarian groups Acantharia and Cercozoa, as well as in
the stramenopile groups Actinophryida and Dictyochophyceae’®**. Centro-
helids generally feed on bacteria and protists by phagocytosis, often using
their radiating axopodia and kinotocysts to feed***, and are therefore overall
heterotrophic, but a few species have been reported to perform kleptoplastidy
(Acanthocystis serrata and Raphidocystis tubiferaor) or contain symbiotic al-
gae (Acanthocystis turfacea)'®**.

The question, then, is what the autofluorescent bodies in Meringosphaera
are: are they photosynthetic endosymbionts, kleptoplasts, or permanent plas-
tids? As centrohelids are a group without any known permanent plastids, Me-
ringosphaera is a particularly interesting genus to study in relation to plastid
evolution. As it has no photosynthetic ancestors, any adaptations Me-
ringosphaera may have to control or maintain its plastids would likely be
newly established. It is therefore a promising model to study the initial steps
of plastid establishment.
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Figure 7. Meringosphaera scanning electron microscopy (A), DIC (B), and
epifluorescent microscopy (C) images.

Methods

One of the challenges in studying Meringosphaera is that it is not in culture,
as has been shown to be difficult, if not currently impossible, to cultivate. The
question of whether Meringosphaera has endosymbionts, kleptoplasts, or per-
manent plastids complicates attempts at getting it into culture, as (some clades
of) Meringosphaera might require a regular supply of endosymbionts or prey
to survive.
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Therefore, for my PhD project I have been reliant on culture-free methods
to investigate this system, which all involve environmental sampling. A lot of
the samples used for Papers I, 11, and IV were provided by the Swedish Me-
teorological and Hydrological Institute (SMHI), whose research vessel travels
around the coast of Sweden every month and takes samples for us at the west
coast of Sweden at the stations A17 (58 17.07 N, 010 30.30 E), Anholt E (56
40.13 N, 012 06.83 E), and Sliaggd (58 15.59 N, 011 26.14 E). We have also
had regular access to water from the Klubban Biological station for Paper IV,
which is in very close proximity to Slaggo. Lastly, we visited the Canadian
west coast and Curacao for sampling for Paper I1.

Environmental sampling

One of the difficulties of environmental sampling, and especially environmen-
tal sampling that requires the samples to be transported across the country
(such as is the case for the samples we receive), is that there can be quite some
delay between when the samples are taken and when they can be processed.
Depending on what the samples are used for this can be critical, as not all
organisms can survive extended periods of transport. In the case of Me-
ringosphaera in particular, additional concerns include possible loss of or deg-
radation of plastids.

Other important facets of environmental sampling include sampling and
processing methods. Meringosphaera can be quite fragile, and it is morpho-
logically identifiable mostly by the presence of its distinctive undulating
spines, which easily break **°. Gentle sampling and processing methods are
therefore required, such as by collecting water with a bucket or bottle, instead
of a high-speed plankton tow, and concentrating and filtering water by gravity
filtration instead of with a vacuum- or peristaltic pump if Meringosphaera’s
morphology needs to be preserved (**; unpublished data).

The best way to process samples, however, depends on what they are pro-
cessed for. In the next paragraphs I will therefore expand on the methods that
feature most prominently in this thesis.

Single-cell genomics and transcriptomics

Without a culture, one way of obtaining genomic or transcriptomic infor-
mation is through single cell isolation followed by single-cell genomics or
single-cell transcriptomics. Advantages of single-cell methods over, for ex-
ample, metagenomics/metatranscriptomics, include the ability to specifically
isolate your organism of interest, the possibility of linking genomic data of
your organism of interest with that of potential symbionts or prey, and its suit-
ability for rare species which would not be picked up with metagenomics.
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The first step in single-cell genomics/transcriptomics is single cell isola-
tion”**7_ Single cells can be isolated by, for example, flow cytometry coupled
with cell sorting (Paper 1V), or cell picking (Paper I and II) — either by hand-
picking or with the aid of a micromanipulator. The advantages of flow cytom-
etry coupled with cell sorting is that it is high-throughput and fast, however
establishing and optimizing this method for a novel organism is difficult with-
out a culture and if samples with a high abundance of this novel organism are
unavailable or hard to obtain. In addition, it may be difficult or even impossi-
ble to select for a specific organism as there are likely many organisms present
in the environment with similar morphological properties, such as approxi-
mate size, light scattering potential, and pigmentation.

Single-cell isolation through cell picking, on the other hand, has lower
throughput and is only possibly if the target organism is morphologically iden-
tifiable. It requires a glass capillary pulled to a point, ideally with an opening
with a suitable diameter for the organism of interest. Cell picking with the aid
of a micromanipulator can be highly precise, but if one is not available hand-
picking is also possible, though will likely lead to higher contamination of the
sample. Using this method, it is possible to select for cells with specific fea-
tures, such as the presence of autofluorescent plastids in Meringosphaera.
However, this may also lead to bias.

After single-cell isolation, and ideally cleaning by several passages of the
isolated cell through 0.2um filtered seawater (FSW), generally genome am-
plification or transcriptome amplification is performed to generate more ge-
nomic/transcriptomic information for sequencing. Genome/transcriptome am-
plification is not perfect: they can be unspecific and may amplify unwanted
contaminants more than the organism of interest, they can lead to uneven cov-
erage and chimeras, and they require sufficient lysis of the cell wall and/or
membrane, and, in the case of plastids and mitochondria, additional mem-
branes as well.

After genome/transcriptome amplification, sequencing and then assembly
follows*%*7. Single-cell amplified genomes (SAGs) and transcriptomes of
protists are often very incomplete, though higher completeness is possible
through for example co-assembly of groups that are highly similar. It is there-
fore always important to keep in mind that if genes of interest are not available
in the assemblies, this does not necessarily entail that these genes are not pre-
sent in the organism of interest. Their absence may simply be a result of an
incomplete assembly. For Meringosphaera, for which no reference genome is
available nor even a genome of a closely related group, it is also difficult to
confirm what part the assembly is actually Meringosphaera, as there not much
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to compare it to. Removing contaminants without losing too much of the data
that you do want to keep is challenging.

qPCR/dPCR

Polymerase chain reaction (PCR) is a method used to amplify specific DNA
sequences using primers. In combination with agarose gel electrophoresis,
PCR can give information about the presence of a specific DNA sequence in
the environment. However, used in this way it can only provide a rough esti-
mation of the quantity of this DNA, and is therefore usually used for detection,
not quantification.

PCR method that can give quantitative information include quantitative PCR
(qPCR) and digital PCR (dPCR). Though their aims are similar, these methods
work in different ways and will therefore have different results. qPCR
measures the amplification of a target DNA sequence in real-time using a flu-
orescent dye. This DNA can then be quantified by comparing its amplification
to that of a of a set of DNA “standards” with known quantities, which are run
on the qPCR machine alongside the samples. Therefore, qPCR does not meas-
ure the actual DNA copies, and the accuracy of its results depend on the accu-
racy of the standard concentrations. dPCR, on the other hand, measure the
number of DNA copies at the end of PCR amplification, by dividing the sam-
ple into partitions and counting the presence/absence of the DNA sequence
per partition, also with the aid of a fluorescent dye. Then, the number of copies
is estimated by assuming the DNA follows a Poisson distribution across the
partitions. Although dPCR does not allow for the observation of PCR ampli-
fication in real time, it does actively count the number of DNA sequences
present in a sample, and it is not dependent on standards. It has also been found
to be a more sensitive method than gPCR**%*%°,

CARD-FISH

Catalyzed Reporter Deposition — Fluorescence in situ Hybridization (CARD-
FISH) is a fluorescence microscopy technique that uses probes targeting the
16S rRNA or 18S rRNA of an organism followed by an amplification step to
fluorescently label its environment**’. This allows us to connect sequencing
data to information about an organism’s morphology, abundance, interactions
with its environment, and possible heterotrophic or phototrophic lifestyle,
without a culture being required**’. It is therefore highly useful for uncultured
and unstudied or little-studied organisms with known 18S and/or 16S rRNA
sequences. CARD-FISH differs from FISH in that it includes an additional
amplification step: instead of using a probe with a single fluorophore attached
like in FISH, CARD-FISH uses a probe with an attached horseradish peroxi-
dase (HRP) instead, which is later used to amplify fluorescently labeled
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tyramides®*’. CARD-FISH can improve fluorescent signal up to 200-fold, and

is therefore an important tool for slow growing cells or cells with a low num-
ber of ribosomes.

CARD-FISH can also be combined with other fluorescent tracers, such as
for example those that stain vacuole contents, in order to learn more about
an organism’s interactions with other organisms®*’. It is even possible to
perform double CARD-FISH: using two different probes to target different
organisms in the same sample. This can reveal symbiotic relationships or
predator prey relationships in environmental samples. For Meringosphaera,
double CARD-FISH allowed us to target both the Meringosphaera host and
its plastids simultaneously.

Probe choice or design (if no probes are available for the organism of in-
terest) is an important part of establishing a working CARD-FISH protocol
and should be treated with consideration®*’. The 18S rRNA and 16S rRNA
include both conserved and non-conserved regions, which makes it possible
to design both broad ranged probes for large groups as well as specific probes
for a single genus, or even species. A good CARD-FISH probe targets the
group of interest while not binding to anything else, binds the 18S rRNA or
16S rRNA in an area that is available even when the rRNA is folded, and does
not form homo-dimers or hairpins. Probe testing can be difficult without a
culture, and generally requires samples with a known presence (and, ideally,
semi-high abundance) of the organism the probe targets.

Another consideration when it comes to CARD-FISH is choice of fluor-
ophores, ideally those that do not overlap too much in excitation and emis-
sion spectra with the autofluorescence of the organisms present in the target
samples. This can be difficult, however, as autofluorescence can occur in a
wide range of the light spectrum. A very useful tool to distinguish between
the fluorophore signal and autofluorescence with similar absorption and
emission, is confocal laser scanning microscopy (CLSM). Using CLSM it is
possible to tightly control excitation (by way of a laser) and emission during
the experiment.

Phylogenetic and phylogenomic analyses

Phylogenetic trees are a representation of the evolutionary relationship be-
tween different taxa, based on an alignment of their gene sequences. Phylo-
genomic trees generally combine alignment of a larger number of genes
(thereby representing the genome) in order to better resolve these relation-
ships. These approached can be used to answer different questions and are
vital for the study of evolution. For example, they can help identify novel taxa
by inferring the evolutionary relationship between these and other, known
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taxa. Placing a new sequence in a phylogenetic tree is often the best way to
find out which group it belongs it. Phylogenetic and phylogenomic approaches
can also help map the evolution of certain traits and transitions. For example,
in the case of plastid evolution, we can infer the evolutionary relationships
between several closely related taxa, some of which may have plastids and
some of which do not. If all if the plastid-containing taxa form one monophy-
letic clade, it is likely that plastids evolved once in this group. However, if the
plastid-containing taxa are more closely related to non-plastid containing taxa
than to each other, we can infer that plastids evolved several times inde-
pendently, or perhaps they evolved once but were subsequently lost in the non-
plastid containing taxa. Phylogenetic trees can also help us assess horizontal
and endosymbiotic gene transfers, by inferring the group or taxa these gene
transfers most likely originated from and at what point in their evolutionary
history they were obtained. In this thesis, we use both phylogenetic and phy-
logenomic methods not only to identify Meringosphaera and assess the rela-
tionship between different clades, but also to investigate the evolutionary his-
tory of its plastids.

Metabarcoding

One of the methods that has helped uncover a lot of unknown microbial eu-
karyotic diversity is metabarcoding®*'. With metabarcoding approaches whole
samples can be screened and typically fragments of the 18S rDNA such as the
variable V4 and V9 regions are sequenced with Illumina. As these sequences
are short, it is difficult to build resolved phylogenetic trees with them, but
nonetheless they can provide a lot of insight into novel, hidden diversity. To
better resolve the phylogeny of specific groups of interest, long read sequenc-
ing may be necessary, such as sequencing of the entire 18S rDNA, or of the
18S rDNA to 28S rDNA region with PacBio or Nanopore.

In recent years there have been many large-scale sampling projects that
included metabarcoding sequencing. Global marine cruises such as Tara
Oceans and the Malespina expedition have provided the scientific world
with a lot of sequencing data?'®***. However, one big limitation of these ex-
peditions is that they often do not take seasonality into account: every loca-
tion is sampled when it is reached and these cruises do not stay in the same
location for longer to get a seasonal impression of the diversity that is pre-
sent. It is therefore possible to over- or underestimate the presence or abun-
dance of any organism at a given expedition site. Research stations such as
Blanes and Roscoff provide the opposite: they sample one location over a
longer time period, and can therefore provide more information on season-
ality, but not so much on distribution.
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Projects such as Eukbank and metaPR2 have resolved to gather all known
metabarcoding surveys and make this data, as well as the metadata attached
to it, available and easy to use for the international scientific community®***,
It is therefore possible to search for an organism of interest in these databases,
given its sequence is known and available, to find similar sequences and relate
them to the environmental conditions they were found in, such as location,
salinity, temperature, or depth.
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Research Aims

The overarching aims of this thesis are to investigate the diversity of Me-
ringosphaera and its plastids and to assess their levels of integration to help
increase our understanding of plastid evolution.

More specifically, in Paper I we first aimed to find the source of Me-
ringosphaera’s plastids and assess their status as endosymbionts, kleptoplas-
tids, or permanent organelles. We also looked into the gene repertoire of these
plastids and whether we could find signs of genetic integration in the Me-
ringosphaera host genome.

In Paper II, we followed up on this by investigating some of the Me-
ringosphaera clades found in Paper I more closely to find hidden micro-di-
versity. We aimed to assess whether specifically clade MER-2 contained per-
manent plastids and to expand our search into the genetic integration of Me-
ringosphaera’s plastids by increasing both the taxa and genes included in our
analyses.

To gain a greater understanding of the diversity and distribution of not just
Meringosphaera but also dictyochophytes (the source of its plastids), we
looked into the Eukbank global metabarcoding dataset for Paper II1. We also
aimed to find out if we could detect signs of co-occurrence between different
Meringosphaera and dictyochophyte clades to investigate co-occurrence as a
potential prerequisite for plastid symbiosis.

Lastly, in Paper IV our aim was to investigate how to target and isolate
different Meringosphaera clades (as well as potentially other uncultured pro-
tist) from environmental samples, by establishing a dPCR-guided cell sorting
strategy. We also aimed to obtain transcriptomic data for Meringosphaera to
assess the expression of core plastid and plastid-related genes.
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Paper Summaries

Paper I: A novel kleptoplastidic symbiosis revealed in
the marine centrohelid Meringosphaera with evidence
of genetic integration

This study focused on the analysis of two identified Meringosphaera groups,
group 1 and group 2, and their dictyochophyte plastids. We also investigated
the presence of a number of core host-encoded plastid-associated genes in
Meringosphaera.

- We sequenced 15 Meringosphaera single-cell amplified genomes
(SAGs) isolated from the west coast of Sweden and phylogenetically
placed them in two groups: group 1 (containing 3 SAGs) and group 2
(containing 12 SAGs).

- We found that SAGs from both groups contained plastids sequences of
dictyochophyte (ochrophyte) origin, which were not closely related to
any known dictyochophytes. These plastid sequences formed two inde-
pendent clades, one with sequences from group 1 SAGs and one with
sequences from group 2 SAGs, showing independent acquisition. How-
ever, no matching dictyochophyte host sequences were identified, indi-
cating these were just plastids and not full endosymbionts

- We studied the seasonal dynamics of group 1 and 2 of Me-
ringosphaera and its plastids by qPCR and found that although group
1 was present only part of the year along with its plastids, the group 2
host was present all year, but its plastids were not detected in the pe-
riod of December through June.

- To investigate whether the group 2 plastids were not detected because
group 2 lacks plastids during part of the year or because they switch
plastids, we established a CARD-FISH assay and found that cells im-
aged from the period when no group 2 plastids were detected, con-
tained visible plastid chlorophyll autofluorescence, indicating plastid
switching in Meringosphaera.

- We analyzed the plastid gene repertoire of circularly assembled Me-
ringosphaera plastid genomes and found that they had reduced
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genomes compared to other dictyochophytes but nonetheless con-
tained all genes necessary for photosynthesis

In order to investigate whether core plastid-related genes were en-
coded in the Meringosphaera genomes, we co-assembled the 15
SAGs into three co-assemblies (one for group 1 and two for group 2,
separated based on 18S identity), and found that all co-assemblies en-
coded a number of plastid-associated genes, many of which also con-
tained a plastid targeting signal

We concluded from our combined results that Meringosphaera per-
formed a more integrated stage of kleptoplastidy, including a degree
of genetic integration

Paper II: Single cell genomics and fluorescence
microscopy suggest a permanent plastid in a marine
centrohelid

This study focused on more closely investigating the plastids in what was pre-
viously called Meringosphaera group 2 and their status. We investigated the
phylogenomic relationships of Meringosphaera and its plastids, the presence
of plastid signal in Meringosphaera in environmental samples through fluo-
rescence microscopy, and we looked more closely at the genetic integration
of these plastids.
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We sequenced an additional 50 SAGs from diverse geographic loca-
tions, including Sweden, Canada, and Curacao. We renamed and fur-
ther divided group 2 into clades MER-2 to MER-5 and found that all
new SAGs belonged to either MER-2 or MER-3.

We found that lack of plastid genes and chlorophyll autofluorescence
in MER-3 indicated this group may be heterotrophic, whereas MER-
2 contained five subclades (MER-2A-E) each with their own subclade
of plastids.

Phylogenomic analysis revealed perfectly mirroring host and plastid
trees for MER-2A-E indication co-evolution of host and plastid. This
suggests that MER-2 carries permanent plastids.

We found that almost all MER-2 cells imaged with our new double
CARD-FISH assay contained signs of plastid presence, further sup-
porting our permanent plastid hypothesis

We looked into the presence of several host-encoded plastid associ-
ated genes involved in core plastid metabolism pathways, plastid



import, and plastid division in nine co-assemblies spanning MER-1,
MER-3, and all MER-2A-E subclades. We found evidence of ances-
tral acquisition of a number of these genes in Meringosphaera before
the clades diverged, and therefore before plastid acquisition.

- We also found signs that several of these genes contained a plastid-
targeting signal, including a few with a potential bipartite signal found
in many algae with complex plastids

- Altogether we concluded that MER-2 contains permanently inte-
grated plastids instead of the kleptoplastids previously inferred.

Paper III: Diversity, biogeography, and co-occurrence
of Meringosphaera and Dictyochophytes

In this study, we used the Eukbank global metabarcoding dataset to investigate
the diversity and biogeography of several Meringosphaera and dictyocho-
phyte clades as well as their co-occurrence.

- Weincluded 68 Meringosphaera amplicon sequence variants (ASVs)
of the V4 region of the 18S rDNA extracted from the Eukbank data-
base into our Meringosphaera phylogeny and established a total of
nine Meringosphaera clades.

- We found that most clades contained a few more widely distributed
and abundant ASVs, but also a lot of rare ASVs. We also found that
two of the most widespread and abundant Meringosphaera ASVs
(mASV11 and mASV16) represented all Meringosphaera SAGs pre-
viously obtained for MER-2 and MER-3 respectively.

- We found that the global distribution of the most prevalent Me-
ringosphaera clades (MER-1, MER-2, MER-3, and MER-5) was sim-
ilar, whereas especially MER-4 stood out as being more prevalent at
greater depths than just in surface waters, suggesting members of this
clade may not contain plastids.

- We made an 18S rDNA phylogenetic tree of dictyochophytes includ-
ing 603 dicytochophyte ASVs from Eukbank and representing 25 dif-
ferent clades. We found that dictyochophytes were widely distributed
and were found in a broad range of temperatures.

- We tested the co-occurrence of different Meringosphaera and dicty-
ochophyte clades and found that especially MER-2, MER-3, MER-1
and MER-5 positively co-occurred with several dictyochophyte clades
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When we further tested this co-occurrence at an ASV level, we found
that that some Meringosphaera ASVs co-occurred with different dic-
tyochophyte ASVs much more strongly than others, and that positive
and negative co-occurrence differed within Meringosphaera clades.
This suggested that co-occurrence between Meringosphaera and dic-
tyochophytes is specifically found at the ASV level, and diluted at
clade level.

Paper IV: dPCR-guided sample selection, cell sorting,
and single-cell transcriptomics: a targeted approach for
studying Meringosphaera and other uncultured protists

In this study we tested a dPCR-guided sample selection and cell sorting strat-
egy for targeting specific Meringosphaera clades for single-cell transcriptom-
ics. We obtained the first Meringosphaera transcriptomes.
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We designed specific dPCR assays for MER-2, MER-3, and MER-
1A, MER-1B, and MER-1C, and used these assays to determine the
abundance of these different clades in samples collected from the west
coast of Sweden.

We found that Meringosphaera gene copies per liter differed between
clades, stations, and years, and that the most diverse samples were
from October 2023 from the stations Sliggd and A17, which showed
relatively high abundances for four out of the five clades.

Using both surface and 32 m deep samples from Klubban — in close
proximity to Sldggd — from October 2025, we set up a cell sorting
experiment to determine the best gating strategy for sorting specific
Meringosphaera clades.

Using the tested optimal gating strategy to sort 2 x 380 cells for single-
cell transcriptomics, we obtained four Meringosphaera single-cell
transcriptomes, two from MER-2 and two from MER-1A.

We found that although transcriptome completeness was low for most
cells, both plastid-encoded genes and host-encoded plastid-targeted
genes were transcribed.



Conclusions and Future Perspectives

When 1 first started my thesis, Meringosphaera had only recently been dis-
covered to be a centrohelid and there was no available genomic or tran-
scriptomic data®®®. Before the papers included in this thesis, we did not know
what the “autofluorescent” bodies in Meringosphaera might be, be it endo-
symbiont, kleptoplastids, or permanent plastids, nor did we know where they
came from. We also had no idea about its diversity or that it would turn out to
contain several different clades with different lifestyles. Now, we know that
Meringosphaera contains at least two different clades with plastids of dicty-
ochophyte origin, one of which we suggest has permanently integrated its
plastids and the other which might contain kleptoplastids or permanently in-
tegrated organelles as well. We also found a clade which seems to hetero-
trophic, which explains why historical observations of Meringosphaera did
not always include the presence of autofluorescent bodies**. Strikingly, all
three of these clades show signs historical acquisition of important plastid re-
lated genes. This indicates that ancient Meringosphaera cells, before they
even diverged into the different clades we see today, was already on its way
towards obtaining the adaptations necessary to permanently house photosyn-
thetic organelles. We also found that we have only gained access to a small
part of the full Meringosphaera diversity, and that there are many other clades
out there that may engage in various lifestyles. Some may be heterotrophic,
some may perform kleptoplastidy or engage in photosymbioses, and there may
even be more clades with permanently integrated plastids of their own.
Indeed, a recent preprint by Lopez-Escardé et al.**® includes what we have
determined to be two Meringosphaera SAGs, ICM0094 and ICM0095. By
placing host 18S rDNA and plastid 16S rDNA sequences extracted from these
SAGs in our Meringosphaera trees, we find that these two SAGs each branch
as a sister to our previously sequenced MER-1A SAGs in both host and plastid
phylogeny (Figure 8). Together, these form three mirroring clades, suggestion
potential co-evolution, similarly to what was found for MER-2. This poten-
tially means that MER-1, like MER-2, may also have permanent plastids,
though this needs to be further investigated. In addition, we have unpublished
data consisting of one SAG (CA-M15) isolated from Canada, which branches
within MER-3 as a sister to the rest of the MER-3 SAGs (Figure 8). This SAG
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also contains dictyochophyte plastid sequences, which seem highly divergent
from known dictyochophyte sequences and appear on long branches (see Fig-
ure 8). Though this needs to be further investigated, it is possible that CA-
M15 represents another Meringosphaera-dictyochophyte plastid symbiosis,
or evidence of a Meringosphaera clade preying on dictyochophytes. However,
as this is only one SAG, more data will have to be obtained before any strong
inferences can be made.

Figure 8. Meringosphaera 18S rDNA and 16S rDNA phylogenetic trees in-
cluding preliminary SAGs in bold and host and plastid sequence connected.
Meringosphaera clades with plastid sequences are colored.

These two clades, along with the Meringosphaera clades we found for which
no genomic or transcriptomic data is currently available, are exciting subjects
for further study. However, there are also other questions about Me-
ringosphaera’s plastids that currently remain answered. For example, we
found no clear sign of a protein import system for the plastids in MER-2.
Though it is possible that Meringosphaera has protein import genes that are
too divergent to have been detected with our methods, it is also possible that
Meringosphaera has a non-canonical plastid import machinery, perhaps
adapted from genes already present in the Meringosphaera host. In addition,
we currently do not have images of Meringosphaera’s plastids with high
enough resolution to be able to differentiate their membranes. We therefore
do not know how many membranes these plastids are surrounded by. This is
another important question that we should try to answer in the future.
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During the course of my PhD project, we have used, and attempted to use,
many different methods to find and study these fascinating organisms. Though
we have been able to answer many questions with these methods, it has also
become clear what their limitations are. Meringosphaera’s often rare and in-
consistent presence in environmental samples, as well as it’s fragility and short
lifespan once sampled, makes it extremely difficult to plan experiments that
require a large number of cells. The obvious holy grail to studying Me-
ringosphaera in the future would be to get it into culture, but this has proven
difficult and may not be possible with current methods. In absence of a culture,
long-term and immediate access to fresh marine water samples would make
the life of anyone wanting to study Meringosphaera much easier.

Meringosphaera represents a unique new model for plastid evolution. Not
only does it contain multiple independent and recent plastid evolutions, but
it also belongs to a group of otherwise heterotrophic predators and has no
known photosynthetic ancestry to speak of. This means that any plastid-re-
lated adaptations Meringosphaera has, it has recently and independently ob-
tained. I consider myself to be extremely fortunate to have been able to work
with this not only evolutionarily interesting, but also beautiful and charis-
matic organism. And I am incredible excited to see what the future has in
store for Meringosphaera.
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Popular Science Summary

Endosymbiosis describes a relationship between two or more organisms
where one of the organisms (they endosymbiont) lives inside the other organ-
ism (the host). Endosymbiotic relationships are present all around us and in-
clude a spectrum of beneficial to harmful associations, ranging from corals
and the small essential algae they carry inside of them, to the parasite that
causes malaria. Some endosymbionts have taken their endosymbiotic relation-
ship to its extreme and become so tightly connected with their host that the
two can no longer be considered separate organisms. Instead, they have trans-
formed into so called “organelles”, small compartments inside of their host
which perform a specific cellular function. One such organelle, the mitochon-
drion, is carried by (almost) all eukaryotes - a group of organisms which house
their DNA in a central nucleus - including not only animals and plants, but
also a wide variety of unicellular organisms. Though originally an endosym-
biotic bacterium, the mitochondrion is now an integral part of our cells, as it
generates the energy needed to perform many different functions. Another vi-
tally important organelle that evolved through endosymbiosis with bacteria is
the chloroplast, or plastid. Plastids used to be photosynthetic cyanobacteria,
microscopic organisms with the ability to produce oxygen and carbohydrates
such as sugars by converting light energy into chemical energy. By taking up
these cyanobacteria, eukaryotes such as plants but also a wide variety macro-
scopic and microscopic algae, have acquired the ability to perform photosyn-
thesis themselves. The endosymbiotic uptake of a photosynthetic organism
and subsequent transformation into a plastid has happened several different
times throughout history and it has profoundly shaped life on our planet. Yet,
despite its importance, there are still many questions that remain unanswered
about how this process works. This is mainly because the evolution of most
plastids happened such a long time ago (e.g. a billion years ago) that time has
erased most clues about the different stages of plastid integration.

One way to study plastid evolution is to investigate organisms that may
have more recently acquired a plastid or are currently in the process of doing
so. This allows us to compare what adaptations are present at which step of
endosymbiont integration.
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In this thesis, we study the plastids in the eukaryote Meringosphaera. Me-
ringosphaera is a unicellular microscopic organism that lives in the ocean and
belongs to a eukaryotic group called centrohelids. Centrohelids are generally
predators of other microbes instead of photosynthetic algae, yet Me-
ringosphaera has plastids.

In Paper I of this thesis, we investigate the origin of these plastids and
discover that two different Meringosphaera groups independently acquired
plastids from an algal group called dictyochophytes, which are related to other
algae such as diatoms and brown algae such as kelp. We also found out that
Meringosphaera has some essential plastid-related genes in its nucleus that it
has obtained from other algae through a process called horizontal gene trans-
fer. We also hypothesized that Meringosphaera obtained its plastids through
kleptoplastidy, which is a process whereby plastids are stolen from algal prey
and are maintained temporarily by their new host.

In Paper II, we put our hypothesis from Paper I to the test and instead find
that at least one group of Meringosphaera has permanently integrated its plas-
tids, and that these plastids have co-evolved with their host over long evolu-
tionary time. We also identify a plastid-lacking, predatory, group of Me-
ringosphaera. Our investigation into Meringosphaera’s genomes reveals
more horizontal gene transfers from various algae, many of which are shared
between the photosynthetic and non-photosynthetic members of Me-
ringosphaera. This means that these transfers occurred long before Me-
ringosphaera’s plastids were obtained, and therefore further strengthens the
theory that horizontal gene transfer from different algae is an early adaptation
in preparation of plastid integration.

In Paper III, we look more closely into the diversity and global distribution
of not just Meringosphaera, but also dictyochophyte algae. We hypothesize
that the reason Meringosphaera has twice over evolved plastids through en-
dosymbiosis with dictyochophytes is because they have frequent and easy ac-
cess to dictyochophytes in the environment. To test this hypothesis, we inves-
tigate whether Meringosphaera and dictyochophytes share an ecological
niche and frequently co-occur. We indeed find that different Meringosphaera
co-occur with different dictyochophytes, supporting our hypothesis that Me-
ringosphaera’s endosymbiont preference may have an ecological reason.

Finally, in Paper IV of this thesis, we develop a new strategy to target
specific Meringosphaera clades in environmental samples, in order to se-
quence them. This strategy includes a number of different methods, including
digital PCR to estimate Meringosphaera abundances in samples, cell sorting
to isolate specific Meringosphaera cells, and single-cell RNA sequencing. We
find that we are indeed able to target Meringosphaera and we obtain the first
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Meringosphaera transcriptomic (based on RNA) data. Using this, we are able
to show that Meringosphaera actively uses its plastids.

This thesis contains the first data on the origin and nature of Me-
ringosphaera’s plastids and what adaptations Meringosphaera has evolved
to maintain these plastids. Meringosphaera is diverse, containing both plas-
tid-containing and plastid-lacking groups, which allows us to compare en-
dosymbiont integration in closely related groups. Altogether we show that
Meringosphaera is an intriguing new system to use to study the evolution
of plastids.

48



Svensk sammanfattning

Endosymbios beskriver en typ av relation mellan tva eller flera organismer i
vilken en av organismerna (endosymbionten) lever inuti den andra organ-
ismen (virden). Endosymbiotiska relationer finns 6verallt omkring oss och
omfattar ett spektrum av gynnsamma till skadliga interaktioner. Allt ifran ko-
raller, med sina sma livsviktiga alger de bar inom sig, till parasiten som orsa-
kar malaria dr typer av endosymbios. Vissa endosymbionter har tagit sitt en-
dosymbiotiska forhéllande till det yttersta och blivit sa tétt integrerade med
sin vérd att de tva inte ldngre kan betraktas som separata organismer. I stillet
har de omvandlats till sa kallade ”organeller”, sma avgriansade strukturer inne
i virdcellen som utfor specifika celluldra funktioner. En sadan organell ar
mitokondrien, som finns hos (néstan) alla eukaryoter. Eukaryoter &r en grupp
av organismer vars DNA &r inneslutet i en central cellkdrna. Denna grupp om-
fattar inte bara djur och vixter utan dven en enorm mangfald av encelliga org-
anismer. Aven om mitokondrien ursprungligen var en endosymbiotisk bakte-
rie sd dr den idag en integrerad del i véra celler och den genererar energin som
behovs for att utfora alla cellens funktioner. En annan livsviktig organell som
har utvecklats genom endosymbios med bakterier dr kloroplasten eller plasti-
den. Plastider var ursprungligen fotosyntetiska cyanobakterier, mikroskopiska
organismer som kan producera syre och kolhydrater, sdsom sockerarter, ge-
nom att omvandla ljusenergi till kemisk energi. Genom att ta upp dessa cya-
nobakterier har eukaryoter sa som vixter men dven en mangfald av makro-
skopiska och mikroskopiska alger, fatt formégan att fotosynteserna. Det en-
dosymbiotiska upptaget av en fotosyntetisk organism med dess efterfoljande
omvandling till en plastid har skett flera ganger under livets historia och har
haft en enorm betydelse for livet pd var planet. Trots detta 4r manga av fra-
gorna kring denna betydelsefulla process obesvarade. Nagot som framst beror
pa att utvecklingen av de flesta plastider d4gde rum for s pass linge sedan
(exempelvis cirka en miljard &r sedan) att tiden har suddat ut majoriteten av
ledtrddarna kring plastidintegreringens olika stadier.

Ett sitt att studera plastidernas evolution &r att undersdka organismer
som antingen relativt nyligen kan ha forvérvat plastider eller som fortfa-
rande befinner sig i en pagaende rekryteringsprocess. Detta gér det mojligt
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att jamfora vilka anpassningar som forekommer i olika steg av endosym-
biontens integrering.

I denna avhandling studerar vi plastiderna hos eukaryoten Meringosphaera.
Meringosphaera &r en encellig mikroorganism som lever i havet och tillhor en
grupp av eukaryoter som kallas centrohelider. Centrohelider ar vanligtvis rovdjur
som livnér sig pa andra mikroorganismer snarare 4n att fotosyntisera som alger,
trots detta har Meringosphaera plastider.

I Artikel I av denna avhandling undersoker vi ursprunget till dessa plasti-
der och upptécker att tva olika grupper av Meringosphaera har oberoende av
varandra forvidrvat plastider fran en alggrupp som kallas dictyochophytes,
vilka &r besldktade med alger sdsom kiselalger och brunalger, exempelvis
kelp. Vi fann ocksa att Meringosphaera har ett antal viktiga plastidrelaterade
gener i sin cellkdrna som den har erhallit ifrdn andra alger genom en process
som kallas horisontell gendverforing. Dessutom foreslog vi hypotesen att
Meringosphaera forvérvade sina plastider genom kleptoplasti, en process dér
plastider stjdls fran andra alger for att tillfédlligt bibehallas och nyttjas av sin
nya vérd.

I Artikel II testar vi hypotesen fran Artikel I och finner i stillet att at-
minstone en Meringosphaera grupp har permanent integrerat sina plastider
och att dessa plastider har samutvecklats ihop med sin vird under lang evolut-
iondr tid. Vi identifierar ocksd en plastidlds, predatorisk, grupp av
Meringosphaera. Undersokning av Meringosphaeras genom avslojar ytterli-
gare horisontella gendverforingar fran olika alger, varav minga ar gemen-
samma och generna hittas bade hos de fotosyntetiska och icke-fotosyntetiska
Meringosphaera grupperna. Detta innebdr att dessa gendverforingar dgde rum
langt innan Meringosphaeras plastider forvéarvades och stirker ddrmed ytter-
ligare teorin att horisontell gendverforing frén olika alger utgdr en tidig an-
passning infor framtida plastidintegrering.

I Artikel IIT undersoker vi ingdende den globala mangfalden och utbred-
ningen hos Meringosphaera samt alggruppen dictyochophyte. Vi foreslar att
anledningen till att Meringosphaera vid tva oberoende tillfillen har utvecklat
plastider genom endosymbios med dictyochophytes ér for att den har frekvent
och latt tillgéng till dessa alger i sin livsmiljo. For att testa denna hypotes un-
dersoker vi om Meringosphaera och dictyochophytes delar samma ekologiska
nisch och om de ofta forekommer tillsammans. Vi finner att olika grupper av
Meringosphaera faktiskt forekommer med olika dictyochophytes, vilket stod-
jer hypotesen att Meringosphaeras preferens for vissa endosymbionter kan ha
en ekologisk forklaring.

Slutligen utvecklar vi i Artikel IV en ny strategi for att sekvensera speci-
fika klader av Meringosphaera ifrén miljoprover. Strategin omfattar flera
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olika metoder, inklusive digital-PCR for att uppskatta forekomsten av
Meringosphaera 1 prover, cellsortering for att isolera enskilda
Meringosphaera-celler samt RNA-sekvensering pa encellsniva. Vi visar att vi
faktiskt kan sikta in oss pa Meringosphaera och erhéller de forsta transkripto-
miska (RNA-baserade) data som finns for sldktet. Med hjdlp av denna data
visar vi dven att Meringosphaera aktivt anvander sina plastider.

Denna avhandling innehaller de forsta studierna om ursprunget och naturen
hos Meringosphaeras plastider samt de anpassningar som Meringosphaera
har utvecklat for att bibehalla dem. Meringosphaera ér en grupp med stor
mangfald som innehaller klader bade med och utan plastider, vilket gor det
mojligt att jimfora endosymbiontintegrering mellan nérbeslidktade grupper.
Sammantaget visar vi att Meringosphaera utgor ett nytt och fascinerande mo-
dellsystem for att studera plastidernas evolution.

51



Nederlandse samenvatting

Endosymbiose beschrijft een relatie tussen twee of meer organismen waarbij
één van de organismen (de endosymbiont) in het andere organisme (de
gastheer) leeft. Endosymbiose is overal om ons heen aanwezig en omvat een
spectrum van gunstige tot schadelijke relaties, zoals koraal en de kleine,
essenti€le algen die in hun cellen leven en ook ook de parasiet die malaria
veroorzaakt.

Sommige endosymbionten hebben hun endosymbiotische relatie tot het
uiterste doorgevoerd en zijn zo nauw verbonden geraakt met hun gastheer dat
de twee niet langer als verschillende organismen kunnen worden beschouwd.
Deze endosymbionten zijn veranderd in zogenaamde ‘“organellen”,
onderdelen van de cel van hun gastheer die een specifieke functie uitvoeren.
Een van deze organellen, het mitochondrion, is een onderdeel van de cellen
van (bijna) alle eukaryoten (een groep organismen die hun DNA bewaren in
een centrale celkern). Tot deze groep behoren niet alleen dieren en planten,
maar ook een grote verscheidenheid aan eencellige organismen. Hoewel het
mitochondrion oorspronkelijk een endosymbiotische bacterie was, is het
tegenwoordig een fundamenteel onderdeel van onze cellen. Het produceert
namelijk de energie die nodig is om vele verschillende functies binnen de cel
uit te voeren.

Een ander essentieel organel dat is ontstaan door endosymbiose met bacte-
rién is de chloroplast, of plastide. Plastiden waren oorspronkelijk fotosynthe-
tische cyanobacterién, oftewel microscopische organismen die zuurstof en
koolhydraten zoals suikers kunnen produceren door lichtenergie om te zetten
in chemische energie.

Eukaryoten zoals planten en algen hebben het vermogen gekregen om foto-
synthese uit te voeren door cyanobacteri€én op te nemen in hun cellen. Deze
transformatie van endosymbiont naar plastide heeft zich meerdere keren
voorgedaan in onze geschiedenis en heeft onze planeet fundamenteel
veranderd. Ondanks het belang van deze transformatie zijn er nog veel
onbeantwoorde vragen over hoe dit precies werkt. Dit komt voornamelijk
doordat de evolutie van de meeste plastiden zo lang geleden plaatsvond,
bijvoorbeeld een miljard jaar geleden, dat het moeilijk is om de verschillende
stadia van plastide-integratie te bestuderen.
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Een manier om de evolutie van plastiden te bestuderen is het onderzoeken
van organismen die mogelijk relatief recent een plastide hebben verworven of
die zich momenteel nog in dat proces bevinden. Op deze manier kunnen we
vergelijken hoe deze cellen zich aanpassen tijdens de verschillende fasen van
de integratie van een endosymbiont.

In dit proefschrift bestuderen we de plastiden van de eukaryoot
Meringosphaera. Meringosphaera is een eencellig microscopisch organisme dat
in de oceaan leeft en behoort tot een eukaryotische groep die de centroheliden
wordt genoemd. Centroheliden overleven door te jagen op andere micro-
organismen. Ze bezitten dus geen plastiden, maar Meringosphaera heeft die wel.

In Artikel I van dit proefschrift onderzoeken we de oorsprong van deze
plastiden. We ontdekken dat twee verschillende groepen van Meringosphaera
onathankelijk van elkaar plastiden hebben verworven van een algengroep
genaamd de dictyochofyten, die verwant zijn aan andere algen zoals
diatomeeén en bruinalgen zoals kelp. We ontdekken ook dat Meringosphaera
enkele essentiéle plastide gerelateerde genen in zijn celkern bezit, die het heeft
verkregen van andere algen via een proces dat horizontale genoverdracht
wordt genoemd. Daarnaast formuleerden we de hypothese dat
Meringosphaera zijn plastiden heeft verkregen via kleptoplastidie, een proces
waarbij plastiden worden gestolen van andere organismen en tijdelijk in stand
worden gehouden door hun nieuwe gastheer.

In Artikel II toetsen we de hypothese uit Artikel I, maar komen we
erachter dat ten minste één groep van Meringosphaera zijn plastiden
permanent heeft geintegreerd, en dat er co-evolutie heeft plaatsgevonden
tussen gastheer and endosymbiont. We identificeren ook een Meringosphaera
groep die geen plastiden heeft en waarschijnlijk nog jaagt op andere micro-
organismen. We onderzoeken ook het genoom van Meringosphaera en vinden
nog meer horizontale genoverdrachten die zijn verkregen van verschillende
algen. Veel van deze genen zijn niet alleen aanwezig in de Meringosphaera
groep met permanente plastiden, maar ook in de groep zonder plastiden. Dit
betekent dat deze genen zijn verkregen ruim voordat Meringosphaera zijn
plastiden kreeg. Het ondersteunt dus de theorie dat dergelijke horizontale
genoverdrachten een belangrijke aanpassing zijn in een vroeg stadium van
plastide-integratie.

In Artikel I1I bekijken we de diversiteit en wereldwijde verspreiding van
niet alleen Meringosphaera, maar ook van dictyochophyte algen. We stellen
de hypothese op dat de reden waarom Meringosphaera tweemaal
onathankelijk plastiden heeft verkregen van specifiek dictyochophyte algen is
dat ze in hun natuurlijke omgeving gemakkelijk toegang hebben tot deze
algen. Om deze hypothese te testen onderzoeken we of Meringosphaera en
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dictyochofyten dezelfde ecologische niche delen en vaak gelijktijdig op
dezelfde locatie voorkomen. We komen erachter dat verschillende groepen
van Meringosphaera in dezelfde locaties op hetzelfde moment voorkomen
met verschillende dictochophyte algen. Dit ondersteunt onze hypothese dat de
voorkeur van Meringosphaera voor bepaalde endosymbionten een
ecologische oorzaak kan hebben.

Ten slotte ontwikkelen we in Artikel IV van dit proefschrift een nieuwe
strategie om specificke groepen van Meringosphaera in milieumonsters
gericht op te sporen en te sequencen. Deze strategie omvat verschillende
methoden, waaronder digitale PCR om in te schatten hoe talrijk
Meringosphaera is in zeemonsters, celsortering om  specifieke
Meringosphaera cellen te isoleren en single-cell RNA-sequencing. We laten
zien dat we Meringosphaera gericht kunnen opsporen en we verkrijgen de
eerste transcriptomische (op RNA gebaseerde) data voor dit organisme.
Hiermee kunnen we aantonen dat Meringosphaera zijn plastiden actief
gebruikt.

Dit proefschrift bevat het eerste onderzoek naar de oorsprong en aard van
Meringosphaera’s plastiden. Meringosphaera 1is een diverse groep
microorganismen, die zowel groepen met plastiden en groepen zonder
plastiden omvat. Door Meringosphaera te bestuderen kunnen we dus de
integratie van endosymbionten in nauw verwante groepen vergelijken.
Samenvattend laten onze resultaten zien dat Meringosphaera een fascinerend
nieuw systeem is voor onderzoek naar de evolutie van plastiden.
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