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Abstract: Photosynthesis allows for the formation of biomass from inorganic carbon and therefore
greatly enhances the amount of organic material on planet Earth. Especially, oxygenic photosynthesis
removed a major bottleneck in the formation of biomass by utilising ubiquitous water (H,O) and
CO; molecules as raw materials for organic molecules. This, over billions of years, shaped the
world into the form we know today, with an oxygen-containing atmosphere, largely oxygenated
water bodies and landmasses consisting of sediment rocks. Oxygenic photosynthesis furthermore
enabled the evolution of aerobic energy metabolism, and it would be very difficult to imagine
animal (including human) life in the absence of molecular oxygen as an electron acceptor. Oxygenic
photosynthesis first, and exclusively, evolved in cyanobacteria. However, eukaryotes also learned to
photosynthesise, albeit with a trick, which is the integration of formerly free-living cyanobacteria into
the eukaryotic cell. There, the former bacteria became endosymbionts, and from these endosymbionts,
the photosynthetic organelles (termed plastids) evolved. In almost all major groups of eukaryotes,
plastid-containing members are found. At the same time, plastid-related features also indicate
that these plastids form a monophyletic group. This can be explained by the transfer of plastids
between the eukaryotic super-groups, leading to plastids being found in groups that are otherwise
non-photosynthetic. In this chapter, we discuss the evolutionary origin of plastids, with a special
emphasis on the evolution of plankton algae, such as diatoms or dinoflagellates, who acquired their
plastids from other photosynthetic eukaryotes.
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1. Origin of Photosynthesis

Photosynthesis is a process in which carbohydrates (glucose) are synthesised from
water and carbon dioxide in a redox reaction, utilising the energy from sunlight. Photosyn-
thesis is considered to be the most important biological process for the existence of life on
Earth. There are two kinds of photosynthesis: viz., oxygenic or anoxygenic photosynthesis,
of which the latter is done by anaerobic green and sulphur bacteria [1], which have photo-
synthetic pigments called bacteriochlorophylls. Instead of using water to reduce carbon
dioxide to carbohydrates, green and purple sulphur bacteria use hydrogen sulfide and no
oxygen is released. Green plants, algae and cyanobacteria are the organisms responsible
for oxygenic photosynthesis, which uses water to reduce carbon dioxide. The critical
difference between them is that molecular oxygen is generated during glucose synthesis in
oxygenic photosynthesis, whereas none is released in anoxygenic photosynthesis of the
bacteria. Oxygenic photosynthesis is most important because the production of oxygen
from photosynthesis has transformed our primitive anoxygenic atmosphere on Earth into
the oxygen-rich atmosphere of today, although this did not happen immediately [2,3]. But
supposedly this happened exactly once—in the last common ancestor of extant cyanobac-
teria, which are the only prokaryotes that perform oxygenic photosynthesis. Eukaryotes,
which emerged at 1.78-1.68 Gyr ago, are predated by these photosynthetic prokaryotes to
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2.15Gyr ago [4,5]. Geider et al. [6] proposed that 258 billion tons of carbon dioxide are
converted annually by plants and algae into biomass through photosynthesis, sustaining
virtually all life on the planet.

Scientists had thought that anoxygenic photosynthesis appeared before oxygenic
photosynthesis; they also thought that the earth’s atmosphere was devoid of oxygen
until about 2.4 to 3 Byr ago [7] (Figure 1). However, a newer study by Cardona [8]
suggests that oxygenic photosynthesis may have originated a billion years earlier, which
implies complex life had to be present earlier [8,9]. Cardona’s study examined the enzyme
called photosystem I (PSI). If the sequences of PSI enzymes involved in the two types
of photosynthesis are compared, it is easy to see that the core of the enzyme is different.
Cardona calculated how long ago the two genes diverged. He concluded that oxidative
photosynthesis first occurred possibly more than 3.4 Byr ago. Cardona postulated that
a gene duplication event led to the heterodimerisation of PSI, which occurred after the
evolution of water oxidation and was driven by the presence of oxygen. Cardona has
suggested that the evolution of Type I reaction centres is inconsistent with a hypothesis
that cyanobacteria may have acquired photosynthesis via horizontal gene transfer (HGT)
from anoxygenic photosynthetic bacteria [8] (also see [10-12]). Most plastid-encoded genes
and endosymbiont genes that have been moved to the host nucleus are cyanobacterial
in origin, likely from a heterocyst-forming one [13]. In contrast, some genes have high
similarity to homologs from Chlamydia, a pathogen. Thus, early eukaryotes possibly
contained a Chlamydia-like pathogen that transferred some genes to the host nucleus, in
addition to genes acquired from cyanobacteria (see discussion and references in [14]). In
contrast, Domman et al. [15] argue that there is no evidence for a chlamydjial partner in the
establishment of primary plastid endosymbiosis.

Replacement of green for
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Figure 1. Timing of the major events in the evolution of plastids against the geological record.

2. Origin of Plastids

In photosynthetic eukaryotes, photosynthesis, as well as other important metabolic path-
ways, take place in organelles called plastids (or chloroplasts) [16]. Plastids evolved from once
free-living photosynthetic cyanobacteria, which were engulfed by a non-photosynthetic host
(Figure 2), the so-called primary endosymbiosis. Plastid evolution, which led to the evolution of
all eukaryotic algae and land plants, has been perhaps the single most important event leading
to the diversification of life on earth [17]. Even though organelle evolution by endosymbiosis is
often described as an “event” in the context of the origin and diversification of eukaryotes, it
rather has to be seen as a continuous process in which the partners are integrated with each
other to varying degrees [18,19]. McFadden [14] has summarised these features as follows: The
host and symbiont are intimately integrated, morphologically, genetically and metabolically.
Nevertheless, the endosymbionts remain partially autonomous because they can still encode
and express a number of genes that act in concert with products from genes transferred to the
host. In this way, the hosts have greater control over their endosymbionts. This also makes the
symbiont non-autonomous, which would keep it from exiting the symbiosis and becoming
free-living again. Such a close-knit interaction would be required for selection to favour the
host-symbiont partnership over solo existences. Plastids are passed down vertically with each
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successive generation. Thus, plastids must replicate before the host cell divides. The synchrony
of the important feature of the host and the endosymbiont is critical to establish the endosym-
biont as a permanent feature of the host cell. If the endosymbionts replicate too quickly, they
could take over and possibly kill the host; if too slow, then the host might divide and form
daughter cells missing symbionts.
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Figure 2. Evolutionary processes leading to the various types of plastids. In primary endocytobiosis,
a prokaryote is taken up by a eukaryote, leading to the evolution of primary plastids. In secondary
endocytobiosis, a eukaryote with primary plastids is taken up by another eukaryote, leading to
the evolution of secondary plastids. In tertiary endocytobiosis, a eukaryote containing secondary
plastids is taken up, leading to the formation of tertiary plastids. Secondary and tertiary plastids are
collectively referred to as complex plastids. Figure drawn by Houda Ouns Maaroufi.

There are some points to thinking of organelles as distinct species in a very special
habitat [20], and it is generally not easy to draw a line between endosymbionts and or-
ganelles [19]; however, one possible criterion for the status of a host/endosymbiont system
is the state of sexual integration: if genetic recombination solely depends on the life- and
cell-cycles of the host, then the former symbiont can be seen as a cellular feature of the host,
in other words, an organelle [18].

Primary, secondary and tertiary plastids are the three types of plastids known to-
day (Figure 2). They are contained in different types of hosts, with different types of
endosymbionts, different amounts of gene transfer from the endosymbiont to the host
and different morphologies relative to the number of membranes surrounding the plastid,
which correspond to the type of endosymbiosis it represents (Figure 2).

2.1. Primary Endosymbiosis

Primary plastids evolved directly from cyanobacteria by uptake into a eukaryotic
cell (Figures 2 and 3). All known primary plastids are surrounded by two membranes,
which already puts a question mark on the origin of these membranes; cyanobacteria,
like all Gram-negative bacteria, are surrounded by two membranes, and the uptake of
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the cyanobacteria is commonly thought to have occurred by phagocytosis similar to food
uptake, which would add a third membrane to the nascent organelle. If the uptake was via
endocytosis, then one of these membranes must have been lost. The interesting question
is, of course, which of the membranes have been retained and which have been lost.
There are two components of plastids and bacteria that could answer this question: the
membrane lipids and the integral membrane proteins. With respect to lipid composition,
the outer membrane of Gram-negative bacteria is asymmetric; while the inner leaflet
consists of phospholipids, the outer leaflet in addition contains a high proportion of
lipopolysaccharides (LPS) [21]. LPS are generally not found in eukaryotes; hence, they are
also not present in the outer plastid membrane, leaving the question of the origin of this
membrane unanswered. However, with respect to membrane protein content, there is a
striking similarity between plastid outer envelopes and bacterial outer membranes, and
that is the presence of beta-barrel proteins. Membrane-spanning beta-barrel proteins only
occur in these two types of membranes, a strong sign that the outer envelope membrane
originated from the outer membrane of the bacterial ancestor of the plastid. Beta-barrel
proteins, during their insertion into the membrane, depend on the presence of pre-existing
beta-barrel proteins in the target membrane [22]. Cavalier-Smith [23] therefore has argued
that the plastid (and mitochondrial) outer membranes are distinctly inherited membranes,
which can only be synthesised in the presence of a pre-existing template of the same kind.
This would mean that it must have been the membrane of the endocytotic food vacuole
that was lost. However, it should be noted that the outer plastid membrane does interact
with the eukaryotic endomembrane system in some way, as is evident from the targeting
of nucleus-encoded proteins to the plastids via a non-canonical pathway that involves
transport through the endoplasmic reticulum [24,25]. Based on this, and on the absence of
LPS, the plastid outer membrane is best described as combining features of bacterial outer
membranes and eukaryotic endomembranes.

An important feature of cyanobacteria is the cell wall consisting of peptidoglycan,
which surrounds the cell in the bacterial periplasm (the space between the inner and outer
bacterial membranes) [21]. Primary plastids generally are not surrounded by peptidogly-
can layers, with some notable exceptions. One exception is the archaeplastidal group of
Glaucocystophyta [26], which therefore for a long time has been regarded as basal among the
Archaeplastida, but this view had to be corrected because of the identification of peptido-
glycan layers in the moss Physcomitrella patens [27], a member of the green algae and land
plant clade of Archaeplastida.

Primary plastids are present in three groups: land plants and green algae (which
contain chlorophylls a and b pigments), the red algae, which contain chlorophyll a and
phycobiliproteins, and the glaucophyte algae, which contain chlorophyll a and phyco-
biliproteins [17]. These groups of organisms, as well as their plastids, are considered to
be monophyletic. For a long time, the evolution of primary plastids has been believed
to have happened only once; however, recent studies of the cercozoan testate amoeba
Paulinella chromatophora, which was described by Lauterborn in 1895 [28], show that the
chromatophores of this organism (also termed cyanelles), might qualify for organelle sta-
tus [29] (Figure 3). These discoveries have markedly changed our knowledge of the the
evolution of plastid endosymbiosis. In Paulinella, there are photosynthetic symbionts that
resemble free-living cyanobacteria because they retain the cyanobacterial peptidoglycan
wall [30], and are not bound by a vacuolar membrane. The amount of reduction in the
chromatophore genome [31] and also the presence of protein targeting of nucleus-encoded
proteins to the chromatophore [32] show that although initially called cyanelles, the chro-
matophores are really plastids, but with a separate origin: a parallel primary endosymbiotic
event [14,29]. There are several striking similarities between the primary plastids of Archae-
plastida and the Paulinelln chromatophores; however, they must have evolved convergently,
which might point to more general mechanisms of plastid evolution. The first similarity
is that Archaeplastida, as well as the photosynthetic Paulinella species, largely lost the abil-
ity to phagocytise (with only few exceptions among Archaeplastida [33,34]). The second
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similarity between primary plastids of Archaeplastida and the Paulinella chromatophores is
their monophyly; in both cases, speciations occurred that included the organelle/former
symbiont [35,36], clearly pointing to sexual integration of the plastids/chromatophores
and to the rarity of plastid acquisition compared to speciation. A third similarity is the fact
that primary plastids of Archaeplastida and the Paulinella chromatophores are not within the
endomembrane system of the host cell but reside freely in the cytosol without the former
phagotrophic vacuole (if one was present). Also the cyanobacterial peptidoglycan layer
has been retained in Paulinella chromatophores, albeit in reduced thickness as compared
to free-living cyanobacteria. In canonical primary plastids, remnants of peptidoglycan
cell walls are only found in a few groups (Glaucocystophyta and mosses [27,37]), which
implies that the peptidoglycan layer persisted for a long time during the evolution of
primary plastids.
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Figure 3. Phylogenetic relationship of plastids and cyanobacteria. Note that the rhizarioid Paulinella
plastid sequences fall within the cyanobacteria as another primary endosymbiosis. The main primary
endosymbiosis organisms are in the clade labelled Plantae Plastids. The numbers at the nodes show
support values derived from a RAXML bootstrap analysis followed by those from a PhyML analysis.
Asterisks (*) mark 100 % Bootstrap support in both analyses. Only bootstrap values >50 % are
shown, when a node is not resolved with a method, this is denoted with dashes (--). Reprinted with
permission from Chan et al. [38].

2.2. Geologic and Atmospheric Chemistry Context of Primary Endosymbiosis

Photosynthesis has greatly influenced geochemical cycles and has contributed three
times more energy to geochemical cycles than Earth’s internal heat engine. Rosing et al. [39]
have hypothesised that the energy from photosynthesis modified Earth’s geochemical
cycles to such an extent that vast amounts of granite were produced during the earliest
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Archaean through weathering. Granite had led to the initial stabilization of the continents
on Earth. Stable continents did not form during the earliest part of Earth’s history. Rosing
et al. maintain that biological forcing of weathering and diagenetic rock alteration caused
the rise of the continents. Photosynthetic energy fixation provided the power to drive this
biological forcing.

Photosynthesis produces an ocean—atmosphere system that is not in equilibrium with
Earth’s crust, and this forces weathering of the crust. Without photosynthesis, life cannot
influence Earth’s carbon cycle in any significant way. Rosing et al. [39] suggest that evidence
for extensive bioactivity and management of the carbon cycle by life through the 3800 Myr
of the geologic record is a reflection of how far back photosynthesis can be documented
in the fossil record and how far back it influenced the formation of the continents (see
discussion and references in [39]).

2.3. Geochemical Consequences of Primary Endosymbiosis

The air and the oceans were anoxic before photosynthesis, and oxygen was toxic to
all organisms living before the evolution of free oxygen [7]. After cyanobacterial oxygenic
photosynthesis evolved, several million years passed before the oxygen-rich atmosphere of
today was stable [40]. Initially, oxygenic photosynthesis was coupled to the carbon cycle
through the burial efficiency of organic matter in the lithosphere. Then, the nitrogen cycle
was fundamentally altered, allowing ammonium to be oxidised to nitrate and subsequently
denitrified [41]. Once this was established, more complex life forms evolved.

Because photosynthesis, coupled to respiration, regulates the carbon cycle, this cycle
has had profound effects for the control of Earth’s surface temperature and the budgets
of atmospheric carbon dioxide and methane, which in turn established global temper-
atures, weather patterns and likely caused major glacial events [7]. Different forms of
primitive photosynthesis have affected climate features [7]. Bendall et al. [7] discussed that
a hybrid ecosystem of H,-based and Fe?*-based anoxygenic photoautotrophs-organisms
that perform photosynthesis without producing oxygen gives rise to a strong nonlinear
amplification of Earth’s methane (CHy) cycle and would thus have represented a critical
component of Earth’s early climate system before the advent of oxygenic photosynthesis.

Ozaki et al. [40] used a global redox balance model to investigate the impacts of
different primitive photosynthesis systems on biogeochemical cycles, which in turn affected
the early climate of Earth. They found a hybrid ecosystem with both Hy-based and Fe?*-
based anoxygenic photoautotrophs. These organisms could increase Earth’s methane (CHy)
concentration, which would increase this compound in Earth’s early climate system before
the advent of oxygenic photosynthesis. They concluded that a hybrid photosynthetic
biosphere increased the range of geochemical conditions that favoured warmer climates
well in excess of either system on its own. Their results suggest that the Earth’s early
climate was governed by many factors, most of them as yet unknown, that linked the
anoxic biosphere to H, C, and Fe cycles so that habitable areas for primitive photosynthetic
life were increased. As oxygenic photosynthetic productivity increased, it gained control of
the budgets of atmospheric carbon dioxide and, eventually, methane too. These controlled
global temperatures, weather patterns and likely caused some of the major glacial events,
when much of the Earth was covered in ice.

2.4. Genome Reduction of Symbiont, Transfer of Genes to the Nucleus and Retention of Genes in
the Plastid

The cyanobacterial endosymbiont introduced a vast amount of new genetic material
into the host. Larkum et al. [42] have suggested that hosts have apparently picked through
this new genetic material like a “bargain hunter at a trash and treasure outlet”. Some
choices were strategic acquisitions, whereas others were more unconventional [13,43].
About 100-200 genes are found in modern plastids in contrast to the several thousand
genes found in free-living cyanobacteria [43]. Although most endosymbiont genes were
lost, many genes were transferred to the host nucleus (see references in [43]) and increased
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metabolic and genetic integration of the endosymbiont and host cell. Of the many genes
lost from the symbiont genome during evolution, about ca. 1500 of the genes have been
transferred to the host nucleus by endosymbiotic gene transfer (EGT). These genes are
translated in the host cytosol, but their products (proteins) are targeted to the plastid, where
they are needed for photosynthesis and other plastid functions [43,44].

Reasons why the transfer of genes to the host nucleus were advantageous to the host
cell include (1) the endosymbionts became a pure clonal line with no opportunity for
genetic exchange, (2) those genes transferred to the host nucleus, however, became diploid
and could recombine according to host genetics, and (3) those genes transferred to the
nucleus, as a result of spatial separation, were likely protected from damage by reactive
oxygen species produced during photosynthesis [45]. How DNA is released from the
endosymbiont and then integrated into the host nucleus is unknown, but it is generally
assumed to have occurred with the rupture of the symbiont and random integration of
pieces of DNA into the host nuclei by nonhomologous ends joining into chromosome
breaks. The reverse movement of DNA from host into plastid is very rare (see discussion
and references in [14]).

Overall, the gene products of essential plastid-encoded genes that were lost from
the plastid genome had to be provided by pre-existing nuclear encoded counterparts,
which also implies that a protein-targeting system for such proteins existed [14,46]. The
existence of genomic redundancy and functional protein targeting leads to a ratchet-like
mechanism recognised by Doolittle [47], which over time leads to more and more genes
being transferred from a symbiont/organelle genome to the nucleus. This leads to the
question of what limits the gene transfer from organelle to nuclear genomes. This question
can be answered on two levels: One level is with respect to the probability of the actual gene
transfer, which mechanistically requires multiple symbionts/organelles per host cell in
order to ensure survival of the organelles in case of lysis of one organelle in the cell. In most
groups of algae, however, the number of plastids is highly regulated and synchronised with
the cell cycle, drastically reducing the number of gene transfers to the nucleus compared
to unsynchronised symbionts (the “monoplastidic bottleneck”) [48]. The other level on
which the question of what limits organelles to nucleus gene transfer can be answered is
related to the function of the gene product of the transferred gene; this can be caused by
constraints in targeting but most prominently in the requirement of redox-regulated gene
expression; genes which require tight regulation would lose the regulatory mechanisms for
their transcription and translation once they are transferred to the nucleus [45,49].

2.5. Theories for the Relationship between Host and Symbiont

In the conversion of the cyanobacterium to a plastid, either the host (outsider model)
or the endosymbiont (insider model) can drive the evolution of the plastid [50]. The
cyanobacterial forerunner of plastids probably secreted products from photosynthesis into
the cytosol of the host, which were then used for its nutrition [51]. Therefore, for the
host to survive, it was critical to maintain the fitness of the cyanobacterium. Gross and
Bhattacharya [50] propose that a nucleus-to-organelle flow of biogenetic information was
established through the progressive ability to direct nuclear-encoded proteins synthesised in
the host cytosol to specific subcellular locations within the plastid or endosymbiont; this is
the outside model. Thus, the progressive transformation of the free-living cyanobacterium
endosymbiont into an organelle means that the host nucleus must have increased control
over the function of the cyanobacterium. A discussion of some of steps needed to manage
this control can be found in Chan et al. [38].

2.6. Ecological and Diversity Consequences of Endosymbiosis

Nowack and Melkonian [52] note that endosymbiosis is an evolutionary strategy of
hosts, which were initially heterotrophic, to acquire novel biochemical functions and thus
is an important source of genetic innovation that enables the host to diversify into new
niches. Hengeveld and Fedonkin [53] suggest that evolution progresses modularly, such
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that existing processes are not changed but are used as interchangeable modules of newly
formed processes. In this manner, the process can enable the host to invade new ecological
niches and modify the original set of modular processes as needed. While a large number
of hypotheses/theories for the explanation of eukaryote evolution by endosymbiosis have
been suggested [54], it is important to test these hypotheses independent of individual
gene phylogenies, for example by considering homologies in protein import mechanisms
across the cell/organelle membrane [55].

Photosynthetic eukaryotes present an exceptional diversity of primary producers that
provide most of their biomass to the other organisms on Earth. This can also be seen in
the extensive exploitation of temporary plastid acquisition by animals and heterotrophic
protists, which also instantly provides photosynthate to an enormous range of organisms,
from protists to corals to molluscs [56,57].

2.7. Diversification of Archaeplastida and Relationship to Other Eukaryotic Groups

In the evolution of Archaeplastida from green algae to bryophytes, ferns and higher
plants, there is a progression to evolve more elaborate carbon-concentrating mechanisms
(CCM), such as the pyrenoid with its high concentration of RUBISCO [58,59] and C4 type
of photosynthesis in some land plants, to bring CO; closer to the photosynthesis reaction
centre. C4 photosynthesis replaced the CCMs in those plants that have modified their
morphology to perform C4 photosynthesis. Land plants also evolved to package and
display their photosynthetic units in a wide array of structures combined with a diversity
of mechanisms for capturing other limiting resources [60].

Members of the “green” plastid lineage are much more closely related by plastid
phylogeny and photosynthetic physiology than are the host cells, although there is a
strong phylogenetic signal for monophyly of the red + green lineages. This phylogenetic
signal is four-fold stronger when multiple rhodophytes whole genomes are included in the
phylogenetic analyses [38] By adding 60,000 novel genes from Porphyridium cruentum and
Calliarthron tuberculosum to the analyses, it has been shown that ca. 50% of the red algal
genes are shared with other eukaryotes and prokaryotes. It is most likely that these shared
genes have been introduced by EGT, and their duplication was the means for extending
their biological functions [53].

2.8. Ecological Niches and Roles of Red vs Green

One important evolutionary process that generates biodiversity is adaptive radiation,
through which a species lineage diversifies rapidly to occupy available niches within a
habitat [61]. Algae are composed of organisms with deep branches in the eukaryotic lineage
corresponding to an evolutionary time span of roughly 1.5 billion years [62]. Also, unlike
land plants, which are a monophyletic clade, algae are polyphyletic, being distributed
throughout the eukaryotic tree of life. They do not have a single common ancestor in the
traditional sense but are related through endosymbiosis that resulted in the transfer of
plastids and genes to various eukaryotic hosts and created distinct lineages of algae outside
of Archaeplastida (the phylogenetic clade to which photosynthetic eukaryotes with primary
plastids reside). Many algae are more closely related to non-photosynthetic protists than
they are to other algae [62]. The benthic red macroalgae today occupy the intertidal to
great depths, and the planktonic red microalgae are mainly oceanic in their distribution.
The green macroalgae are also intertidal but usually occur in the high intertidal and not
at depth like the red macroalgae. Green microalgae are more or less limited to coastal
near-shore environments in the modern ocean today but were the dominant member of the
phytoplankton before the Permian/Triassic extinction (see Section 3.4).

3. Secondary Endosymbiosis

Secondary plastids are bounded by more than two membranes and represent the acqui-
sition of a photosynthetic eukaryote (either a green or a red alga) by a non-photosynthetic
eukaryotic host [62-66] (Figure 2). Each of these new eukaryote cells has three to four
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membranes around the plastid, each one representing a different membrane in the endosym-
biosis ranging from the two membranes of the primary plastid and its cell membrane to
two additional membranes of the host representing its cell membrane and the phagosomal
vacuolar membrane [14] (Figures 2 and 4). There can be a reduction to three membranes
surrounding the secondary plastid, and there is normally a loss of the photosynthetic eu-
karyote nucleus [17]. Also, Melkonian [67] suggested that the outer membrane of complex
plastids was originated from an autophagosomal membrane. Gould et al. [68] hypothesised
that the outer two membranes were derived from an ER membrane. These lineages today
include the haptophytes; the stramenopiles of which the diatoms are a major component
of the marine phytoplankton; the cryptophytes; the dinoflagellates, in which the engulfed
cell was a red alga; and the euglenophytes and the chlorarachniophytes, where it was a
green algal cell (Figure 3). In the cryptophytes and the chlorarachniophytes, the photosyn-
thetic eukaryotic nucleus (of the endosymbiont) is reduced and retained as a nucleomorph
between two outer membranes surrounding the plastid [69,70]. Euglenophytes, chlorarach-
niophytes and the dinoflagellate genus Lepidodinium possess plastids that are derived from
independent endosymbiotic relationships with a green alga [71].

3.1. Diversification of Secondary Plastids

The red algal primary endosymbiosis lineage (the rhodophytes) includes many fea-
tures of the cyanobacterial pigmentation; however, the diverse set of phytoplankton whose
plastids are evolutionarily derived from the endosymbiosis of a red alga [14,17,62,63]
(Figures 2 and 4), utilizes chlorophyll ¢ and its derivatives as accessory photosynthetic
pigments [72]. Of the eight major eukaryotic phytoplankton taxa in the modern ocean, all
but euglenophytes and the chlorarchniophytes possess “red” plastids; however, these two
lineages are not very numerous in the plankton, being mostly benthic intertidal. Thus, the
red algal secondary endosymbiosis gave rise to the stramenopiles, of which the diatoms are
a major phytoplankton group; the haptophytes; the dinoflagellates; and the cryptomonads.
These groups are the major members of the modern marine microphytoplankton. The
plastid genome is a circular genome in all plastids, with most photosynthetic genes trans-
ferred to the nucleus. In the peridinin dinoflagellates, the circular genome is broken up into
minicircles of DNA containing only a few genes (see in-depth discussion and references
in [71,73]).
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Figure 4. Details of the membranes associated with the various stages of endosymbioses and
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the transfer of genetic material from the endosymbiont as well as from external organisms.
(A) primary endosymbiosis; (B) secondary endosymbiosis; (C) tertiary endosymbiosis. Reprinted
from Archibald [74] with permission.
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3.2. Discussion of Number and Timing of Secondary Endosymbiosis

A good resolution of the phylogeny of the red algal-derived plastid with chlorophyll
¢ has been difficult to obtain. This supergroup, termed Chromalveolata by Cavalier-
Smith [75], contains the alveolate (ciliates, apicomplexans, dinoflagellates) and chromist
(stramenopiles, cryptophytes, haptophytes) protist lineages. Cavalier-Smith [75] hypothe-
sised that these taxa shared a single, ancient red algal secondary endosymbiosis because
the genomic changes to convert a eukaryotic endosymbiont to a plastid were deemed
to be too complex for it to have happened more than once. Consequently, ciliates and
the basal, plastid-lacking, cryptophyte lineage Goniomonas must have secondarily lost
their plastids. The monophyly of the Chromalveolata has been repeatedly tested by many
groups with initial multigene analyses that support it, albeit weakly in the host phylogeny
(see discussion in [63]), but there are several studies that dispute its monophyly [76-78].
Whereas the chromealveolates hypothesis appears reasonable at first sight, the biggest
challenge to it comes not from molecular phylogenies but from the existence of various
heterotrophic sister groups to all the major groups of photosynthesisers that were assigned
to the group of chromealveolates, which would also imply that if the plastids resulting from
secondary endosymbiosis were monophyletic, then all the non-plastidic and heterotrophic
sister groups must have lost their plastids independently (Figure 4). The question of
chromalveolate monophyly, the branching order of its major clades, and the history of
plastid endosymbiosis in its photosynthetic members has been discussed in greater detail
recently [35,63]. Here, we would just like to highlight two lines of evidence that convinc-
ingly argue against chromealveolates monophyly: (i) Baurain et al. [76] concluded that if
the chromalveolate hypothesis were true, the phylogenetic signal in support of it should be
similarly strong across the nuclear, plastid and mitochondrial genomes. This however is
not the case, pointing to more complex scenarios involving transfers of plastids between
eukaryotic groups [76]; (ii) Strassert el al. [79] showed in molecular clock studies that the
branching between the different groups of algae in which plastids of red algal origin are
found occurred earlier than the diversification of the Archaeplastida and the formation
of red algae, which would make an endosymbiotic acquisition of a red algal plastid in a
common ancestor impossible because of the non-existence of red algae at that time in which
their later hosts diversified [79].

Taken together, it appears certain that complex plastids of red algal origin were, further
to their initial acquisition by secondary endosymbiosis, horizontally transferred between
eukaryotic phyla in higher-order endosymbioses, including serial replacements of plastids.
The exact path of all these plastids, however, remains an unresolved problem at this time.

3.3. Ancient Green Endosymbiosis

To complicate further the endosymbiosis story, there is evidence that some of the
lineages with the red algal plastid may have originally had a green plastid, viz., the diatoms,
which was later exchanged for a red algal plastid [80]. Analysis of the completed genomes
of the diatoms, Thalassiosira pseudonana and Phaeodactylum tricornutum, shows hundreds of
genes to be derived from green algae [80] (in particular prasinophytes, which are the group
of microalgae most commonly found in neritic nanoplankton). These results complicate
possible scenarios of diatom evolution because it implies that an ancestral cell contained
a green algal endosymbiont before the current red algal plastid (Figure 2). These green
algal genes coming from endosymbiotic or horizontal gene transfer serve as a footprint of
this ancient event [81]. A similar finding has now been reported for the haptophytes [80].
But to complicate matters even more, the chloroarachniophyte Bigelowiella natans contains
many green algal-derived nuclear genes as well as many red algal-derived, plastid-targeted
proteins [81]. This would suggest that both plastids co-existed for a time and that in this
microalgal lineage, the red plastid was lost and the green one retained. Similarly in the green
alga-derived plastids found in the dinoflagellate Lepidodinium chloroporum, there are nuclear
genes that encode plastid-targeted proteins from multiple different algal lineages [82].
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These data support the hypothesis that secondary endosymbioses happened more than
once and that endosymbiotic horizontal gene transfer is more common than expected.

Assuming that the chromalveolate hypothesis of a single endosymbiosis leading to all
red-algal derived plastids is true, several studies have tried to estimate the time this event
occurred in the history of Earth [80]. Bhattacharya and Medlin [83] have noted that the
early timing of these secondary endosymbiosis events (at 1 Ga, see references in [83]) does
not match the first appearance in the fossil record of the phytoplankton that are the modern
components of the red algal secondary endosymbiotic event but is obtained if fossil dates
are used from outside of the phytoplankton, e.g., the red algae. Using these fossil dates from
the phytoplankton to constrain the molecular clock for the diatoms, the haptophytes and
the dinoflagellates, Bhattacharya and Medlin [83] suggested that there was a radiation of
these groups at the P/T boundary (250 MYA). It was likely at this time that the green plastid
now predicted to have been initially present in these microalgae was replaced by a red
alga because of the adaptive advantage that the plastid type conferred on the host cell [62].
Medlin [84] also noted that the green plastid endosymbiosis in the “chromalveolate” host
lineages must be older than the red plastid endosymbiosis because there are four times
more green genes retained in the host nucleus than there are red genes [80].

Chan and Bhattacharya [85] question the advantage of independent endosymbiotic
events. They state that the least complex and therefore most parsimonious explanation for
an observation is generally to be preferred in biology. Accepting multiple endosymbiosis
events avoids a complicated explanation of organelle and gene losses to explain the random
plastid distribution among non-photosynthetic chromalveolates.

3.4. Permian/Triassic (P/T) Extinction and the Green vs. Red Switch in the Ocean

With the volcanic eruptions at the P/T boundary, ocean chemistry changed, mak-
ing Fe more abundant. Falkowski and Oliver [86] have hypothesised that this water
chemistry difference favoured the radiation of the phytoplankton, with a red algal plas-
tid replacing those cells with a green algal plastid, making the red algal plastid lineages
the dominant algal groups in the marine phytoplankton. Fe-containing cytochrome c6 is
present in the red plastid-bearing microalgae, whereas green plastid-bearing algae have
Cu-containing plastocyanin.

Trace-element chemistry is driven by hypoxic conditions, which selected for red
plastids in the nascent host cells. Green plastid lineages contain large iron, zinc and copper
quotas. Red algae (rthodophytes) and all algae with complex plastids of red algal origin (viz.,
red plastid—containing dinoflagellates, coccolithophorids and diatoms) have higher quotas
for manganese, cobalt and cadmium. These trace metal preferences resulted in a niche
partitioning between the green and red plastid lineages, with the former more successful
offshore and the latter flourishing in coastal benthic habitats with their anoxic conditions.
The genes responsible for most trace metabolism are no longer found in extant plastid
genomes but were transferred to the host-cell nuclear genome early in endosymbiosis and
are related to the redox history of the ocean [62,84,86].

3.5. Eukaryotic Nuclei Reduction and Gene Transfer

There are many theories that have tried to resolve why some organellar genes are trans-
ferred to the nucleus and others remain. Allen and Raven [87], Martin and Herrmann [44]
and others have suggested that mutation by oxygen-free radicals and Muller’s ratchet
effect of nonrecombining genomes are the most logical explanations. Core subunits of the
photosystem, cytochrome b6f, and ATP synthase complexes (atpA, atpB, petB, petD, psaA,
psaB, psbA-E, psbl) are the few genes that remain in the plastid. Their retention in the
plastids supports the CORR hypothesis of Allen [45,49]. His hypothesis suggests that core
subunits of the photosystem remain encoded in the plastid, close to the functional site of
the proteins, which allows the organism to maintain close control of the plastid’s redox
potential so that the cell can respond quickly to changes, maximize efficiency and minimize
the creation of harmful free radicals.
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3.6. Genome Evolution Consequences of Higher Order Endosymbioses

In secondary and higher order endosymbioses leading to organisms with complex
plastids, the original nucleus of the symbiont, along with the original symbiont mitochon-
dria, disappears (except for organisms that retain a nucleomorph). The transfer of nucleus-
encoded symbiont genes to the nucleus of the host cell is in principle easier than the trans-
fer of primary plastid /bacterial genes because the genes already come with features of
eukaryotic genes, including promoters and terminators. However, one particular part of
the coding sequence becomes useless (in the best case) or potentially harmful: the targeting
signal [63,88]. Upon transfer to the host nucleus, translation of the transferred gene is
initiated in the cytosol, where most targeting signals cannot be processed in the same way
as in the symbiont cell. The acquisition of a targeting signal therefore in many case leads to
rearrangements in the cellular metabolism, which may then be shuffled between cellular
compartments [63,88]. Examples of such rearrangements are the presence of a partial
glycolysis in the mitochondria of stramenopiles (including non-photosynthetic ones) [89],
the presence of an Entner Doudoroff pathway in diatom mitochondria [90], or the import
of de-novo synthesised nucleotides to the plastids of diatoms [91].

Because the loss of a symbiont gene (the second part of gene transfer between nuclei)
requires a pre-existing replacement, algae with complex plastids seem to be masters of
acquiring genes from other sources than the symbiont [88]. Accumulation of horizontally
acquired genes from other algal groups than the plastid progenitors has been observed not
only in diatoms (see above) but also in cryptophytes and chlorarachniophytes [92].

3.7. Convergent Evolution of Nucleomorph Structure in Chloroarachniophytes and Cryptophytes

Nucleomorphs are remnants of algal nuclei within the periplastidal membranes of both
cryptophyte and chloroarachniophytes plastids [93]. These plastids have four membranes,
which are the result of the endosymbiosis of a red or green algal ancestor, respectively
(Figure 2). Just as in a normal nucleus, the nucleomorph has linear chromosomes and is sur-
rounded by a nuclear envelope with pores. Their genomes are much reduced (ca.<1 Mbp},
making them the smallest nuclear genomes known. A “core set” of housekeeping genes
is present in these very compact and gene dense organelles, making up for the majority
of the encoded genes. Strikingly, there are only 17-30 plastid-associated genes, with all
others having been transferred to the host nucleus during the original endosymbiosis, or
lost. Thus, in these two plastids, gene content and genome structure are similar despite
having evolved independently, one with a red plastid and the other with a green one. In the
dinoflagellate lineages that converted a cryptophyte into a kleptoplastid, the nucleomorph
is lost [71].

3.8. Relationship of Membrane Number to Protein Targeting

About 200 proteins are encoded in the plastid, whereas a thousand or more proteins
are nuclear-encoded, of which many but not all are clearly cyanobacterial in origin [43,44].
These are needed to maintain a fully functional plastid. A dedicated protein import
apparatus moves the proteins translated on the cytoplasmic ribosomes into the plastid.
This system must be established for the endosymbiont to be completely transformed into an
organelle. Therefore the progressive transformation of the endosymbiont into an organelle
includes an increasing governance of the host nucleus over cyanobacterial functions [43,44].
In cells with complex plastids of red algal origin, the targeting signals and mechanisms are
remarkably similar between the different groups [16,94,95]. Generally, complex plastids
are part of the endomembrane system of the cell. In the case of four membrane- bound
plastids of red algal origin, the first transport step for nuclear-encoded plastids is usually
co-translational import into the endoplasmic reticulum (ER), mediated by a signal peptide
that is exchangeable with the signal peptide of other ER proteins [96,97]. The following
steps of plastid protein import require a second N-terminal targeting domain immediately
downstream of the signal peptide, which is thought to correspond to the chloroplast
transit peptide of the original symbiont [96,97]. Such targeting signals are therefore often



J. Mar. Sci. Eng. 2023, 11, 1903

13 of 21

referred to as bipartite targeting signals [94]. A special role comes to the very N-terminus
of this downstream transit peptide, in the +1 position of the signal peptide cleavage site.
The amino acid residues in this position are conserved in a way that only phenylalanine,
tryptophan, tyrosine or leucine can be found in this position in diatoms [97,98]. Similar
motifs can be found in other groups of algae with complex red algal-derived plastids as
well [95], and seem to have been inherited from the red algal plastid ancestors [37,95].

Following the co-translational insertion into the ER surrounding the plastid, the pro-
teins must exit the ER through the second membrane surrounding the complex plastid, the
periplastidial membrane, which corresponds to the cytoplasmic membrane of the former
symbiont. It has been suggested that this is accomplished by re-purposing of the ERAD sys-
tem, a system that in eukaryotic cells is responsible for the export of misfolded ER proteins
for degradation in the cytosol [99]. There is increasing evidence for the involvement of an
ERAD-derived transport machinery in protein transport to the complex plastids [100,101],
and the sharing of phylogenetically traceable components of this transport system has been
considered as support of the monophyly of the algae with complex plastids of red algal
origin by Cavalier-Smith [102]. It should be noted that the genes for the protein transport
system could also have been transferred horizontally together with the plastids via tertiary
eukaryote—eukaryote endosymbioses. This possibility, however, is declared to be highly
unlikely by Cavalier-Smith [102].

The remaining transport steps of nuclear-encoded plastid proteins en route to the four
membrane-bound plastids of red algal origin are homologous to the plastid protein import
into secondary plastids the two innermost envelope membranes contain homologues of the
Toc/Tic (translocator of the outer/inner chloroplast membrane) system [16,101].

4. Tertiary Endosymbiosis

The dinoflagellates take endosymbiosis one step further. With five types of plastids
in this group, each with its own evolutionary history, they are the winners of eukaryotic
plastid endosymbiosis (Figure 2) [73]. In several genera, they have replaced the peridinin
pigmented plastid, which is believed to be the original red algal endosymbiont and is sur-
rounded by three membranes (the middle envelope membrane is believed to have been lost
during evolution). The evolutionary origin of the peridinin plastid remains controversial,
with one theory suggesting that it was a red alga (a secondary endosymbiosis [73] but
another suggesting that it was a haptophyte, which would make it a tertiary endosymbiosis,
not a secondary one [71].

Some dinoflagellates replaced this plastid with another eukaryotic cell (Figure 2), and
the number of membranes around the plastid increased initially but in some cases decreased
during the evolution of the tertiary plastid. Sometimes this replacement is permanent, and
in others it is temporary (see 4.2), which is termed kleptoplasty. The permanent replacement
plastids (see [71] for discussion and references) are a green algal plastid in Lepidodinium
chlorophorum and Lepidodinium viride, a stramenopile plastid acquired by Kryptoperidinium
foliaceum and Durinskia baltica, and a haptophyte-derived plastid in Karenia and Karlodinium
spp. Furthermore, cryptophyte-derived plastids are temporary plastids that are continually
renewed and can be found in Dinophysis.

In the haptophyte-derived plastids of the Kareniaceae, the plastid story is additionally
complicated because the plastid is a combination of the earlier peridinin plastid (e.g., it re-
tains the poly A tail and over 200 proteins) and the newly ingested haptophyte plastid [103].
The final plastid has likely involved extensive HGT and possibly serial endosymbiosis. The
plastid donor came either from a chrysochromulinalean or a phaeocystalean cell [103].

In case of the stramenopile-derived plastids, dinoflagellates took up a diatom, forming
an endosymbiotic consortium known as a dinotom [104-106]. In these cells, the entire
diatom with its nucleus and mitochondria, minus its silica cell wall, is inside the dinoflagel-
late. Uptake of diatoms is via myzocytosis using a peduncle [105], and the endosymbiont’s
cytosol is separated from the host by a single membrane, which may be the endosymbiont’s
plasmalemma, but may also be a host derived phagosomal membrane. If it was the host’s
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phagosomal membrane, the endosymbiont could be at least partially digested, however,
almost all of the diatom’s organelles are retained. Furthermore, the myzocytotic uptake
of diatoms leaves “ghost” cells, consisting of the frustule, and possibly the diatom cell
membrane [105]. Interestingly, within the dinotoms, several new aquisitions of endosym-
bionts took place, and at least one species has a temporary kleptoplastic relationship with
its endosymbiont diatoms [105].

4.1. Theories for Relationships of Hosts and Symbionts (Symbiosis vs. Predation)

There are several different types of symbionts, which are defined based on the rela-
tionship between the two entities involved. A facultative endosymbiont retains all genes
for its own proteins, and to function, it does not need any protein import from the host cell
in which it resides. In contrast, an organelle retains only a small fraction of its original gene
set. All other required genes are transferred into the host’s nucleus [107]. The proteins of
these genes in the host nucleus are translated in the cytoplasm and then imported into the
organelle/plastid. Targeting signals and import mechanisms in envelope membranes sur-
rounding the organelle could only evolve in a long-lasting relationship, which then enables
the conversion of the symbiont. If the organelles/plastids were the result of predation by
the host, then they could not sustain their existence over such long periods of time.

4.2. Kleptoplasts as Intermediate States during Organelle Evolution

Numerous protists and metazoans have adapted functional nutritional modes in
which they gained the capacity for phototrophy-mediated carbon acquisition by retaining
organelles (plastids) by forming symbiotic associations with algae or predation followed
by organelle retention. The latter process is fundamentally distinct from endosymbiosis
because it involves the predatory capture of an alga and subsequent removal and temporary
maintenance of one or more organelles, including their plastids. The term kleptoplastidy
is sometimes used to describe the retention of a plastid from an alga, e.g., [108]; however,
in many cases the number of organelles retained, as well as their functionality, has not
been sufficiently tested to warrant a conceptual distinction. Many diverse lineages of
eukaryotes (Figure 5), including the alveolata, katablepharidophyta, rhizeria, and metazoan,
have temporarily acquired the ability to photosynthesise by endosymbiosis or organelle
retention [109]. Although true endosymbiosis is by far recognised as a superior ecological
and evolutionary process, the temporary enslavement of algal organelles imparts similar
metabolic advantages to the hosts. Because the plastids remain functional for a long time,
it has been suggested that photosynthetic sea slugs were sustaining their captured plastids,
maybe even using proteins that were produced from the alga’s genes that the sea slugs had
acquired [56,110,111].

This hypothesis is supported by the finding of plastid genes in the heterotrophic
dinoflagellate Crypthecodinium cohnii, and Sanchez-Puerta et al. [113] have suggested that
perhaps all colourless dinoflagellates may harbour undetected leucoplasts, as well as
many genes for plastid-targeted proteins, that came from the original peridinin-containing
plastid in Karlodinium micrum, a dinoflagellate with plastids derived from a secondary
endosymbiont haptophyte host [114].
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Figure 5. Diversity of algae within the general eukaryotic diversity. Many groups of algae are
more closely related to plastid-free heterotrophic relatives than to other algae with similar plastid
phylogenies. (A) is reprinted from Adl et al. [112] and annotated by the authors in (B).

5. Molecular Clocks for the Timing and Diversification of Complex Plastids

Molecular clock approaches to dating plastid endosymbiosis are similarly controversial
as the number and order of endosymbioses (Figures 1 and 2). Fossil-dated phylogenies
identify a window between 1.4 and 1.7 bya [115,116] for the last common ancestor of all
plastids, whereas a more recent date of 0.9 bya has been estimated by the use of cross-
calibrated Bayesian estimates for duplicated ATP synthase genes [117]. Unfortunately, only
the most durable parts of cells (especially mineral cell walls or their parts) are preserved
as fossils, and conclusions on the cell structure or genetics of fossil organisms are always
indirect. Furthermore, the classification of cell walls is also challenging, as can be seen by
the recent re-evaluation of the oldest diatom fossils that were previously considered diatoms
of the Triassic—Jurassic boundary (ca. 200 Ma) and the Middle Jurassic age (174-163 Ma).
These fossils turned out to not be remains of diatoms, thereby challenging the calibration
of molecular phylogenies [118]. A timeline of the major events in the origins of the plastids
is shown in Figure 1.

Most recently, dates based on fossil infochemicals, called protosterols, corroborate
these early dates for the LCA of all eukaryotes [119]. These bio-markers were detected
in deep and relatively shallow water environments, microbial mats and pelagic habitats,
shales and carbonates, as well as marine and likely lacustrine basins, with an absence of or
extreme scarcity of crown-group eukaryotes in open-water habitats. Thus, phytoplankton
first evolved in near-shore environments and later expanded into oceanic habitats [119].

Phylogenies with both plastids and cyanobacteria have placed plastids either at the
base of the cyanobacterial radiation [120] or sister to coccoid cyanobacteria [121], with
the clade containing the heterocyst-forming, nitrogen-fixing Cyanothece [122], or with
heterocyst-forming filamentous cyanobacteria [13] (Figure 4).

Dagan et al. [123] compare gene inventories and found that plastids share the most
genes with filamentous, heterocyst-forming bacteria. They argue that nitrogen fixation,
along with the alchemy or life perpetuation of photosynthesis, was an early driver for
endosymbiosis but became less important to the partnership with increasing nitrate abun-
dance [123]. An examination of the evolution of the various Rubisco proteins suggests that
the first Rubisco may have evolved in a methanogen-like bacterial ancestor, and its function
changed as it spread through the bacteria by lateral gene transfer [124]. The search for the
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closest relative to all plastids is compromised because there have been many lateral gene
transfers among cyanobacteria after the primary endosymbiosis [14].

The End-Permian mass extinction marked a major transition in ocean ecosystem
structure. Extensive anaerobic conditions were widespread during the extinction and lasted
for several million years afterwards as evidence by the large carbon-isotope excursions
and the deposition of extensive black shales in Early Triassic shelf sea settings [125,126].
What would have given the “red lineage” groups an adaptive advantage at this time to
initiate their radiation? It was most likely the change in trace metal chemistry [62]. Mass
extinctions likely provided ecological opportunities for the establishment of new clades [84].
Consequently, there must have been selective advantages for heterotrophic cells to acquire
and retain a plastid. Most plastids largely (but not exclusively) descended from red algae
and were retained by the new host cells once the oceans became oxic again. But note that
the sterol profile of the chlorophyll ¢ algae (=phytoplankton) more closely resembles that of
green algae and not red ones [119].

6. Multigene Trees Showing How Many Groups Are in Plankton

Explanations of all gain and loss of plastids in all eukaryotes is still a controversial
subject. The most widely accepted part is the origin of primary plastids via endosymbiosis
from a heterotrophic host and a cyanobacterium. The origin of secondary plastids still
yields contradictory results based on the organisms included, the type of analysis and the
number of genes in the study (see discussion in [63]). Subsequent tertiary endosymbioses
involving other free-living eukaryotes explain plastid origins in dinoflagellates lineages.
What is clear is that the dominant members of the plankton changed after the P/T extinction,
with the diatoms, dinoflagellates and coccolithophorids radiating through time to be the
dominant members of the phytoplankton today and the green algae and cyanobacteria
taking a minor role in selected niches. In the following chapters of this special issue, each
important major phytoplankton group is discussed through time and space. Other features
necessary to be a member of the phytoplankton also contribute to this special issue. This
chapter hopefully sets the stage for describing the origin and evolution of the major groups
of phytoplankton in the world’s ocean today.
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