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Unraveling the evolutionary trajectory
of LHCI in red-lineage algae: Conservation,
diversification, and neolocalization

Minoru Kumazawa' and Kentaro Ifuku!-2*

SUMMARY

Red algae and the secondary symbiotic algae that engulfed a red alga as an endosymbiont are called red-
lineage algae. Several photosystem (PS) I-light-harvesting complex I (LHCI) structures have been reported
from red-lineage algae—two red algae Cyanidioschyzon merolae (Cyanidiophyceae) and Porphyridium
purpureum (Rhodophytina), a diatom, and a Cryptophyte. Here, we clarified the orthologous relation
of LHCIs by combining a detailed phylogenetic analysis and the structural information of PSI-LHCI. We
found that the seven Lhcr groups in LHCI are conserved in Rhodophytina; furthermore, during both
genome reduction in Cyanidioschyzonales and endosymbiosis leading to Cryptophyta, some LHCIs
were lost and replaced by existing or differentiated LHCls. We denominate “neolocalization” to these ex-
amples of flexible reorganization of LHCIs. This study provides insights into the evolutionary process of
LHCIs in red-lineage algae and clarifies the need for both molecular phylogeny and structural information
to elucidate the plausible evolutionary history of LHCI.

INTRODUCTION

Oxygenic photosynthetic organisms, such as cyanobacteria, algae, and terrestrial plants, play an essential role in capturing sunlight, produc-
ing organic matter, and maintaining life on Earth both underwater and on land. Among the various eukaryotic photosynthetic organisms,
algae and terrestrial plants acquired chloroplasts through endosymbiosis with cyanobacteria.! These photosynthetic organisms possess pri-
mary plastids form Archaeplastida and are divided into three groups, Rhodophyta (red algae), Viridiplantae (green algae and terrestrial
plants), and Glaucophyta. Several secondary or tertial endosymbiotic events led to diversified eukaryotic algae. For instance, red-lineage sec-
ondary endosymbiotic algae acquired plastids derived from red algae and include key marine taxa including diatoms and Haptophytes, which
dominate in modern oceans.”

To enable more efficient light capture, photosynthetic organisms possess peripheral light-harvesting antennas around the two photosys-
tems. In eukaryotic photosynthetic organisms, these antennas are protein complexes holding light-harvesting pigments, which transfer the
excitation energy acquired from the light to the photosystems through excitation energy transfer.” Red algae have a phycobilisome, a super-
ficial light-harvesting antenna complex on the stromal side of photosystem (PS) Il, and two-dimensionally coordinated transmembrane light-
harvesting pigment-protein complexes (LHCs) associated with PSI.® LHCs bind various types of chlorophylls and carotenoids as light-har-
vesting pigments and serve as light-harvesting antennas in red and green algae, land plants, red-lineage secondary endosymbiotic algae,
green-lineage secondary endosymbiotic algae, and dinoflagellates.”®

Red algal LHCs contain chlorophyll a and zeaxanthin as a carotenoid, while most LHCs of red-lineage secondary endosymbiotic algae
include chlorophyll a and ¢; carotenoids depend on the taxonomic group. In fact, LHCs are named after their binding carotenoids.® For
example, diatoms and Haptophytes contain fucoxanthin or 19'-hexanoyloxy fucoxanthin as major carotenoid in their LHCs, thus their
LHCs are called fucoxanthin chlorophyll a/c-binding proteins (FCPs). Among red-lineage secondary endosymbiotic algae, diatoms utilize
FCPs as peripheral antennas for both PS I and I1.”~"* Similar light-harvesting systems probably exist in other Stramenopiles and Haptophytes.
At least, Eustigmatophyceae, belonging to Stramenopiles, utilize LHCs for light harvesting for both PS."

Based on molecular phylogeny, the LHCs of red-lineage algae are divided into six subfamilies: Lher, Lhcz, Lheq, Lhef, Lhex, and Cglher9
homologs.'® Some Stramenopiles, including Eustigmatophyceae and Phaeophyceae, as well as Chromera from Alveolate have another LHC
subfamily called red-shifted Chromera light-harvesting proteins (Red-CLH).'"'® Red algae only have the Lhcr subfamily, Stramenopiles and
Haptophytes possess all six subfamilies of the red-lineage LHCs, while Cryptophytes only have Lhcr and Lhcz subfamilies.

Recently, the advancement of cryoelectron microscopy structural analysis allowed discerning the structures of the PS-peripheral light-har-
vesting antenna supercomplexes of red-lineage algae. In red algae, the Cyanidioschyzon merolae PSI-LHCI supercomplex,® and the
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Figure 1. Simplified phylogeny of Rhodophyta (red algae) and classification of red-linage secondary endosymbiotic algae

The phylogeny of Rhodophyta is based on Yang et al. (2016) and Park et al. (2023). The secondary endosymbiosis node in the tree is based on Yoon et al. (2002)
and Kim et al. (2017). The root of the tree is the ancestor of Archaeplastida. “Ancestral Rhodophyta” in the figure represents the last common ancestor of extant
Rhodophyta.

Porphyridium purpureum phycobilisome—PSI-PSI-LHCI megacomplex” have been reported. In red-lineage secondary endosymbiotic algae,
molecular-level structural PS models have been reported in diatoms and a Cryptophyte. For instance, the diatom Chaetoceros gracilis PSI-
FCPI supercomplexes”'? and C. gracilis PSII-FCPIl supercomplexes'®"""" have been reported. In addition, PSII-FCPII structures from centric
diatoms Thalassiosira pseudonana and Cyclotella meneghiniana were recently reported.”’"'® The LHCs of Cryptophytes are called alloxan-
thin-chlorophyll a/c-binding proteins (ACPs); the structure of the Chroomonas placoidea PSI-ACPI has been recently reported.'”

With the identification of LHCs in the PSI-LHClI structural models recently reported, it is now possible to evaluate the evolutionary process
of the molecular assembly of LHCI associated with PSI. The molecular assembly model of the red-lineage PSI-LHCI has been discussed only
based on spatial arrangements of the subunits present in the structures.'””° However, an evolutionary model of the photosynthetic super-
complex should comprise both molecular phylogeny and structural information. Such an integrative understanding of the complex structures
and molecular phylogenies of primitive species has been attempted in the green lineage.”’ Loss and gain of LHC subfamilies during the
evolutionary history of the red-lineage algae were investigated through phylogenetic analysis of diatom LHCs." A red-lineage chlorophyll
a/b-binding-like protein (RedCAP), a distinctive family of the LHC superfamily, is conserved in PSI-LHCI of Rhodophytina red algae, Crypto-
phytes, and diatoms.”'#""?*?* However, the evolutionary model of the red algal LHCI and RedCAP remains incomplete because of the
limited structural information, insufficient genome and transcriptome information (until recently), and lack of detailed molecular phylogeny
at the ortholog level.”?°

In this study, we performed a molecular phylogenetic analysis to clarify the orthology of LHCls in red-lineage algae using recently reported
genomes and transcriptomic data. The detailed molecular phylogeny of the red-lineage LHCI, specifically Lhers, is combined with PSI-LHCI
structural models recently reported from red and red-lineage algae. This has uncovered the conservation, diversification, and differentiation
of the molecular assembly of LHCls, especially in red algae and Cryptophytes. Based on our analyses, we propose a plausible evolutionary
trajectory of LHCI proteins associated with PSI in red-lineage algae.

RESULTS
Molecular phylogeny of red algal LHCI
Red algae possess two types of membrane-spanning light-harvesting pigment-protein complexes in PSI; LHCs that belong to the Lhcr sub-
family and a RedCAP, part of the LHC superfamily.*?*?® In contrast, in PSII, they have a large membrane-peripheral light-harvesting protein
supercomplex, known as phycobilisome. To elucidate the molecular phylogeny of the LHC family in PSI, Lher sequences from a broad lineage
of red algae were collected minimizing as much as possible any taxonomic biases.

Ancient Rhodophytina is the original endosymbiont of red-lineage secondary endosymbiotic algae (Figure 1).°“? After secondary endo-
symbiosis, the earliest divergent event divided red algae into two major groups: Rhodophytina and Cyanidiophyceae (or Cyanidiophy-
tina).”®>?” The former includes classes such as Porphyridiophyceae, Stylonematophyceae, and Compsopogonophyceae with the subclades
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Figure 2. Molecular phylogenetic tree of Lher in red algae

The phylogenetic tree was constructed using IQ-TREE2 and rooted at the outgroup of Lhcas of an early diverging green alga, Prasinoderma coloniale. A total of
261 sequences with 341 amino acid sites were used, and the Q.pfam+F+| + R7 model was selected according to Bayesian information criterion scores. Circles on
the node indicate ultrafast bootstrap support (>95%). Numbers in parentheses are SH-aLRT support (%)/aBayes support/ultrafast bootstrap support (%). LHC
colors correspond to the taxonomy in Figure 1. Short names of molecular species are described in Table S1. For example, C. gracilis Lher1 is shown as CglherT.

of Rhodellophyceae, Bangiophyceae, and Florideophyceae.”®*° The latter group, Cyanidiophyceae, contains the orders Galdieriales, Cav-
ernulicolales, Cyanidiales, and Cyanidioschyzonales.”” Among them, Galdieriales is considered as the earliest diverged order. Genomes
or transcriptomes are available for all orders except Cavernulicolales; further, LHC sequences could be obtained through homology searches.
Additionally, we obtained the sequences of putative LHCI (Lhca) associated with PSl in Prasinoderma coloniale—a member of the Prasino-
dermophyta class representing the earliest divergence within the primary green lineage.”'

Next, a molecular phylogenetic tree was constructed using the obtained Lher sequences from red algae and Lhca sequences from the
green alga P. coloniale (Figure 2). This is the first comprehensive report of the molecular phylogeny of red algal Lhers. In Figure 2, there
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Rhodophyta Cyanidioschyzonales Rhodophyta Porphyridiophyceae
Cyanidioschyzon merolae Porphyridium purpureum
Xiong Pi and Lirong Tian et al., Xin You, Xing Zhang, Jing Cheng,
PNAS, 2016 Yanan Xiao et al., Nature, 2023
PDB ID: 5ZGB PDB ID: 7Y5E
LHCI: 5 LHCs LHCI: 7 LHCs and 1RedCAP

Figure 3. Estimated scheme of PSI-LHCI evolution in Cyanidioschyzon

The left PSI-LHClI structure corresponds to the Cyanidioschyzonales Cyanidioschyzon merolae and the right PSI-LHCI to the Porphyridiophyceae Porphyridium
purpureum. The names of LHCls are adapted from the original papers (Xiong Pi and Lirong Tian et al., 2016; Xin You, Xing Zhang, Jing Cheng, Yanan Xiao et al.,
2023) and colored according to Figure 2.

are seven groups of Lhers (group I-VII) from red algae belonging to Rhodophytina, including Porphyridium purpureum. Each group contains
one P. purpureum Lher; group VI, Ill, and VI containing PpLhcr3, PpLhcrd, and PpLhcré show monophyly, and group Il and VI are sister groups
to group VII. However, the distribution of Cyanidiophyceae Lhcrs is different: Galdieriales, belonging to Cyanidiophyceae, has Lhers classified
into six including group | and IV=VII in addition to the Galdieriales-specific clade. This unique clade is a sister clade to group |. Galdieriales
lacks group Il and Il LHCs. Cyanidiales and Cyanidioschyzonales have only three orthologs to those of Rhodophytina, and these Lhcrs—
Cyanidioschyzon merolae Lher1 (hereafter CmlLher1), CmlLhcr2, and CmlLher3— belong to group V, VI, and VII, respectively.

PSI-LHCI in “primitive red algae” cyanidioschyzonales

In a structural model of PSI-LHCI for Cyanidioschyzon merolae belonging to Cyanidioschyzonales,” five or three LHCs were attached to PSI. In
C. merolae PSI-LHCI with five LHCls, two copies of CmLhcr1 (r1 and r1*) and CmLhcr2 (r2 and r2*) in addition to one CmLhcr3 (r3) are asso-
ciated with PSI (Figure 3). In PSI-LHCI with three LHCIs, CmLhcr1*, and CmLhcr2* are absent.**? This may suggest that C. merolae would have
5LHCIs and 3LHCls around PSI in vivo. The structure of the phycobilisome-PSII-PSI-LHCI megacomplex (Figure 3) has been reported in
another red alga, P. purpureum belonging to Porphyridiophyceae”; it has eight LHCls (PpLhcr1-7 and RedCAP) around PSI.

From the stromal side, in the P. purpureum PSI-LHCI part, positions of eight molecular LHCl species (r1-r7, and RedCAP) are labeled coun-
terclockwise as positions 0-7 (p0—p7) (Figure 3). Accordingly, the positions of LHCI in C. merolae is labeled as p0, p1, and p5-p7 for two
CmLher? (r1 and r1%), two CmLhcr2 (r2 and r2*%), and CmLher3 (r3).° C. merolae PSI-LHCI does not have an LHC at positions p2-p4. The
loss of Psa28 (also called PsaR) in the genome of C. merolae implies that Psa28 would be crucial for LHCI binding at p2-p4.”

The Lhcrs at p5-p7 of both species seem to be conserved from their common ancestor. Our phylogenetic analysis suggests that CmLher1-3
atp5-p7in C. merolae PSI-LHCl belong to groups V, VI, and VII, respectively, and that PpLhcer5, PpLhcrd, and PpLhcr3 at p5—p7 in P. purpureum
PSI-LHCl belong to group V, VI, and VII, which are orthologs to CmLhcr1-3 (Figures 2 and 3). In contrast, significant changes are observed be-
tween the two species in Lhers at pO and p1 (Figure 3): P. purpureum PSl binds RedCAP at p0, while that of C. merolae binds CmLhcr1 at pOin
addition to p5; P. purpureumbinds PpLhcr2 (group | Lher) at p1, while C. merolae binds CmlLhcr2 (group VI Lher) atp1 as well as p6. Importantly,
PpLhcr2 and CmLhcer2 are not orthologs in the phylogenetic tree, although they bind at the same position; instead, CmLhcr2 and PpLhcr4 at pé
belong to group VI and they show an orthologous relationship in the tree. Given that RedCAP is conserved in Galdieriales which is an early
diverged taxa of Cyanidiophyceae, RedCAP is lost in C. merolae.”’*> C. merolae lost RedCAP, group -1V LHCls, and a related PSI subunit,
and complemented positions p0 and p1 with group V and VI LHClIs to, at least partially, maintain the antenna size for PSI.

Molecular phylogeny of Lhers in red-lineage algae

Cryptophytes do not possess the Lhcf subfamily or phycobilisome, but they do contain phycobiliproteins in the thylakoid lumen and LHCs in the
thylakoid membrane.*® Cryptophyte LHC is called chlorophyll a/c (CAC) proteins or alloxanthin-chlorophyll a/c proteins (ACPs) named after
their pigments and bound to both PSI and PSII.'"***> The PSI-LHCI and PSII-LHCII of diatoms and Haptophytes are called PSI-FCPI and
PSII-FCPII, respectively, because of the bound pigments in LHCs. The classification of LHCs in red-lineage secondary endosymbiotic algae
was described in our previous research.'” The diatom FCPI comprises Lhcrs as well as the Lhegs, Cglher9, which is distinct from the Lher
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Figure 4. Molecular phylogenetic tree of Lhcr of red-lineage algae

The phylogenetic tree was inferred using IQ-TREE2 and rooted at the outgroup of Lhcas from an early diverging green alga, Prasinoderma coloniale. A total of
418 sequences with 489 amino acid sites were used, and the Q.pfam+F+R7 model was selected according to Bayesian information criterion scores. Circles on the

node indicate ultrafast bootstrap support (>95%). Numbers in parentheses are SH-aLRT support (%)/aBayes support/ultrafast bootstrap support (%). LHC colors
correspond to the taxonomy in Figure 1. Short names of molecular species are described in Table S1.

subfamily, presumably some Lhcfs, and a RedCAP.”'%"3¢ Unlike red algal PSI with phycobilisome, diatoms predominantly have the Lhcfs
located around PSII, and one unique Lher (CgLhcr17 homolog) closely associated with the PSIl core. '35 Molecular phylogenetic analysis
suggests that Haptophytes also possess LHC subfamily compositions similar to diatoms, implying that they may have analogous PSI-FCPl and
PSII-FCPIIL."® To elucidate how the Lhcrs in these algae were generated from red algae during secondary endosymbiosis, LHC sequences were

obtained from a wide variety of Cryptophytes, Stramenopiles, and Haptophytes in addition to red algae. The molecular phylogenetic tree was
inferred using these red-lineage Lhcrs in addition to red algal Lhers with Prasinoderma Lhcas as root of the tree (Figure 4).
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LHCls of Cryptophytes and Stramenopiles show different conservation patterns in the phylogenetic tree, suggesting different evolutionary
processes of LHCls (Figure 4). The phylogenetic tree of red-lineage LHCls includes group I-VIl in addition to one Cryptophyte-specific clade
and two Stramenopiles/Haptophyta-specific clades. Cryptophytes, including Chroomonas placoidea, have ACPIs in groups IV-VI in addition
to the Cryptophyte-specific clade. Group IV and VI contain CpACPI-4 and CpACPI-2, respectively. Group V contains not only CpACPI-3 but
also CpACPI-7, 11, and 14. Groups I-Ill and VIl are absent in Cryptophytes. The Cryptophyte-specific clade contains CoACPI-1, 5, 6,9, 10/13,
and 12; ACPI-6 and ACPI-10/13 are closely related and form one group, whereas CpACPI-1, 5, 9 forms the other.

Stramenopiles, including the diatom Chaetoceros gracilis, have CglLhcr1 in group | and CgLher5 in group V in addition to LHCls in two
Stramenopiles/Haptophyta-specific groups. The clade including Cglhcrl is a sister clade of the group | clade of red algae, suggesting
that this clade can be included in group I. One Stramenopiles/Haptophyta-specific group contains CglLhcr2, r3, r6, 8, and r10, while the other
includes CglLhcr7 and r17. Cglhcr17 is a monomeric FCPII directly associated with PSIL.'""® The Lhers of other Stramenopiles showed the
same distribution pattern in the groups as that of diatom Lhcrs. Group | includes Pavlovales Lhcrs from Haptophytes, whereas
Stramenopiles/Haptophyta-specific groups possess Lhcrs from other taxa of Haptophyta. Altogether, Lhcrs of red-lineage secondary endo-
symbiotic algae are present not only in red algal Lher groups but also in unique clades in the phylogenetic tree.

Molecular phylogeny of RedCAPs

RedCAP is one of the families belonging to the LHC superfamily directly bound to red-lineage PSI.?*?* RedCAP is assigned in the position
0 in PSI-LHCI of Rhodophytina Porphyridium purpureum, Cryptophyta Chroomonas placoidea, Rhodomonas salina, a diatom Chaetoceros
gracilis.'*"'?*" To investigate the evolutionary history of RedCAP, we collected RedCAP sequences using BLASTP from various public da-
tabases and inferred the molecular phylogenetic tree of RedCAP (Figure 5). In red algae, only Galdieriales from Cyanidiophyceae and all
orders from Rhodophytina conserved one copy of RedCAP, and other red-lineage algae—Cryptophyta, photosynthetic Stramenopiles
(Heterokonts), and Haptophyta—conserved RedCAP. The RedCAPs of secondary endosymbiotic algae showed a monophyletic clade be-
tween the Galdieriales and the Rhodophytina clades. Within the clade of secondary endosymbiotic RedCAPs, the Cryptophyta clade oc-
cupies the most basal position. Haptophyta RedCAPs and Stramenopile RedCAPs form sister clades, though the bootstrap support for
monophyly of Stramenopile RedCAPs was not high (45%). While Dinoflagellates have red-lineage PSI-LHCI, they do not possess
RedCAPs in the position 0.%%*

Cryptophyte PSI-ACPI and diatom PSI-FCPI showing LHCI rearrangement

Conservation and replacement of LHCls (ACPIs) from ancestral red algae can be estimated when we combined the structure of Cryptophyte
Chroomonas placoidea PSI-ACPI with the phylogenetic analysis. C. placoidea PSI-ACPI contains one RedCAP molecule and 13 Lhcrs
(Figure 6)."" It also has Psa28, an unknown subunit and ACPI-S. Psa28 are conserved from red algae (Galdieriales and Rhodophytina) to sec-
ondary endosymbiotic algae including Cryptophyta, Stramenopiles, Haptophyta (e.g., Diacronema lutheri GenBank: KAG8457475.1 and Ge-
phyrocapsa oceanica GenBank: CAE5900733.1), and even Dinoflagellates.””'%'%%7 Psa28 in PSI-LHCI in red algae, Cryptophyta, diatoms,
and Dinoflagellates, seems to interconnect PS| core and LHCI in p2-4 as discussed in P. purpureum PSI-LHCI.* ACPI-S appears to intercon-
nect ACPIs and is not found in red algal PSI-LHCI and diatom PSI-FCPI. From the stromal side, the binding positions of LHCI (ACPIs) can be
assigned as pO0—p8 similar to the red algal PSI-LHCI (Figure 3). RedCAP locates at p0 as observed in P. purpureum. ACPI-4, 3, and 2 at p4, p5,
and p6 belong to groups IV, V, and VI, respectively, as did LHCls in P. purpureum PSI-LHCI. In contrast, ACPI-7 at p1 belongs to group V
in C. placoidea, while p1 is occupied by group | PpLhcr2 in P. purpureum PSI-LHCI. Furthermore, p2, p3, and p7 are occupied by ACPI-6,
-5, and -1 belonging to the Cryptophyte-specific clade.

Interestingly, Chroomonas placoidea PSI-ACPI has three sets of adjacent three ACPIs (heterotrimer): ACPI-7-6-5, ACPI-11-10/13-9,
and 14-10/13-12 (Figure 6). ACPI-7, 11, and 14 in each heterotrimer belong to group V. ACPI-3 belonging to group-V ACPIs would be
rather ancestral LHCI because it binds at p3, meaning a true ortholog of group-V LHCI in red algae (ex. PpLher5). ACPI-7, 11, and 14
belonging to group V should be derivatives of ancestral ACPI-3. Other two ACPIs in each heterotrimer belong to the unique Crypto-
phyte-specific clade, wherein C. placoidea ACPIs can be divided into two groups by focusing on monophyly: ACPI-6, 10/13, and
ACPI-5, 9, 12 (Figure 4). Thus, three sets of heterotrimers comprise three ACPIs from the respective groups, which would result from
gene duplication.

According to the aforementioned analyses, the following model can be proposed for the establishment of Cryptophyte PSI-ACPI
(Figure 7): after losing many Lhcr genes during secondary endosymbiosis of red algae, Cryptophytes only preserved three molecular species
of Lher (ACPI-2, ACPI-3, and ACPI-4) and a RedCAP; at this point, the group V LHCl—an ancestral ACPI-3 at p5—diversified forming a Cryp-
tophyte-specific clade in the Lher subfamily: one Cryptophyte-specific Lhers binds at p7 as ACPI-1; three sets of heterotrimers of ACPIs,
including one group V Lher and two Cryptophyte-specific Lhers, bind to restore the antenna size of PSI. This molecular evolutionary model
of C. placoidea PSI-ACPI (Figure 7) contradicts the current model of PSI-LHCI complex evolution in the red-lineage, solely based on LHCI
compositions.'? That is, Cryptophyte PSI-ACPI is not an evolutional intermediate between red algal PSI-LHCI and diatom PSI-FCPI.

Not all Lhers in a diatom PSI-FCPI directly descend from red algal LHCI. The diatom Chaetoceros gracilis PSI-FCPI possesses either
none or one RedCAP molecule and 16 or 23 FCPs including eight Lhers.”'? In the structure of C. gracilis PSI-FCPI, positions pO-p7 are
occupied by CgRedCAP, and Cglhcr1—r7. CgRedCAP at p0 is homologous to PpRedCAP at p0 of P. purpureum PSI-LHCI. CgLhcr1
and Cglher5, belonging to groups | and V, respectively, are positioned in p1 and p5, consistent with LHCls belonging to groups |
and V at p1 and p5 in red algal PSI-LHCI. However, all other positions except for p4 are occupied by Lhcrs belonging to
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Rhodophyta Porphyridiophyceae
Porphyridium purpureum

+ Galdieriales specific Lher

Cyanidiophyceae

Estimated Ancestral Rhodophyta
Proposed LHCI: at least 5 LHCs and 1 RedCAP

Estimated Rhodophyta Galdieriales
Proposed LHCI: 6 LHCs and 1 RedCAP

Genome reduction?

Rhodophyta Cyanidioschyzonales
Cyanidioschyzon merolae

Figure 6. LHCI evolutionary model of red algae based on phylogeny and structures

The estimated ancestral Rhodophyta and Galdieriales PSI-LHCI are depicted based on the P. purpureum PSI-LHCI structural model. PSI core subunits except
Psa28 (alternatively known as PsaR) are shown in green and Psa28 is cyan. RedCAP protein is shown in red and Lhcr proteins in LHCI are colored orange. The
numbers of Lher groups are indicated on the respective estimated models. The PSI-LHCI models for P. purpureum and C. merolae are consistent with those
shown in Figure 2.

Stramenopiles/Haptophyta-specific groups. Furthermore, CgLhcr8 and Cglhcr10, belonging to the Stramenopiles/Haptophyta-specific
group |, are positioned counterclockwise adjacent to CglLher7 (positions p8 and p9, respectively). The FCPI assigned at p4 in C. gracilis
PSI-FCPI is CglLhcr4, belonging to the Lhcg subfamily.”'® Altogether, the diatom PSI-FCPI shares orthologous LHCls only at p0, p1,
and p5 with the red algal PSI-LHCI. This suggests that diatoms have lost many LHCls from red algae and replaced them with diversified
FCPIs during endosymbiosis of red algae.

DISCUSSION

The molecular assembly model of the red-lineage PSI-LHCI has been discussed only based on spatial arrangements of the subunits in the
structures.'”?° However, this study made it clear that it is necessary to consider an evolutionary model of the photosynthetic supercomplex
using both molecular phylogeny and structural information. Here, we would like to propose an evolutionary trajectory of LHCI proteins asso-
ciated with PSl in red-lineage algae.

Putative composition of LHClIs in the common ancestor of primitive red algae

The smaller number of LHCI in C. merolae PS| can be due to genome reduction in Cyanidioschyzonales, including C. merolae, and Cyani-
diales, resulting in small genome sizes and numerous gene deletions.”” Rhodophytina and Cyanidiophyceae diverged from the common
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Figure 7. PSI-LHCI structures of Cryptophyte Chroomonas placoidea PSI-ACPI supercomplex

Top view of the supercomplex from the stromal side. The number on the structure corresponds to that of CoACPI proteins. The colors of ACPI numbers
correspond to the groups in Figure 4. PSI core subunits except Psa28 (alternatively known as PsaR) are shown in green and Psa28 is cyan, respectively.
RedCAP protein is shown in red and Lhcr proteins in LHCI orthologous/homologous to the red algal Lhcrs are colored orange. Lhers belonging to the
Cryptophyte-specific clade are shown in brown. Psal and PsaF subunits are indicated as Psal and F, respectively.

ancestor of red algae. Rhodophytina had a conserved set of Lhers: groups I-VII. However, Cyanidiophyceae, Cyanidioschyzonales, and Cy-
anidiales, have only three LHCls which belong to groups V-VII. Galdieriales have six Lhcr molecular species belonging to groups |, IV-VII, and
the Galdieriales-specific clade. Furthermore, Rhodophytina and Galdieriales possess RedCAP in their genomes, whereas Cyanidioschyzo-
nales and Cyanidiales do not.”*” This suggests that only a few Lhcr genes remained after genome reduction in Cyanidioschyzonales and
Cyanidiales, and that they would ensure PS| antenna size by repurposing the same genetic products, CmLhcr1 and CmLher2, to different po-
sition around PSI.

Considering that Galdieriales is the earliest order diverged from others in Cyanidiophyceae, it is reasonable to deduce the LHCI compo-
sition of the last common ancestor of red algae from those of Rhodophytina and Galdieriales. Since both Rhodophytina and Galdieriales
possess RedCAP, the ancestral Rhodophyta likely had RedCAP at p0. Galdieriales has Lhers of group |, IV=VII, which are orthologous Lhcrs
in P. purpureum PSI-LHCI bound at p1, p4-p7, while it lacks group Il and Il Lhecrs. Galdieriales conserves the Psa28 (RefSeq: XP_005707993.1,
called PsaR, synonymously) subunit, which was suggested to stabilize LHCls at p2—p4 in P. purpureum PSI-LHCI." In Galdieriales, Psa28 may
help the association of at least LHCI at p4. Thus, the ancestral Rhodophyta should have a conserved fundamental Lhcrs—RedCAP composition
with RedCAP at p0 and Lhcrs at least at p1, and p4—p7 (Figure 8). This also suggests that C. merolae PSI-LHCl is not a “primitive” PSI-LHCI.

Evolutionary path of LHCI from red algae to stramenopiles/haptophyte through Cryptophyta

The evolutionary model of Cryptophyta PSI-ACPI introduced in Figure 7 suggests its progression from the ancestral red algae PSI-LHCI.
Cryptophyta acquired a plastid from red algae, having its endosymbiotic nucleus, the nucleomorph, derived from red algae.*'**? This supports
the direct descendance of Cryptophyte PSI-ACPI from red algae PSI-LHCI, without additional endosymbiosis. The ancestral red algae
PSI-LHCI, featuring LHCI at p0, 1, and p4-p7, shares positions p0, p4—p5 with Cryptophyte PSI-ACPI. Despite losing group | Lher, Crypto-
phyta has diversified its Lhcrs not only to fill position p7 but also to expand its antenna size by creating three heterotrimers. This research
meticulously details the evolution of LHCI from primitive red algae to Cryptophytes, presenting Cryptophytes as a prime example of extensive
LHCI rearrangement and antenna enlargement of PSI through endosymbiosis.

In contrast, the evolutionary trajectory of Stramenopiles and Haptophyte LHCl is not as straightforward as that of Cryptophyte ACPIs. When
considering the evolutionary model of PSI-LHCI based on molecular phylogeny, Stramenopiles, including diatoms and Haptophytes, acquired
the Lhcq subfamily in addition to the Lhcr subfamily.'” In diatom FCPI, only group | and V Lhers (CgLhcr1 and CglLhcr5) at p1and p5, respectively,
have conserved positions from red algae. Other Stramenopiles and at least Pavlovales in Haptophyta share group | and V Lhers. In diatom PSI—
FCPI, Lhers at p2, p3, and p6—p9 belong to the Stramenopiles/Haptophyta-specific groups.”'” CglLhcrd, which does not belong to the Lhcr sub-
family but to the Lhcq subfamily, is assigned to p4 in diatom PSI-FCPI. Moreover, the Lhcq subfamily in PSI-FCPI not only binds directly to the PSI
core but also forms the outer layer of LHCs in PSI-FCPI, contributing to a larger antenna size of the diatom PSI.”"'%'> This indicates that Stra-
menopiles has experienced a distinct process of LHCI re-acquisition around PSI, which would be largely different from that of Cryptophytes.

The evolutionary history from red algae to red-lineage algae has been previously described.”® Linear regression analysis on nuclear ge-
nomes suggested serial endosymbiosis in red-lineage algae: Cryptophyta engulfed a red alga as secondary (2nd) endosymbiosis; the
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Figure 8. Estimated trajectory of PSI-LHCI evolution of Cryptophytes after endosymbiosis with red alga based on the molecular phylogeny of LHCI
The PSI-ACPI of Cryptophytes Chroomonas placoidea has one RedCAP and 13 LHCs, including five Lhers homologous to red algal Lhers and eight Cryptophyte-
specific Lhers. Color code is the same as in Figure 6. The cryptophyte PSI-ACPI conserved the PSI core including Psa28 with RedCAP and ACP-4, 3, and 2 at
positions p0, pd—-pb, respectively, as the putative PSI-LHCI in ancestral red alga. ACP-2-4 are orthologous to PplLhcr1, r5, and r4, respectively. During the
endosymbiosis event, an unknown subunit (Unk1) and ACPI-S were added to the conserved ancestral set of PSI-ACPI. In addition, a Cryptophyte-specific
Lher at ACPI-1 and three ACPI heterotrimers were attached to three different sides of PSI-ACPI.
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photosynthetic Stramenopiles incorporated Cryptophyta as tertiary (3rd) endosymbiosis; Haptophyta acquired many genes from Strameno-
piles as quaternary (4th) endosymbiosis. However, the plastid-encoded genes of Haptophyta and Cryptophyta strongly support monophyly in
the phylogenetic tree.”” Haptophyta may have acquired the ancestral Cryptophyta plastid before or after massive gene transfer from Stra-
menopiles, reconciling the two seemingly contradictory phylogenetic trees of different genomes.”" " LHC genes are nuclear-encoded
and should follow the history of nuclear-encoded genes derived from the quaternary endosymbiosis.”*** RedCAPs are nuclear-encoded
and form a monophylic clade including Stramenopiles and Haptophytes, and Haptophyta RedCAPs are sister to the entire Stramenopile
clade. This is consistent with the serial endosymbiosis hypothesis for Haptophytes. However, monophyly of Stramenopiles is weak. This makes
it difficult to determine whether Haptophyta acquired RedCAP from the common ancestor of Stramenopiles or from a specific Stramenopile
lineage. Consistently, the composition of LHC subfamilies of Haptophyta is similar to that of Stramenopiles.’” In contrast, most genes coding
for the PS core are encoded in the plastid genome originated from Cryptophyta. Based on these facts, we hypothesize that the origin of the
genes coding for the Haptophyte PS core complex and that for light-harvesting antennas can be chimeric. Further genetic and structural anal-
ysis of the PSI-LHCI in Haptophytes is required to confirm/dismiss this hypothesis.

Molecular evolution of PS supercomplexes through “neolocalization”

Gene duplication and functional diversification, for instance in biosynthetic enzyme families, are typically referred to as “neofunctionalization”
(e.g., Hansen et al. 2021%7). However, even after intensive diversification, the primary function of the LHC family and RedCAP remains light-
harvesting. Therefore, their diversification can be best considered as that of structural relocalization rather than function. In our study on the
red alga Cyanidiales Cyanidium caldarium PSI-LHCI, we proposed the term “neolocalization”.*® It was defined as a phenomenon where a
structural defect caused by gene loss is complemented or modified by the product of another existing gene. In this study, we expand the
definition of neolocalization to include modifications by the product of a gene differentiated after duplication from an existing one. Phenom-
ena matching neolocalization are also observed in the green lineage. In green algae Chlamydomonas reinhardtii, green algal Lhca7 and
terrestrial plant Lhca2 do not share orthology, yet they bind at the same position in green-lineage PSI-LHCls.?"**=>? Similarly, it is reported
that Arabidopsis can attach AtLhcal and AtLhca4 to state-2 PSl in the position of Chlamydomonas Lhca9 and Lhca2 to PsaB/H/I/B/G side of
PS| core.” These facts suggest that neolocalization primarily complements antenna size of PSI-LHCI upon gene loss triggered by genomic
reduction, endosymbiotic events, or other reasons, while it may also contribute to light-environmental adaptation.

Neolacalization following to genomic events has made the evolutionary history of LHCI complicated. Therefore, simple conventional
models solely based on compositions in LHCI may lead to incorrect conclusions about the evolutionary trajectory of LHCI. To understand
this complex process, a general model of molecular evolution must consider both molecular phylogeny and structure. At present, the com-
plete evolutionary paths of LHC diversification and differentiation from Rhodophytina red algae to Stramenopiles and Haptophyta through
Cryptophyta remain to be elucidated. As more genomic information and more structural models become available, the relationship between
these taxa will become clearer, allowing the construction of an entire evolutionary model of PS supercomplexes.

Limitations of the study

By combining molecular phylogenetic analyses with structural information of PSI-LHCI in red-lineage algae, we estimate the evolutionary tra-
jectory of LHCI, especially within red algae and from red algae to Cryptophytes. However, considering that the structure of PSI-LHCI has not
been reported for all major lineages of red algae, our estimations presented in this study require further verification in future research. In addi-
tion, this study is limited to the Lhcr subfamily and RedCAP, while other subfamilies, such as Lhcg and Lhcf, also comprise LHCI in diatoms and
possibly in other Stramenopiles and Haptophytes. Further analysis of Lhcg and Lhef would contribute to estimating LHCI evolution within
Stramenopiles and Haptophytes.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

Blastp
Muscle5
MAFFT E-INS-I v7.490 or v7.525

ClipKit v1.4.1

IQ-TREE v2.2.2.7
iTOL v6
Open-Source PyMOL v2.5.0

Altschul et al. (1990)>*
Edgar (2022)*°
Katoh and Standley (201 3)%¢

Steenwyk et al. (2020)°”

Minh et al. (2020)°°
Letunic and Bork (2024)>7
Schrodinger LLC (2015)%°

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.drive5.com/muscle/

https://mafft.cbrc.jp/alignment/

server/index.html

https://jlsteenwyk.com/ClipKIT/

advanced/index.html
http://www.igtree.org/
https://itol.embl.de/
https://github.com/schrodinger/

pymol-open-source

Other

NCBI RefSeq O'Leary et al. (2016)°" https://www.ncbi.nlm.nih.gov/refseq/
NCBI GenBank Benson et al. (2013)%? https://www.ncbi.nlm.nih.gov/genbank/
NCBI SRA Leinonen, Sugawara and Shumway (201 5 https://www.ncbi.nlm.nih.gov/sra

JGI Phycocosm

1KP
ChaetoBase v1.1
Thalassiosira pseudonana Lhcr18 (98189.t1)

Lhca sequences of Prasinoderma coloniale

Grigoriev et al. (2021)%*

Leebens-Mack et al. (2019)%°
Kumazawa et al. (2022)"°
Filloramo et al. (2021)°°

Li et al. (2020)*"

https://phycocosm.jgi.doe.gov/

phycocosm/home
https://db.cngb.org/onekp/
https://chaetoceros.nibb.ac.jp/
https://doi.org/10.5683/SP2/ZDZQFE
https://ftp.cngb.org/pub/CNSA/data2/

CNP0000924/CNS0223647/CNA0013964/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All data used in this study were acquired from public databases cited in corresponding sections.

METHOD DETAILS
LHC protein sequence acquisition

LHC protein sequences were collected from genomes or transcriptomes of diverse red-lineage species, including 37 Rhodophyta comprising
33 species, five diatoms, two Eustigmatophyceae, four Haptophytes including one Pavlovophyceae, three Phaeophyceae (Brown algae) and
three Cryptophytes. Thirty-three species of red algae include one Cyanidiales, two Cyanidioschyzonales, six Galdieriales, two Rhodellophy-
ceae, two Compsopogonophyceae, two Stylonematophyceae, two Porphyridiophyceae, two Bangiophyceae, and 18 Florideophyceae.
These genomic and transcriptomic datasets were accessed from databases such as ChaetoBase v1.1, NCBI RefSeq, NCBI GenBank, NCBI
SRA, PDB, JGI Phycocosm and 1KP (https://db.cngb.org/onekp/). Specific details of species and corresponding references are provided
in Table S1. For most diatoms, LHCs had been previously annotated, except for Fistulifera solaris JJCC DA0580."” The protein sequence
of Thalassiosira pseudonana Lhcr18 was modified as the amino-acid sequence of g8189.t1 in the updated T. pseudonana genome
(https://doi.org/10.5683/SP2/ZDZQFE).*® A BLAST similarity search was used to procure LHCs from various lineages, adapting techniques
from Kumazawa et al. (2022)."° Then, the reference sequences used in the BLASTP search were replaced with the Lhcrs in Porphyridium pur-
pureum. The transcriptomes of 1KP included 28 species of red algae, among which 23 species were selected for the next analyses based on
the quality of the LHC alignment.®” RedCAPs were identified by not only these genomes and transcriptomes but also by BLASTP against NCBI
nr and tsa-nr database to identify them from wide variety of red-lineage algae. Contaminated sequences in the 1KP dataset were identified
and eliminated using molecular phylogenetic analysis and BLASTP searches against the NCBI nr database. The IsoSeq transcriptomes of Cy-
anidiococcus yangmingshanensis 8.1.23 F7 and Cyanidium caldarium DBV 063 E5 were obtained from NCBI SRA and translated using
TransDecoder (https://github.com/TransDecoder/TransDecoder) and LHC proteins were identified using BLASTP and clustered manually
based on MAFFT alignment.’®>® LHCs belonging to the Lher subfamily of secondary endosymbiotic algae were obtained by preliminary
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phylogenetic analysis using muscle5 with super5 mode for alignment, ClipKit v1.4.1 with kpic-smart-gap mode for trimming, and IQ-TREE
v2.2.2.7 to infer a phylogenetic tree.”>>*® All sequences for the following analyses were carefully curated for LHC conserved domain;
some were modified at their N-terminal region and C-terminal region. All modified sequences are explicitly indicated in the Figures 2 and 4.

Lhca sequences of Prasinoderma coloniale belonging to the earliest divergent taxa of green algae were obtained for the root in the phylo-
genetic tree (https://ftp.cngb.org/pub/CNSA/data2/CNPO000924/CNS0223647/CNA0013964/).%

Phylogenetic analysis of LHC

LHC sequences (Data S1) were aligned using MAFFT E-INS-I v7.490,” which is optimized for multi-domain proteins (Data S2 and S3).
Sequence alignments were then refined using ClipKit v1.4.1%° with kpic-smart-gap mode for the following tree inference. The molecular
phylogenetic trees were inferred using IQ-TREE v2.2.2.7 with extended model selection (-m MFP option) (Data S4 and S5).°%“° For exhaustive
tree topological search, 500 initial parsimony trees were constructed, the number of tree search iterations was extended to 1,000, and pertur-
bation strength was specified to 0.7 as IQ-TREE parameters. The inferred trees were visualized using iTOL v6.”

Phylogenetic analysis of RedCAP

RedCAP sequences (Data S6) were aligned using MAFFT E-INS-1v7.525 (Data S7). The alignment was not trimmed and directly used to infer
the phylogenetic tree by IQ-TREE v2.2.2.7 with the extended number of tree search iterations to 1,000. The Q.pfam+F+I+G4 model was
selected for tree inference. The inferred trees (Data S8) were visualized using iTOL v6.

Visualization of PSI-LHCI structure

All models of PSI-LHCI structures were obtained from RCSB PDB (https://www.rcsb.org/). The following models were acquired: a Cyanidio-
schyzon merolae PSI-LHCI (ID: 5ZGB), a diatom Chaetoceros gracilis PSI-FCPI (ID: 6LY5), a red alga Porphyridium purpureum single-PBS—
PSII-PSI-LHCs megacomplex (ID: 7Y5E), and a Cryptophyte Chroomonas placoidea PSI-ACPI (ID: 7Y7B). The models of the complexes
were visualized using Open-Source PyMOL v2.5.0.°

QUANTIFICATION AND STATISTICAL ANALYSIS

For the molecular phylogenetic analysis, ultrafast bootstrap approximation (UFBoot) was employed to assess branch support, with 1000 rep-
licates performed for each analysis. These values are displayed on the nodes of the phylogenetic trees presented in Figures 2, 4, and 5. Not
only UFBoot but also the SH-like approximate likelihood ratio test’” and the aBayes test’' were displayed on some nodes of the trees and
explained in each figure legend.
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