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Abstract

:

Eukaryotic photosynthesis originated in the course of evolution as a result of the uptake of some unstored cyanobacterium and its transformation to chloroplasts by an ancestral heterotrophic eukaryotic cell. The pigment apparatus of Archaeplastida and other algal phyla that emerged later turned out to be arranged in the same way. Pigment-protein complexes of photosystem I (PS I) and photosystem II (PS II) are characterized by uniform structures, while the light-harvesting antennae have undergone a series of changes. The phycobilisome (PBS) antenna present in cyanobacteria was replaced by Chl a/b- or Chl a/c-containing pigment–protein complexes in most groups of photosynthetics. In the form of PBS or phycobiliprotein aggregates, it was inherited by members of Cyanophyta, Cryptophyta, red algae, and photosynthetic amoebae. Supramolecular organization and architectural modifications of phycobiliprotein antennae in various algal phyla in line with the endosymbiotic theory of chloroplast origin are the subject of this review.
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1. Introduction


Cyanobacteria developed oxygenic photosynthesis 2.6–2.5 billion years ago (BYA) [1]. Approximately 1.9 BYA, after endosymbiotic uptake by a hetetrotrophic eukaryotic host of a cyanobacterium, possibly related to the present primitive genus Gloeomargarita and its evolution into a plastid, the first autotrophic eukaryote arose [2,3,4,5]. This one, common photosynthetic ancestor without a definite name (one possible name—Protoarchaeplastida), which has not survived to our time after primary endosymbiosis, underwent divergence into three eukaryotic lines [6,7]. According to the phylogenomic data, first, 1.7–1.6 BYA, Glaucophyta (blue branch) was separated from the common evolutionary tree [8]; later, 100–200 MYA (million years ago), red algae, or Rhodophyta, (red branch) emerged from the remaining common evolutionary stem of red and green algae; and finally, 1.1 BYA green algae appeared [9]. These three groups of photosynthetics, collectively called Archaeplastida (Figure 1A) and referred to as Plantae have double membrane plastids and coexist in the biosphere, together with cyanobacteria, up to the present time. In the subsequent events of secondary endosymbioses, green and red microalgae gave rise to photosynthetics with four-membrane plastids (reduced to three membranes in some algae), resulting in various new algal phyla [10]. Together with the three Archaeplastida groups, there are approximately ten major algal taxa. Higher plants inherited the Archaeplastida chloroplasts from the green algae [9].



The monophyletic origin of eukaryotic photosynthetics has one exception. The plastids of a small group of amoebae that explote photosynthesis originated later than Archaeplastida from an ancestral cyanobacterium of the genus Synechococcus (Figure 1B). Apart from this fact, in the cells of some dinophytic algae, their own secondary plastids were subsequently lost and replaced by the plastids of the engulfed cryptophytic or ciliate algae. This effect has been called tertiary endosymbiosis [6,9,10]. During the repeated emergence of new groups of algae, the two photosystems, PS I and PS II, as the basis of oxygenic photosynthesis, started from cyanobacteria and remained unchanged, but the light harvesting cyanobacterial antenna represented by phycobilisomes (PBSs) underwent changes up to replacement by other antennas, Chl a/b or Chl a/c, as pigment–protein complexes [11,12].



Due to the extraordinary features of light absorption in a wide spectral range and the labile molecular architecture, PBSs or individual phycobilproteins have been preserved in red, glaucophytic, and cryptophytic algae as well as in photosynthetic amoebae. The goal of this communication is to consider the features of PBS antennae in the listed groups of photosynthetics. The purpose of this review was to summarize and consider all known cases of phycobiliprotein antennae in relation to the evolutionary origin of different groups of oxygenic photosynthetics. We also outline possible reasons why phycobiliproteins are absent in terrestrial plants and many groups of algae.




2. Phycobiliproteins and Phycobilisomes of Cyanobacteria


There are approximately 1500 known species of unicellular, filamentous, and colonial cyanobacteria which are the only prokaryotes that perform oxygenic photosynthesis. Brilliantly colored phycobiliproteins serve as antennae in the pigment apparatus of cyanobacteria, supplying absorbed light energy to PS I and PS II. These chromophorylated water-soluble proteins consist of 16–18 kDa α and 17–20 kDa β polypeptides in a 1-to-1 ratio. Such (αβ)1-heteromonomers spontaneously aggregate into (αβ)3-trimers and then into (αβ)6-hexamers [13]. Four different open-chain phycobilin chromophores, namely, phycocyano-, phycoerythro-, phycourobilin, and cryptoviolin (phycoviolobilin), covalently bind in different ratios via a thioether bond to the Cys residues in both polypeptide subunits. Each α-subunit attaches one or two chromophore groups; each β-polypeptide binds one to four tetrapyrrole chromophores, depending on the specific phycobiliprotein. Each phycobiliprotein has chromophores of one (PC, APC, C-PE) or two different varieties (R-PC, PEC, CU-PEs, and R-PE). A unique trichromatic-variety phycocyanin, R-PC V, was revealed in oceanic Synechococcus sp. WH8102 [14]. As a result, approximately 15 different phycobiliproteins have been described (Table 1).



Colorless linker proteins of about 30 kDa bind disc-shaped hexamers and trimers into cylindrical rods, and these, in turn, assemble into PBSs consisting of two main parts: the APC core and several peripheral rods of other phycobiliproteins surrounding the central core. PBSs of the vast majority of cyanobacteria are hemidiscoidal. Three morphological types have been observed: (1) with a two-cylindrical core and six fan-shaped lateral cylinders; (2) with a three-cylindrical core and six cylinders; (3) with a five-cylindrical core (three major plus two semicylinders) and eight lateral cylinders (Figure 2A–C).



Bundle-shaped PBSs of the genus Gloeobacter have a somewhat unusual architecture with only vertical lateral cylinders (Figure 2D). This morphology saves space on the membrane surface, since cyanobacteria of this genus have no thylakoids and all PBSs are located on the cytoplasmic membrane [15]. When, for some reason, altered conventional PBSs in mutant cyanobacterial cells cannot properly attach to the thylakoid membrane, the energy feeding of PS I is provided by newly synthesized small cylindrical PBSs anchored to PS I by the special CpcG2 polypeptide linker [16,17]. Some cyanobacteria, such as Calothrix sp., can vary their PC and/or PE ratio in PBS depending on the light quality. This phenomenon, realized in several variants, is known as complementary chromatic adaptation (CCA) [18].



In the PBS, absorbed solar energy is funneled from the lateral cylinders to the core and eventually to the terminal longwavelength emitters—chromophorylated ApcD and ApcF varieties of APC subunits and the ApcE (Lcm) and chromophorylated large core-membrane linker proteins located in the bottom of APC cylinders. From collectively acted terminal emitters, the energy rapidly rolls to PS I and PS II [19,20,21]. Regarding PS II, there has long been a general consensus that in the plane of the thylakoid membrane, PBSs are disposed on the outer surface of PS II dimers [22].



The situation with PS I is more complicated [23,24,25,26]. In cyanobacteria, PS I mainly forms trimers with a certain share of monomers [27,28]. In contrast to the PS II dimers [22], the surface of PS I shows a major protrusion of three hydrophilic polypeptide subunits (PsaC, PsaD, and PsaE), which extends into the cytoplasm [27,28] and prevents a tight binding of PBS to PS I trimer due to its threefold symmetry. Computer modeling demonstrated the docking of PBS to the PS I monomer only, corresponding to a realization of a highly likely energy transfer between these two pigment–protein complexes [29].



Along with the “common” PBSs and the “common” cyanobacteria, there are other species that have caught everyone’s attention.



2.1. Prochlorophyta: Chlorophyll b-Containing Cyanobacteria


Prochlorophyta, or Prochlorales, is a mixed group of cyanobacteria containing Chl a/b-proteins instead of PBS as a photosynthetic antenna. Few known Prochlorophyta members form three genera, namely, Prochlorococcus, Prochloron, and Prochlorothrix, with cells having green or greenish color. The genus Prochlorothrix is represented by two filamentous freshwater species, P. hollandica [30] and P. scandica [31]. P. didemni, the only one known species of the Prochloron genus, is an obligate symbiont of the didemnid ascidia Lissoclinum patella [32]. Various described ecotypes of the genus Prochlorococcus marinus inhabit different geographical areas of the ocean and belong to the most abundant representatives of oceanic photosynthetic picoplankton.



Light-harvesting membrane Chl a/b-binding proteins in Prochlorophyta are derived from the CP43 polypeptide of PS II and are named prochlorophyte Chl-binding (Pcb) proteins [33] or, less frequently, designated CBP [34], while the Chl a/b-containing antenna in the pigment apparatus of Viridiplantae consists of LHC-polypeptides. According to this type of antenna, Prochlorophyta have stacked regions of thylakoids (Figure 3), making them different from other cyanobacteria [35]. Pcb-proteins form in thylakoid membrane supercomplexes with both photosystems. The PS I trimers are surrounded by a single ring of Pcbs, while dimers of PS II are in contact with two or three divided by a gap Pcb arches [36]. Interestingly, cells of Prochlorococcus contain their divinyl derivatives with the same absorption properties instead of Chls a and b [37]. In addition to the presence of Chls a and b, very small amounts of Chl c variety in Pcb of P. didemnii also cannot be excluded [38].



Of all Prochlorophyta, Prochlorococcus attracts the most attention because of its prominent role in marine primary productivity and the presence of PE [39,40], in addition to its Pcb-antenna proteins. Cyanophages infecting Prochlorococcus contain genes for phycobilin-synthesizing enzymes, and these are expressed in Prochlorococcus, raising further questions of how the PE genes could have been acquired by this species [41]. Various described marine strains of Prochlorococcus belong to one of two ecotypes that are specifically adapted to either low-light or high-light conditions [42,43]. Low-light-adapted ecotypes carry a gene cluster with the cpeA and cpeB genes of PE to produce a small amount of a functional light-absorption pigment. Differences in the sequences of the α and β polypeptide chains and the revealed presence of only one phycourobilin-like attachment site on the α subunit distinguish this red pigment from the known PEs of PBS-containing cyanobacteria. However, the supramolecular organization and aggregation state of PE molecules due to their very low content in thylakoids remain unknown. According to electron micrographs of immunogold-labeled cells, PE is attached to the thylakoid membrane at its lumen side [44].



In the genome of the high-light-adapted strains, only a single and free-standing cpeB gene occurs. This gene encodes a derived form of β-PE, the function of which has remained enigmatic thus far [45]. Interestingly, degenerated forms of the α and β subunits of other cyanobacterial PEs without perturbing their folding, structural stability, and fluorescence functionality were demonstrated to be stable in vitro [46]. Correspondingly, phycobilins are known to serve as single chromophores in cyanobacteriochromes [47]. Therefore, such a degenerated form of PE could change its purpose to being a photoreceptor pigment in Prochlorococcus.




2.2. Chlorophyll d-Containing Cyanobacteria, Acaryochloris marina


Acaryochloris marina is a widespread free-living cyanobacterium that exploits special marine habitats depleted in visible solar radiation and characterized accordingly by an increased proportion of infrared penetrated light. These shady sieve site conditions fully correspond to the microlayer of seawater beneath the body surface of didemnid ascidians, where this species was first described in 1996 [48]. Since then, numerous free-living Acaryochloris strains have been reported to be distributed in various environments, including marine stromatolites, saline lake epilithic biofilms, and some special freshwaters [49].



The pigment apparatus of A. marina is characterized by the presence of Chl d, with absorption shifted to the long-wavelength spectral region compared to Chl a. Different kinds of Chls can readily be distinguished by their S0 → S1 long-wavelength absorption peak positions. This feature helps gain insight into the evolved mechanism for the realization of infrared region photosynthesis. The polypeptide compositions and aggregation states of both the PS I and PS II core complexes (dimers of PS II and monomers/trimers of PS I) of A. marina are similar to those of well studied Chl a-containing cyanobacteria, but in contrast, each photosystem uses Chl d as the main photosynthetic pigment, including the special chlorophyll pairs in both their RCs [50]. The light-harvesting antenna of A. marina is a special Pcb-protein of ca. 34 kDa incorporated by Chl d in concert with some part of Chl a, indicating that this membrane antenna is similar to the Chl a/b-protein of prochlorophytes [51]. Pcb-proteins encircle in the form of a ring the PS II dimers, but data on Pcb composition and function in PS I are currently absent. In summary, Chl d can account for ~95% of total Chls (a + d) in the contents of PS I and PS II [52].



All the known strains of Acaryochloris are free from phycobiliproteins except the first described and most extensively studied “under ascidian niche found” A. marina MBIC11017. Classic cyanobacterial PBSs in this strain are eliminated. Instead, A. marina MBIC11017 contains the rod-shaped phycobiliprotein aggregates located on the cytoplasmic side of the thylakoid membranes along with the intrinsic membrane Pcb-antenna. Each rod is composed of four phycobiliprotein hexamers equal in size to lateral rods in a typical PBS from other cyanobacteria. Rods consist of PC (αβ)6-hexamers with some admixture of pigment, whose absorption spectrum resembles that of APC. The complete chromosome sequence of A. marina demonstrates that, along with PC-related genes, only the apcB gene is present for coding the β-chain of APC, while the corresponding apcA is absent [52]. This means that very unusual (αβ)1-heteromonomers mixed from α-PC and β-APC polypeptides most likely compose the last trimer in the bottom hexamer of a cylinder adjoining the outer thylakoid membrane surface. The presence of both PC and APC, however, within one hexamer seems to be a unique feature of the phycobiliprotein aggregates in A. marina.



The architecture of native cylindrical phycobiliprotein aggregates is much less complex than that of complete PBS. However, the energy transfer to Chl d is very efficient and takes about 70 ps [53]. In isolated preparations [54,55] and in photosynthetic action spectra [56], it has been found that the biliproteins are physically attached to the PS II complexes. Comparison of the surface areas for the rounded bottom of phycobiliprotein cylinders and PS II shows that each PSII dimer can anchor one or two cylinders. Currently, it is not clear whether such an attachment needs special linker protein(s) or not. Due to the cytoplasmic surface area of the PS II dimer [22], there is enough place for the ends of two cylinders. Dimers of PS II in A. marina are paired in tetramers [50]. As a consequence, the phycobiliproteins form separate patches on the thylakoid surface that, highly probably, consist of four cylinders feeding by absorbed energy these PS II tetramers.



Complete sequencing of the Acariochloris genome showed that phycobiliprotein genes are not located in the chromosome but in large cell plasmids. This led to the conclusion that genes for PBS appear to have been previously lost in the common ancestor of Acaryochloris and some other marine cyanobacteria. A. marina MBIC11017 is the only Acaryochloris strain which is thought to have reacquired a set of the phycobiliprotein genes via HGT [57].




2.3. Chlorophyll f-Containing Cyanobacteria and Their Involvement in the Process of Photoacclimation to Far Red Light


Chl f was discovered as a minor pigment in a filamentous cyanobacterium Halomicronema hongdechloris collected from living columnar marine stromatolites [34] and has since been found in a number of other cyanobacteria, both filamentous and uni-cellular, including terrestrial species [58]. Compared to A. marina, Chl f-containing cyanobacteria can photosynthesize further into the far-red and near-infrared regions (Chl f gains enhanced absorbance by up to 800 nm) [59]. The amount of Chl f in white light is very small or absent [60], and its biosynthesis is induced only under FaRLiP (far-red light photoacclimation) conditions. In contrast to Chl d in A. marina, studies performed over the past 10 years have shown that Chl f is not part of a special pair in both RCs and functions only in a light-harvesting role in the core antennae of PS I and PS II. The precise cryo-EM data have shown that the FaRLip-PS II pigment–protein complex from Synechococcus sp. PCC 7335 binds one Chl d and four Chl f in place of several of 35 Chl a molecules present in PS II when grown in visible light [61]. Analogously, the high-resolution structure of the far-red PS I core from H. hongdechloris showed that in far-red light, it binds 83 Chl a plus 7 Chl f sassociated at the periphery of the PS I core antenna [62]. Simultaneously with these pigment replacements, several polypeptide subunits of PS I and PS II cores are remodeled using subunits paralogous to those produced in white light [61,62]. In doing so, even then Chl f constitutes only a small part (less than 10%) of the remaining predominant Chl a but expands the spectral region of solar light absorption.



The architecture of PBS from Leptolyngbia sp. strain JSC-1 exhibits an extensive response to growth in far-red light simultaneously with the stimulation of Chl f biosynthesis. The hemidiscoidal pentacylindrical PBS of this species corresponds to the one of varities of chromatic adaptation synthesizing PE in green and white light and the PC only under red light conditions. In far-red light, the PBS core diminishes to only two APC cylinders, retains PE disks in lateral cylinders while absent in red light, and produces another ApcE linker (ApcE2 instead of ApcE1) with noncovalently bound terminal phycobilin chromophor [59]. This longwavelength-shifted terminal chromophore better corresponds to effective energy transfer from PBS to Chl f-modified complexes of PS I and PS II. It has been suggested that apcE2 could be used as a marker of FARLiP adaptability in different tested species of cyanobacteria [63]. The genome of Leptolyngbya sp. JCC-1 has a 21-gene cluster that encodes paralogues of most of the core polypeptides of PS I, PS II, and PBSs; similar clusters are found in other FaRLiP-cyanobacteria [59]. All photoacclimation processes usually take approximately one day. The restructured pigment apparatus (i.e., PS I, PS II, PBS) acquires the ability to absorb at longer light wavelengths, which enables cyanobacteria to grow photoautotrophically in far-red light.



To summarize somewhat, it is stated that changes in the composition of phycobiliproteins occur differently in cyanobacteria possessing various kinds of Chl pigments. There is a complete loss of PBSs and phycobiliproteins in Chl b-containing phototrophs, a reduction from whole PBS to phycobiliprotein cylinders in Chl d-containing species, and only a partial rearrangement of the PBS core and replacement of individual phycobiliproteins in Chl f-containing cyanobacterial cells.





3. Red Algae Phycobilisomes


Red algae (Rhodophyta) are represented by six thousand species, the vast majority of which are marine macrophytes. The number of unicellular algae, including freshwater inhabitants, is small—approximately 150 representatives. Red algae are divided into two branches: Cyanidiophytina and Rhodophytina (Figure 1A). The first consists of only a dozen microalgae that live in hot sulfur springs and are the only known group of polyextremophiles among all eukaryotic organisms. The thermoacidophilic Cyanidiophytina with a single class of Cyanidiales were separated 1.4 BYA from the rest of the red algae. Together with Glaulaucophyta, they are the most ancient eukaryotic photosynthetics [11,64].



Cyanidiales inherited from cyanobacteria one of the simplest varieties of PBS—a semidiscoidal PBS with a tricylindrical core and only two types of pigments: blue PC of the lateral cylinders and light-blue APC in the PBS core. Therefore, the organisms called red algae demonstrate an unusual blue-green cyanobacterial coloration in this case. PBSs of Cyanidiales, which have many overlaps in their protein composition, chemical structure of chromophores, and general morphology with cyanobacteria (Figure 3), provide convincing evidence for the theory of chloroplast endosymbiosis. Unicellular seaweeds, such as Rhodella violacea, also contain hemidisoidal PBSs, but they already include the red PE pigment [65].



A feature of red algae is the appearance of B-PE and R-PE. Both pigments have a total of five phycobilin PEB and PUB chromophores on (αβ)1 monomers plus chromophorylated γ-subunits derived from linker polypeptides. The B-PE variety without the γ-subunit is denoted as b-PE, whereas R-PE always contains the γ-subunit. Depending on the number of chromophore groups on the γ-subunits and various combinations of the PEB and PUB chromophores, there are at least three kinds of this pigment [66].



Macrophytic red algae contain PBSs of maximum size. For their external formes, they were called hemi-ellipsoidal [67] and block-shaped [68]. Because of the apparently chaotic mutual arrangement of the lateral cylinders and the lack of strict geometry, they were inaccessible for structural studies until recently. Only in the most recent years has significant progress been made here. Using single-particle cryo-electron microscopy, details of the structure of hemilipsoidal PBS of the seaweed Porphyridium purpureum [69] and block-shaped PBS of Griffitshia pacifica [70] were investigated. The architectural features of these PBSs, due to their great complexity, can be visualized only when shown from different angles in several drawings, but due to the importance of the obtained results, they should be listed, noting the most important details.



The general structure of PBS, which has two parts, the core and lateral cylinders, remains the same as in cyanobacteria, but becomes as complex as possible. In P. purpureum the molecular mass of PBS is equal to 14.7 MDa. One PBS contains 1600 (!) phycobilin chromophores. The number of lateral cylinders increases to 14. They contain 528 PE and 72 PC, not counting linker proteins. The length of the cylinders varies, from a single PE hexamer to a series of docked hexamers. The size of the PBS core is reduced to 8 trimers of APC. Block-shaped PBSs of the G. pacifica turn were even larger. The mass of PBS reaches 18.0 MDa, and the total number of chromophores increases to 2048. The PBS consists of 862 polypeptides. Some of the lateral cylinders consist only of R-PE hexamers. Therefore, PE makes up to 90% of the phycobiliproteins in the PBS, providing colouration of macrophytes.



Numerous studies primarily performed with Cyanidiales have shown that PS II in red algae, such as in cyanobacteria, forms dimers [71], but PS I, unlike cyanobacteria, exists in thylakoid membranes only as monomers [72]. The formation of PS I trimers is prevented by an additional membrane antenna that has appeared in the red algae in the form of Chl a-containing LHC-proteins, related to the Chl a/b-containing antenna of Viridiplantae. Information on the membrane status of PS I and PS II is very important for upcoming studies on how giant PBSs realize energy transfer to the pigment–protein complexes of the photosystems.



The necessity of the cell’s expenditure for the biosynthesis of giant phycobiliproteins also correlates with the effect of reducing gene content.




4. Glaucophytic algae


Glaucophyta or Glaucocystophyta is a division of biflagellate unicellular algae consisting of one class of Glaucocystophyceae, several genera, and according to a combination of data from various sources, 26 described species. Flagella in colonial forms are reduced. The search for marine creatures is not ruled out, but all described species are apparently limited to freshwater environments, including small marsh populations. Cells have photosynthetic organelles, formerly called cyanelles and even ”living fossils” but later renamed muroplasts [73], since their origin as plastids is no longer in doubt. Muroplasts maintain several biochemical and structural features of cyanobacteria, among which the peptidoglycan layer and carboxysomes, organelle-like polyhedral bodies involved in CO2 fixation, are of particular importance [74,75]. These relic plastid substructures provide compelling evidence for the endosymbiotic theory being later independently lost in rhodoplasts and in the Viridiplantae branch of Archaeplastida. Cyanobacteria posses a 30 nm mesh of peptidoglycan (monosaccharides cross-linked by peptide chains) surrounding the plasma membrane that is involved in cell preservation and cell division. The retained vestiges of cyanobacterial peptidoglucan are located between the two membranes of glaucophyte plastid and play an important role at the start of its division (Figure 3). Carboxysomes, organelle-like polyhedral bodies, are involved in cyanobacteria in CO2 fixation. Similar to red algae, glaucophytes form storage glucan in the cytosol [76].



Cyanophora paradoxa is a single-celled nitrogen-fixing Glaucophyta member with a sequenced genome that has been used for many years as a model organism in various laboratories. Accumulated data have regularly reflected in a number of reviews [73,74,75,77,78,79]. C. paradoxa has one or two plastids with nonstacked thylakoids, as also occurs in red algae. PS II particles have been isolated from C. paradoxa thylakoids and characterized with respect to their oxygen-evolving activity, spectral characteristics, and polypeptide content [80,81,82]. In particular, the 12 kDa protein PsbU of PS II present in cyanobacteria and red algae was not detected [82]. Because many muroplast genes have been displaced by endosymbiotic gene transfer (EGT) to the nuclear genome [83], biochemical studies and comparative genomic data may not be sufficient to identify all the components and molecular structures of the PS II complex(es). Nevertheless, despite the current lack of cryo-electron microscopic data, there is no reason to doubt that PS II in glaucophyte thylakoids is organized as dimers, similar to other known photosynthetics. Glaucophyta do not contain LHC-type antennae [83], which proteins prevent by attachment to the outer surface of PS I monomers and their further aggregation in plastid membranes of the red algae. In accordance with this, it was shown that PS I in C. paradoxa consists of not only monomers [84] but also tetramers in thylakoid membranes [85]. Tetramers are highly specific and loosely organized as dimers of dimers, unlike tetramers found in some species of cyanobacteria, such as Anabaena [86].



The blue-green coloration of C. paradoxa and other known glaucophytes is due to the presence of only APC and PC in their PBSs and coincides with the coloration of the red microalgae Cyanidiales and many cyanobacteria whose cells do not contain PE. PBSs of C. paradoxa can be distinguished as rows on the cytoplasmic surface of thylakoid membranes with the assumption that PBSs are docked to PS II dimers [87]. The chromophorylated polypeptides of APC and PC and anchor Apc E proteins of PBS are encoded in C. paradoxa plastom, but uncolored linker genes due to EGT are located in the nuclear genome [74,88]. The typical rod-linker protein CpcC, involved in the formation of PC rods of cyanobacterial and red algal PBSs, has not been found in C. paradoxa. This suggests that the novel Cyanophora proteins CpcK1 and CpcK2, which harbor PC linker domains, play the role of bundling the PC hexameric disks in lateral cylinders. Phylogenetic analyses of these two rod linkers indicate that these proteins are products of gene duplications, which probably occurred only in glaucophytes [88]. Currently, the pigment apparatus needs additional investigation.




5. Photosynthetic Amoeba Paulinella


Paulinella is a genus of at least eleven ameboid species with both marine and freshwater representatives (Clade SAR) [89]. There are three photosynthetic representatives in this group of unicellular organisms, with the most studied being filose thecamoeba Paulinella chromatophora. The blue-green colored plastids of Paulinella are usually named chromatophores or cyanelles, as in glaucophytic algae. Chromatophores of evolutionary cyanobacterial origin provide photoautotrophy, unlike the closest Paulinella ameboid heterotrophic relatives that simply feed on cyanobacteria via phagocytosis [90]. The Paulinella chromatophore is monophyletic with α-cyanobacteria (the Prochlorococcus/Synechococcus cyanobacterial clade), which was engulfed by a heterotrophic ameboid and diverged to photoautotrophy from its sister species 90–140 ~MYA [91,92,93]. It is the only known case of primary endosymbiosis that evolved from a cyanobacterium other than that determined for Archaeplastida, a β-cyanobacterial ancestor.



Although the Paulinella chromatophore retains key cyanobacterial features such as a bacterial peptidoglycan cell wall, carboxysomes (cellular compartments that house ribulose-1,5-bisphosphatecarboxylase/oxygenase), and PBSs (all the listed properties are the same as in Glaucophyta), it also has morphological traits that are consistent with a photosynthetic organelle status such as its inability to survive outside of the host cell, its residence in the host cytoplasm, not being encapsulated within a vacuole, coordination of chromatophore number, and division with host cell division (i.e., two chromatophores per mature host cell). More convincing are the findings that the chromatophore genome is greatly reduced in size (~1 Mbp) and gene content (ca. 850 protein-coding genes) relative to free-living α-cyanobacteria (generally 2–5 Mbp, ca. ~3000 protein-coding genes) [94].



Because Paulinella acquired oxygenic photosynthesis independently of Archaeplastida, it represents the most valuable source for understanding early endosymbiothic events that are poorly understood [94,95]. Al genes essential for the function of PS I and PS II, the cytochrome b6/f complex, the F-type ATPase, and photosynthetic electron transport are present on the chromatophore genome. A complete set of genes for APC and PC as well as linker proteins of the PBS are also present [92]. On the slit sections of Paulinella chromatophores, interthylakoidal particles of 30 to 40 nm diameter are observed which, by analogy with the photo of cyanobacterial membranes, can be considered an image of PBSs [90]. Unfortunately, Paulinella is very difficult to grow in the laboratory, and the presence of cell-coating theca makes it difficult to use preparative biochemistry. Most of the obtained knowledge is based on genetic studies [96]. It is possible only to state that there is a pigment apparatus with PBS, the two photosystems, and typical photosynthetic reactions [97]. Concrete biochemical and biophysical data on photosynthesis to compare them with eco-morphological information and the results of genetic studies will hopefully follow in the future.




6. Cryptophyte algae


Cryptophytes, Cryptophyte algae, or Cryptomonads have biflagellate asymmetrical cells with a size not exceeding 50 μm. They inhabit fresh and marine waters and include approximately 20 genera and more than 150 species with variable morphology. Many cryptophytes are photosynthetic; mixotrophic and colorless heterotrophic species with reduced plastids are also known. These fragile microalgae, which easily lose their flagella, are the subject of regular reviews [98,99,100,101,102,103,104,105].



Cryptophytes belong to the diverse group of Chromoalveolata whose chloroplasts were inherited from an engulfed red algal cell by an unknown eukaryote and have been surrounded by four membranes (Figure 4). In cryptophytes, the reduced nucleus, or nucleomoph, with three chromosomes, which remains from secondary endosymbiosis with a red alga, is present between the two pairs of envelope membranes. This means that, including the DNA of the plastome and mitochondria, the cells contain four separate genomes.



Chl a/c containing light-harvesting complexes of Cryptophytes and other clades of Chromoalveolata are part of the family of CCA-proteins (Chl a/c-containing proteins) [106,107]. Cryptophytic algae differ from all other known chromoalveolates due to their unique complement of phycobiliproteins to Chl a/c-proteins in antennae functions. The phycobiliproteins of cryptophytes do not repeat those known for cyanobacteria and red algae, being only inherent pigments. By their coloration, pigments are summarized in red PEs and blue PCs. In any one algal species, there is one of eight (possibly nine [102]) unique for cryptophyte algae phycobiliproteins that are designated by their longwavelength absorption peak positions (in nm) as: Cr-PE545, Cr-PE555, Cr-PE566, Cr-PC569, Cr-PC577, Cr-PC612, Cr-PC630, and Cr-PC645 [98,99,102]. The color of these pigments and the shape of the absorption spectra are determined by different combinations of chromophores and can also arise from sequence differences in the polypeptide subunits [108] of each phycobiliprotein. Cr-PE545, according to the evolutionary history of Cryptophyta, is an ancestor for this branching line of piments [109].



Of the six chemically identified sorts of phycobilin chromophores found in these phycobiliproteins, phycoerythrobilin and phycocyanobilin coincide with those known for red algae and cyanobacteria; the remaining four are unique to cryptophytes [99]. Each phycobiliprotein exists in the form of polypeptide heterodimers (α1βα2β), i.e., it contains two different α-polypeptide subunits and two identical β-polypeptides with a relatively small mass of ∼60 kDa [99,102,110,111]. The α subunit evolved from a recently identified family of red algal PBS scaffolding proteins that stabilize the β polypeptides of PE in lateral cylinders of red algal PBSs [112]. The β subunit descended directly from a red algal PE β subunit [113].



The α polypeptides have one chromophore each, the β polypeptide includes three phycobilin chromophores, and in total, the dimer contains eight chromophore groups. The β subunits are encoded in the plastid genome, but α1 and α2 are encoded by the cell nucleus and are transported from the cytoplasm through four outer membranes and the inner thylakoid membrane inside the chloroplast, where they assemble into dimers. With only two genes for the β subunit [114], repeated duplication resulted in a large family of α subunits including up to 20 genes, although any two of them are preferentially expressed at each moment depending on the light conditions [115]. The biosynthesis of subunits is under strong genetic control. Insertion of a single aspartic acid residue of α subunits in Cr-PC612 of Hemiselmis virescens results in distinct quaternary conformations of the (α1βα2β)-dimer [116]. In contrast to PBSs, the heterodimers are not localized on the stromal surface of the thylakoid membrane but occupy the entire space of the lumen and are most likely assembled into cylindrical structures oriented perpendicularly to the thylakoid membrane [110,117]. To date, all attempts to obtain in vitro phycobiliprotein macrostructures larger than the heterodimers to resolve their assembly have failed [111].



The isolation of thylakoid membrane fragments followed by cryo-EM microscopy demonstrated that antennal Chl a/c-proteins are connected in thylakoids with the PS I monomers and PS II dimers [118,119]. Studies of energy transfer pathways from the phycobiliproteins to PS I and PS II by steady-state and time-resolved fluorescence measurements and some other techniques made in several years with different algae demonstrated that phycobiliproteins are primarily responsible for funneling energy to PS II [120,121,122]. The absence of an energy transfer pathway from the phycobiliproteins to PS I in cryptophytes would not correlate with the corresponding data obtained for PBSs of cyanobacteria and red algae. In some other studies it was postulated that phycobiliproteins sensitize both PS II and PS I [123,124]. Several factors did not allow us to draw the definite conclusions about the possible association between phycobiliproteins and photosystems. In our opinion, the data obtained using the photosynthetic action spectra of the two photosystems are the most convincing [125,126]. An advantage of this method over the others is that the shape of the action spectrum containing all pigment bands of each photosystem repeats the spectrum of its absorption in vivo and is not influenced by the presence of the other photosystem [126]. Cr-PE545 from Rhodomonas lens is responsible for funneling energy to PS II only [125,126]. These differences in the presented data should not be confusing since it is known that in cryptophyte cells, the phycobiliprotein content strongly depends on the light conditions of their growth and other factors. Corresponding estimates of the direction and rate of energy transfer may vary. Obviously, additional experiments and measurements are needed here.



In addition to ambiguities with phycobiliprotein involvement in energy transfer, the presence of those or other Chls c in cryptophyte algae also requires clarification. Several pigments of the Chl c family are known: Chl c1, Chl c2, Chl c3, etc. Chl a/c-proteins in Cryptophyta are believed to contain Chl c2. This view relies largely on Jeffrey’s original work, performed in 1976, where Chl c2 was found in nine different species of cryptophyte algae [127]. Apparently, Chl c2 is indeed the predominant pigment in various Cryptophyta species. However, when the Chl c composition was analyzed in two cryptophyte algae, Rhodomonas maculata Butcher and Chroomonas sp. Hansgirg, Chl c2 was detected only in the former, while the latter contained Chl c1. In addition, the other pigment of this group, MgDVP (Mg-2,4-divynylpheoporphyrin a5 monomethylester), was identified in both algae in minor amounts [128]. Obviously, the situation with Chl c is not so simple, and the composition of Chl c should be determined separately for each species. Of particular interest is the presence of Mg-DVP as a part of a Chl (a/b/Mg-DVP) light-harvesting protein in Prochloron sp. [129].



One can conclude that the phycobiliprotein part of the cryptophyte pigment apparatus differs greatly from cyanobacteria and other compared algae in the absence of PBS, the nonformation of aggregates larger than dimers in solution, the anchoring to the lumenal side of the inner thylakoid membrane, the large number of different phycobilins, the diversity of phycobiliproteins themselves, and, highly likely, the absence of interaction with PS I. All these features have yet to be elucidated.




7. Tertiary Endosymbioses Involving Cryptophyte algae


Endosymbiosis is a very efficient evolutionary strategy that greatly increases the diversity of microalgae. This phenomenon is not limited to primary and secondary endosymbioses, but extends to tertiary endosymbiosis, primary serial symbiosis, and kleptoplastia demonstrating distinct levels of host–endosymbiont integration (see [5,6,10,130,131]. The case of tertiary endosymbiosis seems to be the most significant in terms of the changed pigment apparatus and its direct involvement in photosynthesis. This is the event when a unicellular alga lacked inherited plastids after secondary endosymbiosis and reacquired them from the ingested microalgae of other groups.



Tertiary endosymbiosis was revealed for a number of dinoflagellate species [132]. Dinoflagellates (alternative names: Dinophyta, Pyridenea, Pyrrophyta) include approximately 2500 modern members belonging to the superclade Alveolata. These shell-covered flagellates have fantastic trophic capabilities. Approximately half of all species are photoautotrophic using secondary plastids of red algal origin. There are also colorless heterotrophs that lack plastids. Many predatory dinoflagellates practice kleptoplastia—the temporary preservation of “stolen” plastids of microalgae chloroplasts, which they feed on. Mixotrophy, i.e., a combination of phototrophic and heterotrophic metabolism, is also widespread [133].



Dinoflagellates have only three membranes surrounding their plastids due to the reduction of the outer fourth membrane, which is considered a progressive feature facilitating the transmembrane transport of proteins and assimilates. Chromoplast thylakoids in stacks of three, containing the Chl a/c-protein and peridinin as the main pigment, are regarded as the original dinophyte plastids [6]. The propensity for plastid loss and replacement was demonstrated for various dinoflagellate species. Diatom-like, haptophyte-like, prasinophyte-like, and cryptophyte-like plastids were demonstrated in dinophyte species (summarized in [134]).



We focus on tertiary plastid endosymbiosis with a cryptophytes origin found in Dinophysis genus (Figure 4). Phycobiliproteins are not a native group of antennae for Dinoflagellates, but it has been demonstrated that the absorption and fluorescence spectral characteristics of three Dinophysis species indicate their presence [135]. The presence of phycobiliproteins has been confirmed by immunogold phycoerythrin localization in chloroplasts [136]. The chloroplasts greatly resemble cryptophycean chloroplasts having paired thylakoids and electron-dense material inside the thylakoid lumen. They are bound by only two membranes [137]. This reduction of the plastid membranes from four known for cryptophytes and from three in the original Dinophysis plastids suggests that the plastid of Dinophysis is a long-established and permanent acquisition from cryptophyte algae [137]. Taken together, these observations argue for a long-standing plastid replacement in Dinophysis and functioning of the phycobiliprotein antenna in the pigment apparatus of this genus.




8. Advantages and Disadvantages of the Phycobiliprotein Antennae and Loss of PBS


The pigment apparatus of various oxygenic photosynthetics is arranged uniformly, having two main parts: PS II and PS I. Pigment–protein complexes of PS II and PS I consist of RCs and their own, or core, antennae where Chl a is used. There are 36 (or 35) and 96 (or 95) molecules of core Chl a per RC in PS II and PS I, respectively. The high rate of sunlight absorption and charge separation in the RCs indicates that much more energy can be typically utilized per unit time. An additional antenna provides energy to each of the RCs from several tens and hundreds of new pigment molecules, removing the light limit of photosynthesis. Compared to the possible strategy of increasing the number of RCs per photosynthetic cell, the additional antenna saves the energy resources used to maintain photosynthesis. PS I and PS II complexes, with the exception of some minor differences, are conservative structures, whereas antennae are characterized by diversity. Antennae fall into two categories based on their molecular properties: water-soluble phycobiliproteins and membrane-bound Chl a/b- and Chl a/c-containing pigment–protein complexes [24,138,139].



8.1. Functional Advantages of PBS over Other Antennae


Light-harvesting antennae perform three main functions: (1) an increase in light gathering, primarily in spectral regions where the absorption capacities of Chl a are insufficient; (2) the transfer of absorbed energy to photoactive complexes of the two photosystems; and (3) the optimization of light gathering under possible changes in intensity and spectral conditions. The efficiency of interchromophore migration within an antenna and from the antenna as a whole to PS I and PS II complexes is particularly high, reaching 95–98% in all antenna types [140]. Different light-harvesting complexes, using the same mechanisms of energy transfers, have reached an optimum of functioning independently of each other [140,141].



The advantage of PBSs over other antennae is the better light absorption in the middle region of the visible spectrum, in the so-called “green window” of Chl a absorption. Chls b and c within Chl a/b and Chl a/c pigment–protein complexes have insignificant shortwavelength shifts relative to Chl a absorption and do not possess such properties. The presence of carotenoids in Chl a/b- and Chl a/c-proteins that absorb light at 450–500 nm only partially compensates for this deficiency.



Due to various phycobilin chromophores and their multiple compositions in the phycobiliproteins with a diversification of light, capturing this type of antenna is incredibly diverse. The maximum spectral range of absorption is clearly in favor of the phycobilisome antennae. Indeed, cyanobacteria are adapted to a wider spectral light range than any other oxygenic photosynthetics. Red algae are better adapted than other algae to the spectral composition of light penetrating into the water throughout the photic zone of the ocean, from the shallows to the lower water layers, and due to the presence of R-Pes, they remain the only photosynthetics at the greatest depths at all [142]. Comparing PBSs having sets of several different phycobiliproteins with various phycobilins and Chl a/b or Chl a/c-containing antennae carrying only one different from the Chl a pigment, the membrane antennae in principle cannot have adequate properties [24]. Therefore, PBSs are the antennae optimal in terms of their spectral phylogenetic adaptation capabilities. The diversity of PBSs and their spectral benefits allow this antenna to adapt to any possible photosynthetic light niche.




8.2. Disadvantages of PBS Antennae


The reasons for replacing PBS by membrane antennae should be sought in the selective factors of energy expenditures for the maintenance of the photosynthetic apparatus. The energy loss in any antenna is inversely proportional to the number of migration acts, which is one of the reasons why the antenna cannot grow indefinitely. Excessive antenna sizes also have another danger—concentration quenching of excitation, since any defective pigment molecule can become the center of energy dissipation into heat with the interruption of delivery to RC. There is thus a contradiction between the requirements for maximum light gathering and the compactness of the antenna.



In this respect, an important negative difference from Chl a/b- and Chl a/c-proteins is the low relative content of chromophore groups in phycobiliproteins. The most abundant of them (APC, PCs, and PEs) have one phycobilin chromophore per 160, 110, and 70 amino acid residues, respectively. In the membranous LHC proteins of higher plants, 14 Chl a and b molecules account for a total of 250 amino acid residues. Thus, the content of phycobilin chromophores per unit of polypeptide mass remains 4–9 times lower than that of Chl a/b- and Chl a/c-proteins due to covalent and noncovalent binding to the apoprotein, respectively [13]. PBS proteins account for up to 60% of the water-soluble protein or up to 20% of the total dry mass of cyanobacterial cells [12,141].



The noncovalent incorporation of Chl molecules into the amino acid microenvironments of the apoprotein creates more “pockets” for chromophore placement than the covalent binding of Cys residues and phycobilins. In addition, a separate group of lyases is required to covalently link phycobilin chromophores to the apoprotein, and as a result, several dozen genes are required for PBS self-assembly [142,143]. At the same time, the noncovalent bonding of Chl molecules to LHC polypeptides occurs autocatalytically, without the participation of additional enzymes [144,145]. These factors increase the energy consumption of PBS, while according to calculations [146,147], a photoautotrophic cell can spend no more than 1/3 of the energy received from the photosynthetic apparatus for its maintenance.



Why has such a covalent bond been preserved in the course of evolution? Unlike the planar molecules of chlorophylls and porphyrins, phycobilins are compounds with easily flexible geometry. The shape of the phycobilin molecule can change from being cyclic porphyrin-like through to pseudocyclic to being a fully elongated one. For free phycobilins in solution, the pseudocyclic form is energetically advantageous. In native apoproteins, a linear configuration of bilin chromophores is maintained due to the thioether bond, which is necessary to increase the extinction coefficient in the visible spectral region [145]. For example, due to geometrical changes, the extinction coefficient in the red absorption band of apoprotein-bound phycocyanobilin increases 2–3 times compared to free pigment in solution, namely, from 35 mM−1 cm−1 to 75–120 mM−1 cm−1, becoming larger than that of Chl a (64 mM−1 cm−1 in vivo). Other than covalent bonding, features of the PBS-based pigment apparatus may also have been unacceptable for the evolution of photosynthesis. With few exceptions [148], cyanobacterial and red algal cells contain a single type of PBS, which does not allow for separate regulation of the antennae belonging to PS I or PS II. In contrast, the LHC polypeptides belonging to PS I and PS II are different in their majority. Separate regulation of the antenna sizes creates conditions for a more economical balancing of light absorption by PS I and PS II.




8.3. Role of Cell Wall Formation


An important factor in the disappearance of PBS was the formation of the plant cell wall. Oxygenic photosynthesis is inextricably linked to the photodissociation of water. Together with dissolved minerals, water became an unrestricted source of existence, as a consequence of which plant motility decreased and was gradually lost. The attachment to the substrate required the strengthening of the plant thallus and simultaneously increased the vulnerability in relation to the consumers. The resulting need for protection created a natural tendency for the emergence of the cell wall. Therefore, the formation of eukaryotic photosynthesis in numerous groups of algae proceeded in parallel with the development of the cell wall. The evolutionary landfall of plants completed this trend. The peptidoglycan layer surrounding the cyanobacterial cell is only a partial alternative.



It is believed that approximately 1 billion years have passed since the appearance of the primary cell wall [149]. In various plant phyla, cell walls share a common evolutionary origin. Comparative biochemical analysis shows a constant complication of the wall in parallel with the appearance of numerous groups of algae [150]. The wall may be absent if unicellular algae retain motility, but it is an indispensable attribute of all green algae and higher plants [149]. Starting with mosses, the wall has become more complex, dividing into primary and secondary walls; the cellulose wall of flowering plants has the most complex molecular architecture, with up to 2500 genes controlling its creation and functioning [151], which is much more than the number of genes involved in the composition of the photosynthetic apparatus.



The qualitative consideration above shows that if significant energy expenditures of a photosynthetic microorganism are associated with cellulose biosynthesis, the preservation of the PBS is unprofitable. The second essential factor causing the transformation of the antenna is associated with the PS I/PS II ratio in chloroplasts. Eukaryotes require more CO2 assimilation than cyanobacteria to build the cell wall, and therefore, chloroplasts actively export synthesized carbohydrates to the cytoplasm. The slime polysaccharides, pectins, and the thin cell envelope which constitute the protection of cyanobacteria contain a much lower proportion of carbon than cellulose as the basis of the eukaryotic cell wall. The standard ratio of PS I to PS II in cyanobacteria and red algae is 3:1. In this case, due to the increased part of cyclic electron transport in PS I, active photophosphorylation can proceed without autotrophic carbon dioxide fixation. The ratio of two photosystems in plant chloroplasts is 1:1, indicating that the pigment apparatus underwent stoichiometric changes adequate to the increasing demand for CO2, as the changed ratio of PS I to PS II is due to the enlargement of linear electron transport between them. An increase in the PS II fraction in chloroplasts is reflected in the appearance of thylakoid granules, and the presence of the Chl a/b-protein promotes their formation and the compacted arrangement of photosynthetic membranes in the chloroplast [24,138,139].



Cyanobacteria and plastids of glaucophytic and red algae have no staked grana regions because PBS is a very bulky antenna (for comparison, hemidiscoidal PBSs are 2–3 times larger than ribosomes). Located on the outer surface of inner thylakoid membranes, PBSs fill the interthylakoid space. Scanning electron microscopy indicates that PBSs on the thylakoid surface are arranged practically without gaps and, under optimal conditions for photosynthesis, occupy the entire surface of the thylakoid membrane [110,129]. The formation of thylakoid granes is required to increase the PS II content and change the ratio with PS I to 1:1, and the corresponding increase in the number of PBSs bound to the PS II dimers becomes incompatible.





9. Conclusions


The optimality principle in biology implies the consideration of evolutionary factors in their totality [152]. PBSs are preserved as antennae if their functional advantages prevail over the existing disadvantages. The reason for the replacement of PBSs in the course of evolution should be sought jointly in the optimization of the cell’s energy expenditure, in the complication of the thylakoid system of chloroplasts, and in the growing demand for carbon dioxide required for cellulose biosynthesis. Of the 30 × 109 tons of carbon assimilated annually in the form of CO2 by higher plants, cellulose accounts for approximately one third [150]. While CO2 fixation enzymes constitute a significant part of the cell protein, the cellular costs of maintaining the photoautotrophic metabolism conflict with the costs of maintaining the pigment photosynthetic apparatus.



The conservation of phycobiliproteins in unicellular eukaryotes correlates with their motility and the underdevelopment of the wall. Indeed, glaucophytes are unicellular algae equipped with flagella. Cryptophytic algae also have flagella. The marine macrophyte red algae are attached to the substrate, but in many of them, the need to strengthen the thallus is achieved by calcification. Due to the weak development of cellulose, the size of red algae is limited to a few tens of centimeters, while thalloms of, for example, brown algae can reach tens of meters [142].



The replacement of PBS by more compact chlorophyll a/b- and chlorophyll a/c-proteins was the evolutionary path that photosynthetic organisms took in perfecting pigment compartments. Together with the excessive costs of phycobiliprotein biosynthesis, the above factors led to the elimination of PBSs in land plants and most groups of algae with all the perfections of PBS performing the direct antenna functions.







Author Contributions


I.N.S. and V.V.K. gathered and analyzed the data for the article, discussed the content, and wrote, reviewed, and edited the manuscript. Both authors contributed equally to the work. All authors have read and agreed to the published version of the manuscript.




Funding


The research was carried out within the state assignment of the Ministry of Science and Higher Education of the Russian Federation (theme № 122042700044-6).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We consider it our duty to apologize to the authors whose works have not been cited because of space limitations. The literature on PBS and phycobiliproteins is huge and includes many hundreds if not thousands of publications reflected in a number of reviews. We have tried to cover information on all photosynthetic phyla with phycobiliproteins in the pigment apparatus. Therefore, if possible, we refer to the review articles of recent years, from which the interested reader can find references to earlier articles and many issues not covered here.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schirrmeister, B.E.; Gugger, M.; Donoghue, P.C.J. Cyanobacteria and the great oxidation event: Evidence from genes and fossils. Paleontology 2015, 58, 769–785. [Google Scholar] [CrossRef]

	



Yutin, N.; Wolf, M.Y.; Wolf, Y.I.; Koonin, E.V. The origins of phagocytosis and eukaryogenesis. Biol. Direct 2009, 4, 9. [Google Scholar] [CrossRef]

	



Martijn, J.; Vosseberg, J.; Guy, L.; Offre, P.; Ettema, T.J.G. Deep mitochondrial origin outside the sampled alphaproteobacteria. Nature 2018, 557, 101–105. [Google Scholar] [CrossRef]

	



López-Garcìa, P.; Moreira, D. The syntrophy hypothesis for the origin of eukaryotes revisited. Nat. Microbiol. 2020, 5, 655–667. [Google Scholar] [CrossRef] [PubMed]

	



Stadnichuk, I.N.; Kusnetsov, V.V. Endosymbiotic origin of chloroplasts in plant cells evolution. Rus. J. Plant Physiol. 2021, 68, 1–16. [Google Scholar] [CrossRef]

	



Archibald, J.M. Endosymbiosis and eukaryotic cell evolution. Curr. Biol. 2015, 25, R911–R921. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharya, D.; Qiu, H.; Lee, J.M.; Yoon, H.S.; Weber, A.P.N.; Price, D.C. When less is more: Red algae as models for studying gene loss and genome evolution in eukaryotes. Crit. Rev. Plant Sci. 2018, 37, 81–99. [Google Scholar] [CrossRef]

	



Figueroa-Martinez, F.; Christopher, J.; Reyes-Prieto, A. Plastid genomes from diverse Glaucophyte genera reveal a largely conserved gene content and limited architectural diversity. Genome Biol. Evol. 2019, 11, 174–188. [Google Scholar] [CrossRef]

	



Donoghue, P.; Paps, J. Plant evolution: Assembling land plants. Curr. Biol. 2020, 30, R81–R83. [Google Scholar] [CrossRef]

	



Cavalier-Smith, T. Kingdom Chromista and its eight phyla: A new synthesis emphasising periplastid protein targeting, cytoskeletal and periplastid evolution, and ancient divergences. Protoplasma 2018, 255, 297–357. [Google Scholar] [CrossRef]

	



Stadnichuk, I.N. Phycobiliproteins: Determination of chromophore composition and content. Phytochem. Analysis 1995, 6, 281–288. [Google Scholar] [CrossRef]

	



Stadnichuk, I.N.; Tropin, I.V. Phycobiliproteins: Structure, functions and biotechnological applications. Appl. Biochem. Microbiol. 2017, 53, 1–10. [Google Scholar] [CrossRef]

	



Betz, M. One century of protein crystallography: The phycobiliproteins. Biol. Chem. 1997, 378, 167–176. [Google Scholar] [CrossRef] [PubMed]

	



Blot, N.; Wu, X.-J.; Thomas, J.-C.; Zhang, J.; Garczarek, L.; Böhm, S.; Tu, J.-M.; Zhou, M.; Plöscher, M.; Eichacker, L.; et al. Phycourobilin in trichromatic phycocyanin from oceanic cyanobacteria is formed post-translationally by a phycoerythrobilin lyase-isomerase. J. Biol. Chem. 2009, 284, 9290–9298. [Google Scholar] [CrossRef]

	



Bernát, G.; Schreiber, U.; Sendtko, E.; Stadnichuk, I.N.; Rexroth, S.; Rögner, M.; Koenig, F. Unique properties vs. common themes: The atypical cyanobacterium Gloeobacter violaceus PCC 7421 is capable of state transitions and blue-light induced fluorescence quenching. Plant Cell Physiol. 2012, 53, 528–542. [Google Scholar] [CrossRef]

	



Kondo, K.; Ochiai, Y.; Katayama, M.; Ikeuchi, M. The membrane-associated CpcG2-phycobilisome in Synechocystis: A new photosystem I antenna. Plant Physiol. 2007, 144, 1200–1210. [Google Scholar] [CrossRef]

	



Elanskaya, I.V.; Zlenko, D.V.; Lukashev, E.P.; Suzina, N.E.; Kononova, I.A.; Stadnichuk, I.N. Phycobilisomes from the mutant cyanobacterium Synechocystis sp. PCC 6803 missing chromophore domain of ApcE. Biochim. Biophys. Acta (BBA)-Bioenerg. 2018, 1859, 280–291. [Google Scholar] [CrossRef]

	



Grébert, T.; Garczarek, L.; Daubin, V.; Humily, F.; Marie, D.; Ratin, M.; Devailly, A.; Farrant, G.K.; Mary, I.; Mella-Flores, D.; et al. Diversity and evolution of pigment types in marine Synechococcus cyanobacteria. Genome Biol. Evol. 2022, 14, evac035. [Google Scholar] [CrossRef] [PubMed]

	



Gindt, Y.M.; Zhou, J.; Bryant, D.A.; Sauer, K. Spectroscopic studies of phycobilisome subcore preparations lacking key core chromophores: Assignment of excited state energies to the Lcm, β18 and αAP-B chromophores. Biochim. Biophys. Acta (BBA)-Bioenerg. 1994, 1186, 153–162. [Google Scholar] [CrossRef]

	



Dong, C.; Tang, A.; Zhao, J.; Mullineaux, C.W.; Shen, G.; Bryant, D.A. ApcD is necessary for efficient energy transfer from phycobilisomes to photosystem I and helps to prevent photoinhibition in the cyanobacterium Synechococcus sp. PCC 7002. Biochim. Biophys. Acta 2009, 1787, 1122–1128. [Google Scholar] [CrossRef]

	



Zheng, L.; Zheng, Z.; Li, X.; Wang, G.; Zhang, K.; Wei, P.; Zhao, J.; Ga, N. Structural insight into the mechanism of energy transfer in cyanobacterial phycobilisomes. Nat. Commun. 2021, 2, 5497. [Google Scholar] [CrossRef] [PubMed]

	



Bald, D.; Kruip, J.; Rögner, M. Supramolecular architecture of cyanobacterial thylakoid membranes: How is the phycobilisome connected with the photosystems? Photosynth. Res. 1996, 49, 103–118. [Google Scholar] [CrossRef] [PubMed]

	



Rakhimberdieva, M.G.; Boichenko, V.A.; Karapetyan, N.V.; Stadnichuk, I.N. Interaction of phycobilisomes with photosystem II dimers and photosystem I monomers and trimers in the cyanobacterium Spirulina platensis. Biochemistry 2001, 40, 15780–15788. [Google Scholar] [CrossRef]

	



Bryant, D.A.; Canniffe, D.P. How nature designs light-harvesting antenna systems: Design principles and functional realization in chlorophototrophic prokaryotes. J. Phys. B At. Mol. Opt. Phys. 2018, 51, 033001. [Google Scholar] [CrossRef]

	



Arteni, A.A.; Ajlani, G.; Boekema, E.J. Structural organization of phycobilisomes from Synechocystis strain PCC 6803 and their interaction with the membrane. Biochim. Biophys. Acta 2009, 1787, 272–279. [Google Scholar] [CrossRef] [PubMed]

	



Chang, L.; Liu, X.; Li, Y.; Liu, C.; Yang, F. Structural organization of an intact phycobilisome and its association with photosystem II. Cell Res. 2015, 25, 726–737. [Google Scholar] [CrossRef]

	



Chitnis, V.; Chitnis, P. Psal subunit is required for the formation of photosystem I trimers in the cyanobacterium Synechocystis sp. PCC 6803. FEBS Lett. 1993, 336, 330–334. [Google Scholar] [CrossRef] [PubMed]

	



Kruip, J.; Chitnis, P.; Lagoutte, B.; Rögner, M.; Boekema, E. Structural organization of the major subunits in cyanobacterial photosystem I. Localization of subunits PsaC, -D, -E, -F, and –J. J. Biol. Chem. 1997, 272, 17061–17069. [Google Scholar] [CrossRef]

	



Zlenko, D.V.; Krasilnikov, P.M.; Stadnichuk, I.N. Structural modeling of the phycobilisome core and its association with the photosystems. Photosynth. Res. 2016, 130, 347–356. [Google Scholar] [CrossRef]

	



Burger-Wiersma, T.; Post, A.F. Functional Analysis of the photosynthetic apparatus of Prochlorothrix hollandica (Prochlorales), a chlorophyll b containing procaryote. Plant Physiol. 1989, 91, 770–774. [Google Scholar] [CrossRef]

	



Averina, S.G.; Velichko, N.V.; Pinevich, A.A.; Senatskaya, E.V.; Pinevich, A.V. Non-a chlorophylls in cyanobacteria. Photosynthetica 2019, 57, 1109–1118. [Google Scholar] [CrossRef]

	



Lewin, R.A. A marine Synechocystis (Cyanophyta, Chroococcales) epizoic on ascidians. Phycologia 1975, 14, 153–160. [Google Scholar] [CrossRef]

	



La Roche, J.; Van der Staay, G.; Partensky, F.; Ducret, A.; Aebersold, R.; Li, R.; Golden, S.S.; Hiller, R.; Wrench, P.M.; Larkum, A.W.D.; et al. Independent evolution of the prochlorophyte and green plant chlorophyll a/b light harvesting proteins. Proc. Natl. Acad. Sci. USA 1996, 93, 15244–15248. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Li, Y.Q.; Birch, D.; Willows, R.D. A cyanobacterium that contains chlorophyll f-a red-absorbing photopigment. FEBS Lett. 2012, 586, 3249–3254. [Google Scholar] [CrossRef]

	



Giddings, T.H., Jr.; Withers, N.W.; Staehelin, L.A. Supramolecular structure of stacked and unstacked regions of the photosynthetic membranes of Prochloron sp., a prokaryote. Proc. Natl. Acad. Sci. USA 1980, 77, 352–356. [Google Scholar] [CrossRef]

	



Boichenko, V.A.; Pinevich, A.V.; Stadnichuk, I.N. Association of chlorophyll a/b-binding Pcb proteins with photosystems I and II in Prochlorothrix hollandica. Biochim. Biophys. Acta (BBA)-Bioenerg. 2007, 1767, 801–806. [Google Scholar] [CrossRef]

	



Barrera-Rojas, J.; González de la Vara, L.E.; Ríos-Castro, E. The distribution of divinyl chlorophylls a and b and the presence of ferredoxin-NADP+ reductase in Prochlorococcus marinus MIT9313 thylakoid membranes. Helion 2018, 4, e01100. [Google Scholar] [CrossRef]

	



Larkum, A.W.D.; Scaramuzzi, C.; Cox, G.C.; Hiller, R.G.; Turner, A.G. Light harvesting chlorophyll c-like pigment in Prochloron. Proc. Natl. Acad. Sci. USA 1994, 91, 678–683. [Google Scholar] [CrossRef]

	



Hess, W.R.; Partensky, F.; Van der Staay, G.W.M.; Garcia-Fernandez, J.M.; Börner, T.; Vaulot, D. Coexistence of phycoerythrin and a chlorophyll a/b antenna in a marine prokaryote. Proc. Natl. Acad. Sci. USA 1996, 93, 11126–11130. [Google Scholar] [CrossRef]

	



Penno, S.; Campbell, L.; Hess, W.R. Presence of phycoerythrin in two strains of Prochlorococcus isolated from the sub-tropical North Pacific Ocean. J. Phycol. 2000, 36, 723–729. [Google Scholar] [CrossRef]

	



Beale, S.I. Photosynthetic pigments: Perplexing persistent prevalence of ‘superfluous’ pigment production. Curr. Biol. 2008, 18, R342–R343. [Google Scholar] [CrossRef]

	



Moore, L.R.; Rocap, G.; Chisholm, S.W. Physiology and molecular phylogeny of coexisting Prochlorococcus ecotypes. Nature 1998, 393, 464–467. [Google Scholar] [CrossRef] [PubMed]

	



Wiethaus, J.; Busch, A.W.U.; Dammeyer, T.; Frankenberg-Dinkel, N. Phycobiliproteins in Prochlorococcus marinus: Biosynthesis of pigments and their assembly into proteins. Eur. J. Cell Biol. 2010, 89, 1005–1010. [Google Scholar] [CrossRef]

	



Hess, W.R.; Steglich, C.; Lichtlé, C.; Partensky, F. Phycoerythrins of the oxyphotobacterium Prochlorococcus marinus are associated to the thylakoid membrane and are encoded by a single large gene cluster. Plant Mol. Biol. 1999, 40, 507–521. [Google Scholar] [CrossRef] [PubMed]

	



Ting, C.S.; Rocap, G.; King, J.; Chisholm, S.W. Phycobiliprotein genes of the marine photosynthetic prokaryote Prochlorococcus: Evidence for rapid evolution of genetic heterogeneity. Microbiology 2001, 147, 3171–3182. [Google Scholar] [CrossRef] [PubMed]

	



Sonani, R.R.; Rastogi, R.P.; Joshi, M.; Madamwar, D. A stable and functional single peptide phycoerythrin (15.45 kDa) from Lyngbya sp. A09DM. Int. J. Biol. Macromol. 2015, 74, 29–35. [Google Scholar] [CrossRef] [PubMed]

	



Ikeuchi, M.; Ishizuka, T. Cyanobacteriochromes: A new superfamily of tetrapyrrole-binding photoreceptors in cyanobacteria. Photochem. Photobiol. Sci. 2008, 7, 1159–1167. [Google Scholar] [CrossRef] [PubMed]

	



Miyashita, H.; Ikemoto, H.; Kurano, N.; Adachi, K.; Chihara, M.; Miyachi, S. Chlorophyll d as a major pigment. Nature 1996, 383, 402. [Google Scholar] [CrossRef]

	



Miller, S.R.; Abresch, H.E.; Baroch, J.J.; Miller, C.K.F.; Garber, A.I.; Oman, A.R.; Ulrich, N.J. Genomic and functional variation of the chlorophyll d-producing cyanobacterium Acaryochloris marina. Microorganisms 2022, 10, 569. [Google Scholar] [CrossRef]

	



Tomo, T.; Okubo, T.; Akimoto, S.; Yokono, M.; Miyashita, H.; Tsuchiya, T.; Noguchi, T.; Mimuro, M. Identification of the special pair of photosystem II in a chlorophyll d-dominated cyanobacterium. Proc. Natl. Acad. Sci. USA 2007, 104, 7283–7288. [Google Scholar] [CrossRef]

	



Chen, M.; Quinnell, R.G.; Larkum, A.W.D. The major light-harvesting pigment protein of Acaryochloris marina. FEBS Lett. 2002, 514, 149–152. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, H.; Uesaka, K.; Tsuzuki, Y.; Yamakawa, H.; Itoh, S.; Fujita, Y. Comparative genomic analysis of the marine cyanobacterium Acaryochloris marina MBIC10699 reveals the impact of phycobiliprotein reacquisition and the diversity of Acaryochloris plasmids. Microorganisms 2022, 10, 1374. [Google Scholar] [CrossRef] [PubMed]

	



Theiss, C.; Schmitt, F.-J.; Pieper, J.; Nganou, C.; Grehna, M.; Vitali, M.; Olliges, R.; Eichler, H.J.; Eckert, H.-J. Excitation energy transfer in intact cells and in the phycobiliprotein antennae of the chlorophyll d containing cyanobacterium Acaryochloris marina. J. Plant Physiol. 2011, 168, 1473–1487. [Google Scholar] [CrossRef]

	



Marquardt, J.; Senger, H.; Miyashita, H.; Miyachi, S.; Mörschel, E. Isolation and characterization of biliprotein aggregates from Acaryochloris marina, a Prochloron-like prokaryote containing mainly chlorophyll d. FEBS Lett. 1997, 410, 428–432. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Q.; Marquardt, J.; Iwasaki, I.; Miyashita, H.; Kurano, N.; Mörschel, E.; Miyachi, S. Molecular structure, localization and function of biliproteins in the chlorophyll a/d containing oxygenic photosynthetic prokaryote Acaryochloris marina. Biochim. Biophys. Acta 1999, 1412, 250–261. [Google Scholar] [CrossRef]

	



Boichenko, V.A.; Klimov, V.V.; Miyashita, H.; Miyachi, S. Functional characteristics of chlorophyll d-predominating photosynthetic apparatus in intact cells of Acaryochloris marina. Photosynth. Res. 2000, 65, 269–277. [Google Scholar] [CrossRef]

	



Ulrich, N.J.; Uchida, H.; Kanesaki, Y.; Hirose, E.; Murakami, A.; Miller, S.R. Reacquisition of light-harvesting genes in a marine cyanobacterium confers a broader solar niche. Curr. Biol. 2021, 31, 1539–1546. [Google Scholar] [CrossRef] [PubMed]

	



Ho, M.-Y.; Soulier, N.T.; Canniffe, D.P.; Shen, G.; Bryant, D.A. Light regulation of pigment and photosystem biosynthesis in cyanobacteria. Curr. Opin. Plant Biol. 2017, 37, 24–33. [Google Scholar] [CrossRef]

	



Gan, F.; Zhang, S.; Rockwell, N.C.; Martin, S.S.; Lagarias, J.C.; Bryant, D.A. Extensive remodeling of a cyanobacterial photosynthetic apparatus in far-red light. Science 2014, 345, 1312–1317. [Google Scholar] [CrossRef]

	



Larkum, A.W.D.; Ritchie, R.J.; Raven, J.A. Living off the Sun: Chlorophylls, bacteriochlorophylls and rhodopsins. Photosynthetica 2018, 56, 11–43. [Google Scholar] [CrossRef]

	



Gisriel, C.J.; Shen, G.; Ho, M.-Y.; Kurashov, V.; Fleshe, D.A.; Wang, J.; Armstrong, W.H.; Golbeck, J.H.; Gunner, M.R.; Vinyard, D.J.; et al. Structure of a monomeric photosystem II core complex from a cyanobacterium acclimated to far-red light reveals the functions of chlorophylls d and f. J. Biol. Chem. 2022, 298, 101424. [Google Scholar] [CrossRef]

	



Kato, K.; Shinoda, T.; Nagao, R.; Akimoto, S.; Suzuki, T.; Dohmae, N.; Chen, M.; Allakhverdiev, S.I.; Shen, J.-R.; Akita, F.; et al. Structural basis for the adaptation and function of chlorophyll f in photosystem I. Nat. Commun. 2020, 11, 238. [Google Scholar] [CrossRef] [PubMed]

	



Antonaru, L.A.; Cardona, T.; Larkum, A.W.D.; Nürnberg, D.J. Global distribution of a chlorophyll f cyanobacterial marker. ISME J. 2020, 14, 2275–2287. [Google Scholar] [CrossRef] [PubMed]

	



Stadnichuk, I.N.; Tropin, I.V. Cyanidiales as polyextreme eukaryotes. Biochemistry 2022, 87, 472–487. [Google Scholar] [CrossRef]

	



Koller, K.P.; Wehrmeyer, W.; Mörschel, E. Biliprotein assembly in the discshaped phycobilisomes of Rhodella violacea. Eur. J. Biochem. 1978, 91, 57–63. [Google Scholar] [CrossRef] [PubMed]

	



Glazer, A.N.; West, J.A.; Chan, C. Phycoerythrins as chemotaxonomic markers in red algae: A survey. Biochem. System. Ecol. 1982, 10, 203–215. [Google Scholar] [CrossRef]

	



Arteni, A.A.; Liu, L.-N.; Aartsma, T.J.; Zhang, Z.Y.; Zhou, B.C.; Boekema, E.J. Structure and organization of phycobilisomes on membranes of the red alga Porphyridium cruentum. Photosynth. Res. 2008, 95, 169–174. [Google Scholar] [CrossRef]

	



Gantt, E.; Lipschultz, C.A. Structure and phycobiliprotein composition of phycobilisomes from Griffitshia pacifica (Rhodophyceae). J. Phycol. 1980, 16, 394–398. [Google Scholar] [CrossRef]

	



Ma, J.; You, X.; Sun, S.; Wang, X.; Qin, S.; Sui, S.F. Structural basis of energy transfer in Porphyridium purpureum phycobilisome. Nature 2020, 579, 146–151. [Google Scholar] [CrossRef]

	



Zhang, J.; Ma, J.; Liu, D.; Qin, S.; Sun, S.; Zhao, J.; Sui, S.-F. Structure of phycobilisome from the red alga Griffitshia pacifica. Nature 2017, 551, 57–63. [Google Scholar] [CrossRef]

	



Ago, H.; Adachi, H.; Umena, Y.; Tashiro, T.; Kewakami, K.; Kamiya, L.; Tian, G.; Han, T.; Liu, Z.; Wang, F.; et al. Novel features of eukaryotic photosystem II revealed by its crystal structure analysis from a red alga. J. Biol. Chem. 2016, 291, 5676–5687. [Google Scholar] [CrossRef] [PubMed]

	



Antoshvili, M.; Caspy, I.; Hippler, M.; Nelson, N. Structure and function of photosystem I in Cyanidioschyzon merolae. Photosynth. Res. 2019, 139, 499–508. [Google Scholar] [CrossRef] [PubMed]

	



Schenk, H.E.A. Cyanophora paradoxa: Anagenetic model or missing link of plastid evolution? Endocytobiosis Cell Res. 1993, 10, 87–106. [Google Scholar]

	



Price, D.C.; Steiner, J.M.; Yoon, H.S.; Bhattacharya, D.; Löffelhard, W. Glaucophyta. In Handbook of the Protists; Archibald, J.M., Simpson, A.G.B., Slamovits, C.H., Margulis, L., Melkonian, M., Chapman, D.J., Corliss, J.O., Eds.; Springer International Publishing AG: Cham, Switzerland, 2016; pp. 1–65. [Google Scholar] [CrossRef]

	



Jackson, C.; Clayden, S.; Reyes-Prieto, A. The Glaucophyta: The blue-green plants in a nutshell. Acta Soc. Bot. Pol. 2015, 84, 149–165. [Google Scholar] [CrossRef]

	



Ball, S.; Colleoni, C.; Cenci, U.; Raj, J.N.; Tirtiaux, C. The evolution of glycogen and starch metabolism in eukaryotes gives molecular clues to understand the establishment of plastid endosymbiosis. J. Exp. Bot. 2011, 62, 1775–1801. [Google Scholar] [CrossRef] [PubMed]

	



Löffelhardt, W.; Bohnert, H.J. The cyanelle (muroplast) of Cyanophora paradoxa: A paradigm for endosymbiotic organelle evolution. In Symbiosis. Mechanisms and Model Systems. Cellular Origin, Life in Extreme Habitats and Astrobiology; Seckbach, J., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2001; Volume 4, pp. 111–130. [Google Scholar]

	



Steiner, J.M.; Löffelhardt, W. Protein translocation into and within cyanelles (review). Mol. Membr. Biol. 2005, 22, 123–132. [Google Scholar] [CrossRef] [PubMed]

	



Kovacevic, G.; Steiner, J.M.; Löffelhardt, W. Cyanobacterial and algal symbioses. In Intracellular Niches of Microbes; Schaible, U.E., Haas, A., Eds.; Wiley-VCH Verlag: Weinheim, Germany, 2009; pp. 527–545. [Google Scholar]

	



Floener, L.; Bothe, H. Metabolic activities in Cyanophora paradoxa and its cyanelles: II. Photosynthesis and respiration. Planta 1982, 156, 78–83. [Google Scholar] [CrossRef]

	



Burnap, R.L.; Trench, R.K. The biogenesis of the cyanellae of Cyanophora paradoxa. I. Polypeptide composition of the cyanellae. Proc. R. Soc. Lond. B 1989, 238, 53–72. [Google Scholar] [CrossRef]

	



Shibata, M.; Kashino, Y.; Satoh, K.; Koike, H. Isolation and characterization of oxygen-evolving thylakoid membranes and photosystem II particles from a glaucocystophyte, Cyanophora paradoxa. Plant Cell Physiol. 2001, 42, 733–741. [Google Scholar] [CrossRef]

	



Bhattacharya, D.; Price, D.C.; Chan, C.X.; Gross, J. Analysis of the genome of Cyanophora paradoxa: An algal model for understanding primary endosymbiosis. In Endosymbiosis; Löffelhardt, W., Ed.; Springer: Vienna, Austria, 2014; pp. 135–148. [Google Scholar]

	



Koike, H.; Shibata, M.; Yasutomi, K.; Kashino, Y.; Satoh, K. Identification of Photosystem I components from a glaucocystophyte, Cyanophora paradoxa: The PsaD protein has an N-terminal stretch homologous to higher plants. Photosynth. Res. 2000, 65, 207–217. [Google Scholar] [CrossRef]

	



Watanabe, M.; Kubota, H.; Wada, H.; Narikawa, R.; Ikeuchi, M. Novel supercomplex organization of photosystem I in Anabaena and Cyanophora paradoxa. Plant Cell Physiol. 2011, 52, 162–168. [Google Scholar] [CrossRef] [PubMed]

	



Kato, K.; Nagao, R.; Ueno, Y.; Yokono, M.; Suzuki, T.; Jiang, T.-Y.; Dohmae, N.; Akita, F.; Akimoto, S.; Miyazaki, N.; et al. Structure of a tetrameric photosystem I from a glaucophyte alga Cyanophora paradoxa. Nat. Commun. 2022, 13, 1679. [Google Scholar] [CrossRef] [PubMed]

	



Giddings, T.H.; Wasmann, C.; Staehelin, L.A. Structure of the thylakoids and envelope membranes of the cyanelles of Cyanophora paradoxa. Plant Physiol. 1983, 71, 409–419. [Google Scholar] [CrossRef]

	



Watanabe, M.; Sato, M.; Kondo, K.; Narikawa, R.; Ikeuchi, M. Phycobilisome model with novel skeleton-like structures in a glaucocystophyte Cyanophora paradoxa. Biochim. Biophys. Acta (BBA)-Bioenerg. 2012, 1817, 1428–1435. [Google Scholar] [CrossRef]

	



Nicholls, K.H. Six new marine species of the genus Paulinella (Rhizopoda: Filosea, or Rhizaria: Cercozoa). J. Mar. Biol. Assoc. UK 2009, 89, 1415–1425. [Google Scholar] [CrossRef]

	



Kies, L.; Kremer, B.P. Function of cyanelles in thecamoeba Paulinella chromatophora. Naturwissenschaften 1979, 66, 578–579. [Google Scholar] [CrossRef]

	



Douzery, E.J.P.; Snell, E.A.; Bapteste, E.; Delsuc, F.; Philippe, H. The timing of eukaryotic evolution: Does a relaxed molecular clock reconcile proteins and fossils? Proc. Natl. Acad. Sci. USA 2004, 101, 15836–15839. [Google Scholar] [CrossRef]

	



Nowack, E.C.M. Paulinella chromatophora—Rethinking the transition from endosymbiont to organelle. Acta. Soc. Bot. Pol. 2014, 83, 387–397. [Google Scholar] [CrossRef]

	



Delaye, L.; Valadez-Cano, C.; Perez-Zamorano, B. How really ancient is Paulinella chromatophora? PLoS Curr. 2016, 8. [Google Scholar] [CrossRef]

	



Gabr, A.; Grossman, A.R.; Bhattacharya, D. Paulinella, a model for understanding plastid primary endosymbiosis. J. Phycol. 2020, 56, 837–843. [Google Scholar] [CrossRef]

	



Burki, F.; Roge, A.J.; Brown, M.W.; Simpson, G.B. The new tree of eukaryotes. Trends Ecol. Evol. 2019, 35, 43–55. [Google Scholar] [CrossRef]

	



Lhee, D.; Lee, J.; Ettahi, K.; Cho, C.H.; Ha, J.-S.; Chan, Y.-F.; Zelzion, U.; Stephens, T.G.; Price, D.C.; Gabr, A.; et al. Amoeba genome reveals dominant host contribution to plastid endosymbiosis. Mol. Biol. Evol. 2021, 38, 344–357. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Nowack, E.C.; Price, D.C.; Bhattacharya, D.; Grossman, A.R. Impact of light intensity and quality on chromatophore and nuclear gene expression in Paulinella chromatophora, an amoeba with nascent photosynthetic organelles. Plant J. 2017, 90, 221–234. [Google Scholar] [CrossRef]

	



Hill, D.R.; Rowan, K.S. The biliproteins of the cryptophyceae. Phycologia 1989, 28, 455–463. [Google Scholar] [CrossRef]

	



Glazer, A.N.; Wedemayer, G.J. Cryptomonad biliproteins: An evolutionary perspective. Photosynth. Res. 1995, 46, 93–105. [Google Scholar] [CrossRef] [PubMed]

	



Sidler, W.A. Phycobilisome and phycobiliprotein structures. In The Molecular Biology of Cyanobacteria. Advances in Photosynthesis; Bryant, D.A., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1994; Volume 1, pp. 39–216. [Google Scholar] [CrossRef]

	



Toole, C.; Allnut, F.C.T. Red, cryptomonad and glaucocystophyte algal phycobiliproteins. In Photosynthesis in Algae; Larkum, A.W.D., Douglas, S.E., Raven, J.A., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2003; pp. 305–334. [Google Scholar]

	



Hoef-Emden, K.; Archibald, J.M. Cryptophyta (Cryptomonads). In Handbook of the Protists, 2nd ed.; Archibald, J.M., Simpson, A.G.B., Slamovitz, C.H., Eds.; Springer: Cham, Switzerland, 2017; pp. 851–891. [Google Scholar] [CrossRef]

	



Cunningham, B.R.; Greenwold, M.J.; Lachenmyer, E.M.; Heidenreich, K.M.; Davis, A.C.; Dudycha, J.L.; Richardson, T.L. Light capture and pigment diversity in marine and freshwater cryptophytes. J. Phycol. 2019, 55, 552–564. [Google Scholar] [CrossRef] [PubMed]

	



Richardson, T.L. The colorful world of cryptophyte phycobiliproteins. J. Plankton 2022, 44, 806–818. [Google Scholar] [CrossRef]

	



Lora-Vilchis, M.C. Cryptophyte: Biology, Culture, and Biotechnological Applications. In Progress in Microalgae Research—A Path for Shaping Sustainable Futures; Zepka, L.Q., Jacob-Lopes, E., Deprá, M.C., Eds.; IntechOpen: Rijeka, Croatia, 2022; Volume 53. [Google Scholar] [CrossRef]

	



Neilson, J.A.D.; Durnford, D.G. Structural and functional diversification of the light-harvesting complexes in photosynthetic eukaryotes. Photosynth. Res. 2010, 106, 57–71. [Google Scholar] [CrossRef]

	



Hoffman, G.E.; Sanchez-Puerta, M.V.; Delwiche, C.F. Evolution of light harvesting complex proteins from Chl c-containing algae. BMC Evol. Biol. 2011, 11, 101. [Google Scholar] [CrossRef]

	



Corbella, M.; Cupellini, L.; Lipparini, F.; Scholes, G.D.; Curutchet, C. Spectral variability in phycocyanin cryptophyte antenna complexes is controlled by changes in the α-polypeptide chains. ChemPhotoChem 2019, 3, 945–956. [Google Scholar] [CrossRef]

	



Greenwold, M.J.; Cunningham, B.R.; Lachenmyer, E.M.; Pullman, J.M.; Richardson, T.L.; Dudycha, J.L. Diversification of light capture ability was accompanied by the evolution of phycobiliproteins in cryptophyte algae. Proc. R. Soc. B 2019, 286, 20190655. [Google Scholar] [CrossRef] [PubMed]

	



Mörschel, E.; Wehrmeyer, W. Elektronen-mikroskopische Feinstrukturanalyse von nativen Biliproteidaggregaten und deren räumliche Ordnung. Ber. Deutsch. Bot. Ges. 1979, 92, 393–402. [Google Scholar] [CrossRef]

	



Vesk, M.; Dwarte, D.; Fowler, S.; Hiller, R.G. Freeze fracture immunocytochemistry of light-harvesting pigment complexes in a cryptophyte. Protoplasma 1992, 170, 166–176. [Google Scholar] [CrossRef]

	



Rathbone, H.W.; Michie, K.A.; Landsberg, M.J.; Green, B.R.; Curmi, P.M.G. Scaffolding proteins guide the evolution of algal light harvesting proteins. Nat. Commun. 2012, 12, 1890. [Google Scholar] [CrossRef]

	



Apt, K.E.; Collier, J.L.; Grossman, A.R. Evolution of the phycobiliproteins. J. Mol. Biol. 1995, 248, 79–96. [Google Scholar] [CrossRef]

	



Broughton, M.J.; Howe, C.J.; Hiller, R.G. Distinctive organization of genes for light harvesting proteins in the cryptophyte alga Rhodomonas. Gene 2006, 369, 72–79. [Google Scholar] [CrossRef]

	



Kieselbach, T.; Cheregi, O.; Green, B.R.; Funk, C. Proteomic analysis of the phycobiliprotein antenna of the cryptophyte alga Guillardia theta cultured under different light intensities. Photosynth. Res. 2018, 135, 149–163. [Google Scholar] [CrossRef] [PubMed]

	



Harrop, S.J.; Wilka, K.E.; Dinshaw, R.; Collinic, E.; Mirkovic, T.; Teng, C.Y.; Oblinsky, D.G.; Green, B.R.; Hoef-Emden, K.; Hiller, R.G.; et al. Single-residue insertion switches the quaternary structure and exciton states of cryptophytes light-harvesting proteins. Proc. Natl. Acad. Sci. USA 2014, 111, E2666–E2675. [Google Scholar] [CrossRef]

	



Ludwig, M.; Gibbs, S.P. Localization of phycoerythrin at the lumenal surface of the thylakoid membrane in Rhodomonas lens. J. Cell Biol. 1989, 108, 875884. [Google Scholar] [CrossRef] [PubMed]

	



Kereiche, S.; Kouřil, R.; Oostergetel, G.T.; Fusetti, F.; Boekema, E.J.; Doust, A.B.; Van der Weij-de Wit, C.D.; Dekker, J.P. Association of chlorophyll a/c2 complexes to photosystem I and photosystem II in the cryptophyte Rhodomonas CS24. Biochim. Biophys. Acta 2008, 1777, 1122–1128. [Google Scholar] [CrossRef]

	



Kuthanová-Trsková, E.; Bína, D.; Santabarbara, S.; Sobotka, R.; Kaňa, R.; Belgio, E. Isolation and characterization of CAC antenna proteins and photosystem I supercomplex from the cryptophytic alga Rhodomonas salina. Physiol. Plant 2019, 166, 309–319. [Google Scholar] [CrossRef] [PubMed]

	



Bruce, D.; Biggins, J.; Steiner, T.; Thewalt, M. Excitation energy transfer in the cryptophytes. Fluorescence excitation spectra and picosecond time-resolved emission spectra of intact algae at 77 K. Photochem. Photobiol. 1986, 44, 519–525. [Google Scholar] [CrossRef]

	



Wedemayer, G.J.; Wemmer, D.E.; Glazer, A.N. Phycobilins of cryptophycean algae: Structures of novel bilins with acryloyl substituents from phycoerythrin 566. J. Biol. Chem. 1991, 266, 4731–4741. [Google Scholar] [CrossRef]

	



MacColl, R.; Eisele, L.E.; Dhar, M.; Ecuyer, J.-P.; Hopkins, S.; Marrone, J.; Barnard, R.; Malak, H.; Lewitus, A.J. Bilin organization on cryptomonad biliproteins. Biochemistry 1999, 28, 4097–4105. [Google Scholar] [CrossRef] [PubMed]

	



Van der Weij-De Wit, C.D.; Doust, A.B.; Van Stokkum, I.H.M.; Dekker, J.P.; Wilk, K.E.; Curmi, P.M.G.; Scholes, G.D.; Van Grondelle, R. How energy funnels from the phycoerythrin antenna complex to photosystem I and photosystem II in cryptophytes Rhodomonas CS24 cells. J. Phys. Chem. B 2006, 110, 25066–25073. [Google Scholar] [CrossRef] [PubMed]

	



Van der Weij-De Wit, C.D.; Doust, A.B.; van Stokkum, I.H.M.; Dekker, J.P.; Wilk, K.E.; Curmi, P.G.; van Grondelle, R. Phycocyanin Sensitizes both Photosystem I and Photosystem II in Cryptophyte Chroomonas CCMP270 Cells. Biophys. J. 2008, 94, 2423–2433. [Google Scholar] [CrossRef] [PubMed]

	



Stadnichuk, I.N. Role of phycobiliprotein antenna of cyanobacteria, red and cryptophyte algae in association with photosystems I and II. J. Plant Biochem. Physiol. 2020, 8, 1–4. [Google Scholar] [CrossRef]

	



Stadnichuk, I.N.; Novikova, T.M.; Miniuk, G.S.; Boichenko, V.A.; Bolychevtseva, Y.V.; Gusev, E.S.; Lukashev, E.P. Phycoerythrin Association with Photosystem II in the cryptophyte alga Rhodomonas salina. Biochemistry 2020, 85, 679–688. [Google Scholar] [CrossRef]

	



Jeffrey, S.W. The occurence of chlorophylls c1 and c2 in algae. J. Phycol. 1976, 12, 349–354. [Google Scholar] [CrossRef]

	



Schimek, C.; Stadnichuk, I.N.; Knaust, R.; Wehrmeyer, W. Detection of chlorophyll c1 and magnesium-2,4-divinylpheoporphyrin a5 monomethylester in cryptophytes. J. Phycol. 1994, 30, 621–627. [Google Scholar] [CrossRef]

	



Larkum, A.W.D. Light-harvesting systems in algae. In Photosynthesis of Algae; Larkum, A.W.D., Douglas, S.E., Raven, J.A., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2003; pp. 277–304. [Google Scholar] [CrossRef]

	



Burki, F.; Okamoto, N.; Pombert, J.F.; Keeling, P.J. The evolutionary history of haptophytes and cryptophytes: Phylogenomic evidence for separate origins. Proc. Biol. Sci. 2012, 279, 2246–2254. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, M.D. The acquisition of phototrophy: Adaptive strategies of hosting endosymbionts and organelles. Photosynth. Res. 2011, 107, 117–132. [Google Scholar] [CrossRef]

	



Gagat, P.; Bodył, A.; Mackiewicz, P.; Stiller, J.W. Tertiary plastid endosymbioses in dinoflagellates. In Endosymbiosis; Löffelhardt, W., Ed.; Springer: Vienna, Austria, 2014; pp. 233–290. [Google Scholar] [CrossRef]

	



Stoecker, D.K.; Hansen, P.J.; Caron, D.A.; Mitra, A. Mixotrophy in the marine plankton. Ann. Rev. Mar. Sci. 2017, 9, 311–335. [Google Scholar] [CrossRef]

	



Hackett, J.D.; Maranda, L.; Yoon, H.S.; Bhattacharya, D. Phylogenetic evidence for the cryptophyte origin of the plastid of Dinophysis (Dinophysiales, Dinophyceae). J. Phycol. 2003, 39, 440–448. [Google Scholar] [CrossRef]

	



Hewes, C.D.; Mitchell, B.G.; Moisan, T.A.; Vernet, M.; Reid, F.M.H. The phycobiln signatures of chloroplasts from three dinoflagellate species: A microanalytical study of Dinophysis caudata, D. fortii, and D. acuminata (Dinophysiales, Dinophyceae). J. Phycol. 1998, 34, 945–951. [Google Scholar] [CrossRef]

	



Vesk, M.; Dibbayawan, T.P.; Vesk, P.A. Immunogold localization of phycoerythrin in chloroplasts of Dinophysis acuminate and D. fortii (Dinophysiales, Dinophyta). Phycologia 1996, 35, 234–238. [Google Scholar] [CrossRef]

	



Schnepf, E.; Elbrächter, M. Dinophyte chloroplasts and phylogeny—A review. Grana 1999, 38, 81–97. [Google Scholar] [CrossRef]

	



Croce, R.; van Amerongen, H. Natural strategies for photosynthetic light harvesting. Nat. Chem. Biol. 2014, 10, 492–501. [Google Scholar] [CrossRef]

	



Kirilovsky, D.; Büchel, C. Evolution and function of light-harvesting antenna in oxygenic photosynthesis. In Advances in Botanical Research; Academic Press: Cambridge, MA, USA, 2019. [Google Scholar] [CrossRef]

	



Glazer, A.N. Light guides. Directional energy transfer in a photosynthetic antenna. J. Biol. Chem. 1989, 264, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Nishio, J.N. Why are higher plants green? Evolution of the higher plant photosynthetic pigment complement. Plant Cell Environ. 2000, 23, 599–648. [Google Scholar] [CrossRef]

	



Saunders, G.W.; Hommersand, M.H. Assessing red algal supraordinal diversity and taxonomy in the context of contemporary systematic data. Am. J. Bot. 2004, 91, 1494–1507. [Google Scholar] [CrossRef] [PubMed]

	



Raven, J.A. Photosynthesis in watercolours. Nature 2007, 448, 418. [Google Scholar] [CrossRef] [PubMed]

	



Adir, N. Elucidation of the molecular structures of components of phycobilisome: Reconstructing a giant. Photosynth. Res. 2005, 85, 15–32. [Google Scholar] [CrossRef] [PubMed]

	



Scheer, H.; Zhao, K.-H. Biliprotein maturation: The chromophore attachment. Mol. Microbiol. 2008, 68, 263–276. [Google Scholar] [CrossRef]

	



Raven, J.A. A cost-benefit analysis of photon absorption by photosynthetic unicells. New Phytol. 1984, 98, 274–285. [Google Scholar] [CrossRef]

	



Marosvölgyi, M.A.; van Gorkom, H.J. Cost and color of photosynthesis. Photosynth. Res. 2010, 103, 105–109. [Google Scholar] [CrossRef]

	



Westermann, M.; Reuter, W.; Schimek, C.; Wehrmeyer, W. Presence of both hemidiscoidal and hemiellipsoidal phycobilisomes in a Phormidium species (cyanobacteria). Z. Naturforsch. 1993, 48, 28–34. [Google Scholar] [CrossRef]

	



Niklas, K.J. The cell walls that bind the tree of life. BioScience 2004, 54, 831–841. [Google Scholar] [CrossRef]

	



Sarkar, P.; Bosneaga, E.; Auer, M. Plant cell walls throughout evolution: Towards a molecular understanding of their design principles. J. Exp. Bot. 2009, 60, 3615–3635. [Google Scholar] [CrossRef]

	



Yong, W.; Link, B.; O’Malley, R.; Tewari, J.; Hunter, C.T.; Lu, C.-A.; Li, X.; Bleecker, A.B.; Koch, K.E.; McCann, M.C.; et al. Genomics of plant cell wall biogenesis. Planta 2005, 221, 747–751. [Google Scholar] [CrossRef]

	



Rosen, R. Optimality Principles in Biology; Butterworths: London, UK, 1967; 198p. [Google Scholar]








[image: Ijms 24 02290 g001 550] 





Figure 1. Scheme of primary endosymbioses in the origin of plastids. (A) The monophyletic origin of three phyla of Archaeplastida (Glaucophyta, Viridiplantae, and Rhodophyta). The length of the segments connecting the groups in sequence (from left to right) corresponds to the timing of their appearance. The Rhodophyta branch consists of the early isolated subphyla of microalgae Cyanidiophytina and subphyla Rhodophytina [7] containing some micro- and all macrophyte algae. (B) A later independent endosymbiosis that led to the appearance of photosynthetic amoebae. 
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Figure 2. Morphological types of cyanobacterial PBSs. (A) Hemidiscoidal PBS with the bicylindrical core. (B) The most typical hemidiscoidal PBS with the tricylindrical core and six lateral cylinders. (C) PBS with the pentacylindrical core and eight lateral cylinders. (D) Bundle-shaped PBS (Gloeobacter type). APC —light blue; PC —blue; PE —red color. 
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Figure 3. Three types of Archaeplastida double membrane chloroplasts. In glaucophytic algae (as well as in photosynthetic amaoebae), the chloroplast retains PBSs and the peptidoglycan layer (PG). Red algae retain PBSs, but the peptidoglycan layer is eliminated. In plastids of Viridiplantae, PBSs and peptidoglycan layers are lost while thylakoids form grana regions (similarly to Prochlorophyta). 
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Figure 4. Schemes of secondary and tertiary endosymbioses. (A) Red line of secondary endosymbiosis, leading to a branched group of Chromoalveolata, including cryptophyte algae. (B) Tertiary endosymbiosis with the demonstration of replacement Dinoflagellata chromoplasts by plastids of engulfing cryptophyte alga. 
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Table 1. Phycobiliproteins in various photosynthetic clades (except Cryptophyta).
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	Phycobiliprotein
	Presence in Photosynthetics





	Allophycocyanin (PC, or APC)
	Cyanobacteria, red, glaucophytic algae, and photosynthetic amoebae



	C-phycocyanin (PC, or C-PC)
	Cyanobacteria, glaucophytic algae, photosynthetic amoebae, and some red algae



	Phycoerythrocyanin (PEC)
	Some cyanobacteria



	R-phycocyanin (R-PC, or R-PC I)
	Red algae



	R-PC II, R-PC III, R-PC IV and R-PC V
	Cyanobacteria



	C-phycoerythrin (C-PE)
	Cyanobacteria



	CU-phycoerythrin (CU-PE)
	Cyanobateria



	B- and b-phycoerythrins (B-PE and b-PE)
	Red algae



	R-phycoerythrin (R-PE)
	Red algae







Abbreviations of phycobiliprotein names are given in brackets: C-PE is the common name for two cyanobacterial phycoerythrins having 5 or 6 PEB chromohores on (αβ)1 monomers; CU-PE is the common name for several cyanobacterial phycoerythrins having PUB and PEB chromophores in various ratios; B-PE and b-PE are the names of a variety of red algal PEs with (B-PE) or without (b-PE) γ-subunit in (αβ)6γ hexamers; R-PE is the name of the main red algal PE obligatory having γ subunit and PUB and PEB chromophores. PE I and PE II are other types of abbreviations for PEs with five and six phycobilin groups on (αβ)1 monomers, correspondingly. The table is based on the data collected in [11,12], with some additions and clarifications.
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