2 New

o [hytologist

N

'.) Check for updates

N

Exploring thylakoid emergence: evolution of membrane
biogenesis and photosystem Il assembly in early-diverging

cyanobacteria

Louise Hambuicken

, Denis Baurain

and Luc Cornet

InBioS-PhytoSYSTEMS, Eukaryotic Phylogenomics, University of Liege, Liege, 4000, Belgium

Author for correspondence:
Luc Cornet
Email: luc.cornet@uliege.be

Received: 17 February 2026
Accepted: 27 April 2026

New Phytologist (2026)
doi: 10.11 ‘l’l/nph.71284

Key words: cyanobacteria evolutionary
biology, membrane dynamics,
photosynthesis, phylogenomics, PSII
assembly, thylakoids.

Summary

e Thylakoid membranes (TM) in cyanobacteria and chloroplasts host the light-dependent
reactions of oxygenic photosynthesis. Gloeobacterales, the earliest-diverging cyanobacterial
lineage, lack TM and perform photosynthesis in the cytoplasmic membrane (CM), represent-
ing an ancestral state relative to other cyanobacteria (Phycobacteria). This study investigates
the evolutionary origin of TM.

¢ Phylogenomic analyses were performed across a phylogenetically diverse set of cyanobac-
teria, including extensive representation of basal lineages (Gloeobacterales, Thermostichales,
Gloeomargaritales, and Pseudanabaenales), as well as micro- and macrocyanobacteria, using
orthologous proteins involved in membrane dynamics and photosystem 1l (PSIl) assembly,
together with structural modeling using AlphaFold3.

¢ We identified two candidate proteins associated with membrane trafficking that may con-
tribute to TM biogenesis, including the SPFH (Stomatin, Prohibitin, Flotillin, en HfIK/C) family
member SIr1106, proposed to have been acquired by lateral gene transfer. Analysis of 36 PSI|
assembly factors revealed modifications in late-stage assembly, notably in manganese home-
ostasis. Structural changes in the YidC translocase may have facilitated the relocation of linear
electron transfer components from the CM to TM.

¢ Altogether, these phylogenetic and functional prediction analyses provide new insight into
the molecular innovations that led to TM emergence, including membrane trafficking sys-

tems, PSII assembly changes, and protein targeting adaptations.

Introduction

Thylakoids are specialized membranes present in both cyanobac-
teria and chloroplasts that carry out the light-dependent reactions
of oxygenic photosynthesis. They generate NADPH and ATP for
subsequent CO, fixation in the Calvin—Benson cycle through a
linear electron transport (LET) chain composed of multi-subunit
complexes, notably photosystem II (PSII) and photosystem I
(PSI), together with associated electron carriers. The emergence
of this intracellular compartment provided cyanobacteria with an
expanded membrane surface for light energy conversion, which is
hypothesized to have contributed to the Great Oxidation Event
(GOE) (Guéguen & Maréchal, 2022) c¢. 2.4 billion years ago,
profoundly transforming Earth’s biosphere (Bekker ez al., 2004).
Among extant cyanobacteria, members of the order Gloeobac-
terales, the earliest-diverging lineage, lack thylakoid membranes
(TM) (Rippka et al., 1974; Rahmatpour et al, 2021). Instead,
they carry out oxygenic photosynthesis within specialized regions
of their cytoplasmic membrane (CM) (Rexroth ez al.,, 2011). The
absence of TM in this basal group suggests that these structures
arose after the divergence of Glocobacterales but before the
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emergence of Thermostichales, the second earliest-diverging cya-
nobacterial lineage, which already possesses TM. Consequently,
Gloeobacterales retain the ancestral evolutionary state preceding
TM formation and provide a unique model for exploring the
transition from a LET located in the CM to a LET integrated
within TM (Cornet, 2025). The proteins mediating the assembly
of photosynthetic complexes within the TM may retain evolu-
tionary signatures of this ancestral relocation, offering valuable
insights into how cyanobacteria with TM, known as Phycobac-
teria, have emerged (Cornet, 2025).

The mechanisms underlying TM biogenesis remain poorly
understood. Four main hypotheses have been proposed: fusion
between CM and TM, vesicular transport, direct lipid transfer
via soluble lipid carriers, or self-assembly driven by lipid phase
transitions (Rast ¢z al, 2015; Guéguen & Maréchal, 2022)
(Fig. 1). The Vesicle-Inducing Protein in Plastids (VIPP1), an
homolog of the eukaryotic Endosomal Sorting Complex
Required for Transport III (ESCRT-III) system implicated in
membrane deformation and scission, was suggested to play an
essential role in the biogenesis of TM, thereby fitting the first sce-
nario (Westphal ez 4/, 2001; Heidrich ez al, 2017; Tan, 2024).
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This conclusion was supported by the fact that VIPP1 was only
found in oxygenic photosynthetic organisms and that its presence
is essential for thylakoid formation (Westphal ez al, 2001).
VIPP1 evolved from a duplication of the stress response phage
shock protein A (PspA) at the root of Phycobacteria and differs
from PspA by an additional C-terminal extension (Tan, 2024).
However, a recent study showed that the Gloeobacterales pspA
gene could complement a vippI-null mutant in Arabidopsis (Ma
et al., 2025). Furthermore, proteomic data from TM biogenesis
indicate that VIPP1 accumulates at late stages of TM formation
(Huang et al., 2023). Overall, these recent findings question the
previously assumed central role of VIPP1 in the process.

Although the mechanisms underlying the assembly of most of
the protein complexes forming the LET remain poorly studied,
de novo assembly of PSII was shown to be a highly synchronized
spatial and temporal process in Syrechocystis, mediated by at least
36 proteins known as assembly factors (Van De Meene
et al., 2006; Heinz et al., 2016; Rast e al., 2019). During the
early steps of PSII biogenesis, the precursor of D1 (pD1) is trans-
located across the CM by the Sec translocon and the YidC/Alb3
insertase, followed by Chl incorporation and D1 maturation.
The D1-D2 heterodimer then forms within a specialized region
of the CM enriched in assembly factors, known as the PratA-
defined membrane (PDM) (Stengel e al., 2012). During the
later steps of PSII biogenesis, the inner antenna subunits CP47
and CP43 are sequentially incorporated, and the Mn4CaOs clus-
ter is assembled and activated (Rengstl ez al., 2011). These later
steps likely occur within the developing TM.

Here, we present a phylogenomic analysis of 13 proteins
involved in membrane trafficking that identifies one member of
the SPFH family and one member of the DedA family as poten-
tial contributors to TM biogenesis, providing an alternative to
the VIPP1-based model. We further report the first phylogenetic
analysis of the 36 PSII assembly factors known so far, highlight-
ing patterns of gene presence/absence and structural variations
that suggest important modifications in the late stages of PSII
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assembly, notably in manganese homeostasis, after the divergence
of Gloeobacterales. In parallel, we pinpoint structural changes in
the translocase YidC and the Sec machinery that may have facili-
tated the relocation of the LET components from CM to TM.

Materials and Methods

Genome selection and phylogenomic species tree

A total of 45 316 representative species genomes of Terrabacteria
were retrieved from the Genome Taxonomy Database (GTDB)
release 1220 (Parks er al, 2022) (Figshare: doi: 10.6084/m9.
figshare.31135354). To limit computational burden during
orthologous gene inference, a subset of 950 genomes were
selected based on genome quality and phylogenetic position.
Briefly, only the 43 827 genomes that passed the Genome
UNClutterer (GUNC) (Orakov et 4l., 2021) contamination filter
were retained. Within each GTDB order, genomes were then
ranked by the difference between their CheckM2 (Chklovski
et al., 2023) completeness and contamination scores. For orders
represented by a single genus, the two highest-quality genomes
were kept; for all other orders, the best genome of each genus was
selected, yielding 1452 genomes in total, excluding the Cyano-
bacteriota phylum (Supporting Information Table S1). Sampling
within cyanobacteria was more exhaustive, resulting in 432 gen-
omes, that is one or two representative genomes were chosen per
genus, prioritizing those with > 80% completeness and < 10%
contamination, as estimated by CheckM2 (Chklovski
et al., 2023) (Table S2). To ensure coverage of early-diverging
cyanobacterial lineages, all available genomes from the orders
Gloeobacterales, Thermostichales, and  Gloeomargaritales were
incorporated, whereas the more abundant Pseudanabaenales were
dereplicated using TORQUEMADA v.0.2.1, with default para-
meters, resulting in 343 genomes (Léonard ez al., 2020).
Protein-coding sequences were obtained directly from the
National Center for Biotechnology Information (NCBI)
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proteomes when available or predicted using PRODIGAL v.2.6.3
(Hyatt et al, 2010) (Table S3). A phylogenomic tree based on
ribosomal proteins was reconstructed using the ORPER work-
flow with default parameters from the GEN-ERA toolbox v.1
(Cornet et al., 2023), with the exception that MAFFT v.7.471 was
used for the alignment of the ribosomal proteins (Katoh, 2002)
and that the ribosomal tree was inferred using IQ-TREE v.2.4.0
(Minh et al, 2020) with the best-fit substitution model
(Q.YEAST + I + R10) and 1000 ultrafast bootstrap replicates
(Fig. S1). The resulting phylogeny was pruned using PARNAS
v.0.1.6 (Markin ez al., 2023) to retain a final set of 950 represen-
tative species (Table S4; Figs S2, S3), encompassing ¢. 90% of
the total phylogenetic diversity, as estimated by diversity score
metrics (Fig. S4), and comprising 30 cyanobacterial species.

Orthologous group inference

The orthologous groups were inferred with ORTHOFINDER
v.2.5.5 (Emms & Kelly, 2019) from the 950 genomes selected
using default parameters. An approach based on Hierarchical
Orthologous Groups was first explored to account for multigene
families stemming from duplications. However, this strategy
proved to be less accurate than the one based on standard Ortho-

logous Groups (OGs), which is detailed below.

Identification of the orthologous groups of interest

The OGs corresponding to known assembly factors and mem-
brane dynamics proteins were identified by performing BrastP
searches (v.2.9.0+) (Camacho ez al, 2009) of every protein from
the 950 proteomes against a database containing reference
sequences of known PSII assembly factors and proteins involved in
membrane dynamics (Tables S5, S6). The e-value threshold was
fixed at 1077, and only the first hit was kept. The hits were then
plotted based on their bitscore distributions for each OG (Figs S5—
S50). For each assembly factor and membrane dynamics protein,
the OG with the highest median bitscore for cyanobacterial hits
was selected (Table S7). To check for optimal OG delineation, a
reciprocal BLASTP of every reference sequence against a database
containing the 950 proteomes was also performed. The best hits
were then filtered based on their e-value, sequence length, number
of copies per organism (first best hit per organism for the best
score), and the fraction of the sequence covered by the alignment
with the reference protein using OmpaPa (https://metacpan.
org/dist/Bio-MUST-Apps-OmpaPa; D. Baurain). We then
cross-validated the OGs derived from the filtered sequences against
those obtained from the bitscore distribution plots.

Orthologous gene tree inference

The gene trees of each OG of interest were generated using
1Q-TREE v.3.0.0 (Hoang ez al., 2018; Wong et al., 2025) with the
best-fit substitution model and 1000 ultrafast bootstrap replicates
(Table S7; Figs S51-595). The sequences corresponding to the
assembly factors and membrane dynamics proteins were then
pinpointed in the gene trees based on the bitscores. When
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subsequent analyses were needed, for either taxonomic distribu-
tion determination or tree topology resolution, a Hidden Markov
Model profile (pHMM) was built with the cyanobacterial
sequences and searched against a database comprising the inferred
proteomes of 343 Cyanobacteriota species (the dereplicated cya-
nobacterial dataset of 432 genomes, hereafter referred to as the
cyanobacterial dataset) using HMMER v.3.4 (Finn ef al, 2011).
The best hits were then filtered based on their e-value, sequence
length, number of copies per organism (the three best hits per
organism were kept), and the fraction of the sequence covered by
the pHMM alignment (minimum 0.7) using OmpaPa. As the
selected parameters varied depending on the protein under study,
the filtering thresholds are detailed in figshare doi: 10.6084/m9.
figshare.31135354. Minimal lengths ranged from 8 to 556 amino
acids, with a median of 154, and minimal —log10 e-values ranged
from 0 to 281, with a median of 33.

The selected sequences were then aligned using MAFFT v.7.505
(Katoh, 2002). Alignment sites were conserved if they had at
most 70% gaps and the sequences with a minimum of 30%
length (with respect to the longest unaligned sequence) were
exported using ali2phylip.pl (https://metacpan.org/release/Bio-
MUST-Core; D. Baurain). Finally, a gene tree was inferred from
the filtered alignment using IQ-TREE v.3.0.0 (Hoang ez al, 2018;
Wong et al., 2025) with the best-fit substitution model and 1000
ultrafast bootstrap replicates (Figs S96-S136). The presence or
absence of the proteins was mapped onto a species tree of the cya-
nobacterial dataset (Finn ez af, 2011) using iTOL (Letunic &
Bork, 2024).

Functional protein and 3D protein structure prediction

Functional protein domains were annotated with INTERPRO
v.5.48-83.0 (Jones er al., 2014). When the experimental struc-
tures were not available, the 3D protein structures were modeled
using the ALPHAFOLD3 server (Abramson ez al., 2024). The result-
ing structures were visualized and aligned using CHIMERAX v.1.11
(Meng ez al., 2023). Electrostatic potential calculations were per-
formed using the APBS plugin via the Poisson—Boltzmann server
(Jurrus ez al., 2018) (https://server.poissonboltzmann.org/) with
the AMBER force field and default parameters.
All figures were created using Inkscape.

Results

Membrane trafficking proteins

SPFH proteins (implicated in vesicular lipid transport), DedA
family proteins (associated with lipid rearrangement), and
dynamin-like proteins (involved in membrane fission and fusion)
have been proposed by Siebenaller & Schneider (2023) as poten-
tial contributors to lipid trafficking in cyanobacteria (Siebenaller
& Schneider, 2023). To further explore their evolutionary history
among Terrabacteria, we conducted a separate phylogenetic analy-
sis for 13 of these proteins (Fig. 2). Their taxonomic distribution
revealed that two are absent from Gloeobacterales but present in
most Phycobacteria included in this study: SIr1106 and SIr0305.
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Fig. 2 Taxonomic distribution of the photosystem Il assembly factors and proteins involved in membrane dynamics in Synechocystis. A black dot indicates
the presence of a protein, whereas a white dot indicates its absence. Highlighted proteins are discussed in the manuscript. Proteins marked with an asterisk
indicate cases in which the Gloeobacterales homolog may not share the same evolutionary origin as the corresponding phycobacterial protein.

The prohibitin Slr1106 is a member of the SPFH family. Its phy-  Patescibacteria. Slr1106 appears to have been acquired at the base
logeny within Terrabacteria (Fig. 3) suggests for both proteins an  of the Phycobacteria, whereas Slr1768 may have been acquired
origin through lateral gene transfer (LGT), possibly from  later, before the emergence of the Pseudanabaenales but after that
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Fig. 3 Phylogenetic tree of the cyanobacterial
orthologous sequences of SIr1106 and SIr1768
(SPFH family) in the Terrabacteria dataset. The
phylogenetic tree was constructed from 273
sequences across 510 unambiguously aligned
positions using la-Tree (Q.PLANT + F + | + R6 model)
with 1000 ultrafast bootstrap replicates. Bootstrap
values > 70% are shown. The tree annotation
corresponds to the region showing the highest
similarity to the reference Synechocystis sequences
(NCBI Protein Accessions: BDH96643.1 (SIr1106)
and BAA17070.1 (SIr1768)), as determined by BLasT.

Tree scale: 1 ——

of the Thermostichales (Fig. 2). Our analyses showed that the tree
of SIr1106 and SIr1768 also contains two groups of basal Cyano-
bacteria, including Gloeobacterales, which lack orthologues in
other cyanobacterial orders (Fig. 3). Moreover, structural predic-
tions revealed an additional B-sheet positioned outside of the ring
structure formed during oligomerization in the proteins of the

© 2026 The Author(s).
New Phytologist © 2026 New Phytologist Foundation.

rofexo!
aciliota

"| Patescibacteria

Margulisbacteria

S \roiovoriona

Chloroflexota

Patescibacteria

Patescibacteria

Bacillota

Bacillota

- paeSIAOGa
. Chiofiert

Margulisbacteria

Patescibacteria

e Cyanobacteria

AN 0167525 GoAOLSASZSS GNBLTITLA

Cyanobacteria | SIr1106

basal group I (Fig. S137). The DedA protein SIr0305 was not
detected in Gloeobacterales but was present from the root of Phy-
cobacteria (Fig. 4). Another DedA protein, SIr0232, is for its part
conserved across all cyanobacteria. However, its phylogeny exhi-
bits a long branch at the base of Phycobacteria (Fig. 5), albeit
without discernible structural or sequence divergence.
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The region emphasized by brackets corresponds to the region showing the highest similarity to the reference Synechocystis sequence (NCBI Protein
Accession: BAA10672.1), as identified by Bast. (b) The region labeled as SIr0305 in (a) was zoomed. Bootstrap values > 70% are shown.
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Fig. 5 Phylogenetic tree of the cyanobacterial orthologous sequences of SIr0232 (DedA family) in the Terrabacteria dataset. (a) The phylogenetic tree was
constructed from 987 sequences across 522 unambiguously aligned positions using la-Tree (LG + F + R10 model) with 1000 ultrafast bootstrap replicates.
The region emphasized by brackets in the figure corresponds to the region showing the highest similarity to the reference Synechocystis sequence (NCBI
Protein Accession: BAA10237.1), as identified by BLast. (b) The region labeled as SIr0232 in (a) was zoomed. The long branch at the basis of Phycobacteria
is indicated by an asterisk. Bootstrap values > 70% are shown.
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Fig. 6 Phylogenetic tree of the cyanobacterial
orthologues sequences of SIr0144 and SIr0147 in the
cyanobacterial dataset. The phylogenetic tree was
constructed from 311 sequences across 234
unambiguously aligned positions using IQ-TREE
(Q.PFAM+R6) with 1000 ultrafast bootstrap
replicates. The tree annotation corresponds to the
region showing the highest similarity to the
reference Synechocystis sequences (NCBI Protein
Accessions: BAA18544.1 (SIr0144) and BAA18547.1
(SIr0147)), as determined by BLasT.

Sir0144

Assembly factors of PSII

Late-stage assembly factors The largest differences between
Gloeobacterales and Phycobacteria were observed at the level of
late-stage assembly factors (Fig. 2). Hence, Psb27 and Psb34 were
not identified in Gloeobacterales in our analyses (Fig. 2). Psb34 is
thought to bind CP47 and compete with HIiA/B to enable the
final stage of PSII assembly (Rahimzadeh-Karvansara et al,
2022), while Psb27 binds both unassembled and assembled
CP43 in the PSII complex (Komenda et al, 2012). SI0606, a
protein of unknown function but leading to a massive reduction
in DI and CP43 in PSII assembly upon deletion (Zhang
et al., 2010), was not detected either in Gloeobacterales (Fig. 2).
Domain analysis of SII0606 suggests a potential role in the trans-
port of hydrophobic components, and distant homologs in
Gloeobacterales have been proposed (Zhang ez al., 2010). In this
work, we also identified such a homolog in Glocobacterales:
BAC90294.1. Its sequence is not orthologous to the Synechocystis
PCC6803 reference sequence, but InterPro domain analysis
annotates three domains capable of binding hydrophobic compo-
nents at the N-terminal region (Fig. S138). Hlips family phyloge-
nies are not well-resolved in our analyses, as evidenced by the
lack of statistically supported clades separating HIiA, HIiB, HIiC,
and HIiD. Instead, these proteins were scattered over several
OGs (Fig. 89), and a combined phylogenetic tree did not reveal
clear distinct monophyletic groups for each gene (Fig. S55).
Except for the accession GCA_038245785.1 (Glocobacterales
cyanobacterium),
SIr0144, a protein containing a 4-vinyl reductase (V4R) domain
that binds small hydrophobic molecules and is inferred to inter-
act with Chl precursors in Rhodobacter capsulatus (Anantharaman
et al., 2001; Singh er al, 2004). In Synechocystis sp. PCC6803,
Slr0144 is encoded within the sk0144-slr0152 operon

Gloeobacterales were also shown to lack

© 2026 The Author(s).

New Phytologist © 2026 New Phytologist Foundation.

Research

Sir0147

\ Copy #2

Copy #1 \ | [l Sericytochromatia
B Gloeobacterales
M Thermostichales
M Gloeomargaritales
W Pseudanabaenales
M Acaryochloridales

Microcyanobacteria

Copy #1
\ Py M Macrocyanobacteria

Copy #2

(Anantharaman ez 2/, 2001), which is involved in PSII stabiliza-
tion (Yang et al., 2014). Slt0144 and SIr0147, the only two pro-
teins of Synechocystis sp. PCC6803 containing a V4R domain, are
the result of a gene duplication (Fig. 6). SIr0144 and S1r0147 dif-
fer notably by Slr0144 having an N-terminal extension, along
with changes in its C-terminal region (Fig. S139).

Early-stage assembly factors The early stages of PSII biogenesis
do not show any differences in terms of presence or absence of
assembly factors between Glocobacterales and Phycobacteria.
Indeed, whether considering the processing and incorporation of
the D1 precursor (pD1), D2 folding, or the formation of the
reaction center, all corresponding assembly factors are present in
Gloeobacterales (Fig. 2). However, a structural difference exists in
the periplasmic domain of the translocase YidC and SecD
between Glocobacterales and Phycobacteria, with the latter har-
boring a specific features in its periplasmic domain.

YidC is part of the Oxal/Alb3/YidC family of proteins, which
are involved in the insertion and assembly of membrane proteins
and have homologs across all three domains of life (Hennon
et al., 2015). Notably, bacterial YidC shares homology with
mitochondrial inner membrane Oxal and chloroplast thylakoid
Alb3 proteins. YidC has been shown to participate in PSII bio-
genesis alongside the SecYEG machinery by mediating the mem-
brane integration of the D1 precursor (pD1) in Symechocystis
PCC6803, a process homologous to the one described in chloro-
plasts (Gathmann ez 4/, 2008). In both cyanobacteria and chlor-
oplasts, this process involves the SecYEG translocon, YidC,
SecDF, and SecA. SecYEG forms the core membrane channel for
protein translocation; YidC acts as a membrane insertase facilitat-
ing the integration of membrane proteins; SecDF is an accessory
complex that enhances translocation using the proton motive
force; and SecA is an ATPase that drives preprotein translocation
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Fig. 7 AlphaFold Prediction of the 3D structures of Gloeobacter violaceus PCC7421 (BAC90172.1-GlYidC), Thermostichales cyanobacterium
GCA_039794945.1 (MEN9209976.1-TYidC), and Synechocystis sp. PCC 6803 substr. Kazusa (P74155.1-SynYidC). (a) Structure alignment of GIYidC
(blue), TYidC (yellow), and SynYidC (pink). Positions of the additional o helices are highlighted in red. (b) Top view of the structure alignment of GlYidC,
TYidC, and SynYidC periplasmic domains. The Predicted Local Distance Difference Test (pLDDT) scores mapped onto the GlYidC and TYidC indicate

confidence levels of the predicted models.

through SecYEG (Frain er al, 2016). Notably, both YidC and
SecDF contain periplasmic domains. The periplasmic domain of
YidC is only present in diderm bacteria, such as cyanobacteria, as
its size is markedly reduced in other bacterial and chloroplastic
homologs (Hennon ez al., 2015). Interestingly, our results indi-
cate that the periplasmic domain of cyanobacterial YidC is largely
conserved across the cyanobacterial phylum, except in Gloeobac-
terales. Sequence alignment reveals well-conserved N-terminal
and C-terminal regions; however, the periplasmic domain of
Gloeobacterales YidC differs, with missing amino acids in the
sequence (Fig. S140). Besides, 3D structure prediction of the
periplasmic domain highlights these differences, showing that
Phycobacteria YidC possesses a P1 domain with structural
changes and two additional helix loops compared to the Gloeo-
bacterales homolog, one predicted with confidence (pLDDT
> 70) and the other with low support (70 > pLDDT > 50)
(Fig. 7). In order to investigate how these changes affect YidC
interaction with the Sec machinery, we performed the same ana-
lyses for SecD and SecF, the only two components of the Sec
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machinery that harbor periplasmic domains (Nouwen & Dries-
sen, 2002). Our data show that SecD is predicted to contain an
additional helix-loop insertion in Thermostichales, supported
with relatively low confidence (70 > pLDDT > 50), with this
loop being even larger in Synechocystis and modeled with high
confidence (overall pLDDT > 70). (Fig. S141). By contrast, no
structural differences were observed in the periplasmic domain of
Thermostichales SecF, whereas such differences were identified in
Synechocystis (Fig. S142).

PratA, a periplasmic tetratricopeptide repeat protein strongly
associated with the PDM region (Rengstl ¢z 2/, 2011), has been
shown to facilitate efficient Mn delivery to pD1 (Klinkert
et al., 2004). Our taxonomic distribution analyses showed the
absence of PratA in most Gloeobacterales, at the exception of two
accessions: GCA_018389385.1 (Anthocerotibacter panamensis)
and GCA_038245785.1 (Gloeobacterales cyanobacterium)
(Fig. 2). CyanoP, the cyanobacterial homolog of the PsbP pro-
tein known in land plants, is a Mn-binding protein that plays a
role either in the binding association of CP47 and CP43 or in

© 2026 The Author(s).
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Fig. 8 AlphaFold Prediction of the 3D structures of Gloeobacter violaceus PCC7421 (BAC89381.1-GICyanoP), Thermostichales cyanobacterium
GCA_039794945.1 (MEN9209059.1-TCyanoP), and PDB 2XB3 CyanoP structure from Thermosynechococcus vestitus BP-1 (TvCyanoP) with APBS
electrostatics estimation. (a) Structure alignment of the predicted GICyanoP (blue) and TCyanoP (yellow) AlphaFold structures and the TvCyanoP crystal
structure (PDB: 2XB3) (pink). (b) Predicted Local Distance Difference Test (pLDDT) scores mapped onto CyanoP structures GICyanoP and TCyanoP,
indicating confidence levels of the predicted models. (c, d) APBS electrostatics estimation of GICyanoP, TCyanoP, and TvCyanoP structures with two
different views displaying the putative manganese-binding sites. The GICyanoP and TCyanoP predicted structures were aligned to TvCyanoP in order to
find the position of the ion-binding sites. The APBS electrostatics was estimated based on the APBS plugin via the Poisson-Boltzmann server (https://
server.poissonboltzmann.org/) with the AMBER force field and default parameters.

the photoactivation of the oxygen-evolving complex (Cormann
et al., 2014). While our analyses show the presence of CyanoP in
Gloeobacterales, its sequence has diverged substantially compared
to Phycobacteria (Fig. S143). Adaptive Poisson-Boltzmann
Solver (APBS) electrostatics calculations suggest that Gloeobacter-
ales CyanoD either binds divalent ions differently compared to its
Phycobacteria counterpart or does not bind ions at all (Fig. 8).
Photosynthesis Affected Mutant 71 (PAM71) is a Mn transporter
involved in manganese homeostasis, sequestering excess cytoplas-
mic manganese into the periplasmic and lumenal compartments
(Gandini et al., 2017). Its role in Mn uptake is considered to sup-
port PSII oxygen-evolving complex performance, suggesting a
PratA-independent Mn delivery pathway (Eisenhut, 2019). Our
results indicate its absence in Gloeobacterales (Fig. 2). MincA plays
an important role in manganese binding within the periplasmic
space (Tottey et al., 2008). However, its OG could not be deter-
mined, as we could not extract an OG that contained most cya-
nobacterial sequences with high sequence similarity (Fig. S9).

© 2026 The Author(s).
New Phytologist © 2026 New Phytologist Foundation.

Discussion

To facilitate interpretation, the key results of this study are sum-
marized in Fig. 9, which outlines a possible evolutionary scenario.
The emergence of TM is necessarily linked to a biological inno-
vation involving lipid environments (Rast ez 4/, 2015; Guéguen
& Maréchal, 2022). VIPP1 has long been considered a key factor
in TM formation, a hypothesis supported by Tan (2024), who
demonstrated that VIPP1 originated from a duplication and sub-
sequent C-terminal extension of the stress response protein PspA
at the root of Phycobacteria (Tan, 2024). However, the func-
tional role of VIPP1 remains ambiguous. In the two model cya-
nobacteria Synechocystis sp. PCC 6803 and Synechococcus sp. PCC
7002, VIPP1 does not appear to participate in TM biogenesis
but rather in the assembly of photosynthetic complexes (Gao &
Xu, 2009; Zhang ez al., 2014). This observation is consistent
with the proteomic analysis of TM by Huang ez /. (2023), which
detected VIPP1 only during late stages of TM development
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Taxonomic distributions of 36 PSIl assembly factors across six assembly steps
and 13 membrane dynamics proteins in Cyanobacteria
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Fig. 9 Overview of the results. Phylogenetic analyses of 36 assembly factors of photosystem Il and 13 proteins involved in membrane dynamics
summarized in Siebenaller & Schneider (2023) were performed to investigate the taxonomic distributions and structural differences between the thylakoid-
less Gloeobacterales and the Phycobacteria. CM, cytoplasmic membrane; Mn, manganese; OEC, oxygen-evolving complex; OM, outer membrane; PDM,
PratA-defined membrane; Pg, peptidoglycan layer; RC, reaction center; TM, thylakoid membrane.

(Huang ez al., 2023). Moreover, a recent study identified a PspA
homolog in Glocobacterales capable of complementing a
vippl-null mutant in Arabidopsis Ma et al., 2025). Although its
function is still undefined, these results collectively indicate that
VIPP1 is unlikely to be directly involved in TM formation.

Our results show that four additional proteins, from prohibitin
and DedA families, involved in membrane trafficking, might
constitute an alternative to the VIPP1-based model for the emer-
gence of TM. SIr1106 is absent in Gloeobacterales but present in
Phycobacteria, including Thermostichales, although its distribu-
tion within the latter group is limited. Slr1106 was acquired
through LGT to the ancestor of Phycobacteria, but the donor
could not be unambiguously determined (Figs S144-S147), pos-
sibly due to the ancient nature of the transfer. Nevertheless, alter-
native explanations, such as differential gene loss across
cyanobacterial lineages or accelerated sequence evolution, cannot
be completely excluded, albeit our species sampling is already
very extensive. Slr1106 belongs to the prohibitin family, within
the SPFH protein superfamily, typically associated with the inner
mitochondrial membrane or the nucleus in eukaryotic cells, in
which they contribute to structural stabilization, apoptosis regu-
lation, and cell signaling (Browman e 4., 2007). Members of the
SPFH family are characterized by four o-helices and a twisted
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B-sheet structure, and they assemble into large oligomeric com-
plexes (Takekawa ez al., 2019). Slr1106 is localized in both CM
and TM (Rahimzadeh-Karvansara et /., 2022), consistent with a
potential role in membrane organization and the formation of
lipid microdomains. Besides SIr1106, the OG corresponding to
the prohibitin Slr1106 includes proteins that are restricted to
basal cyanobacteria, including Gloeobacterales, suggesting that
these ancestral variants may have participated in the formation of
primitive photosynthetic regions in CM, as observed in Glocobac-
terales (Rexroth er al, 2011). Another member of this family,
SIr1768, was also identified within the same orthologous group
and has already been shown to play a role in TM maintenance
under high-light conditions (Bryan ez 4/, 2011). Slr1768 appears
to be absent in Gloeobacterales, Thermostichales, and Glocomargar-
itales and only partially conserved across other cyanobacterial
lineages (Fig. 3). In addition to these prohibitins, our analyses
identified two DedA proteins that might have played a role in
TM emergence: SIr0305 (Fig. 4), acquired at the root of Phyco-
bacteria, and SIr0232 (Fig. 5), which exhibits an unusually long
phycobacterial branch in its phylogeny. The DedA family con-
tains three members in Symechocystis (S1r0232, SIr0305, and
SIr0509). While this family is generally associated with mem-
brane trafficking in eukaryotes, SIr0305 shows the highest

© 2026 The Author(s).
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homology to Tvp38, a putative lipid scramblase in yeast. Further-
more, SIr0305 is closely related to the Arabidopsis thaliana plastid
protein  AT5G19070.1, which is currentdy annotated as a
SNARE-associated Golgi protein (Keller & Schneider, 2013).
The phylogenetic distribution of these membranes trafficking
proteins (emerging with Thermostichales), together with their
reported function and membrane localization (known for
Slr1106), is consistent with a role in TM emergence. This
hypothesis contrasts with the CM-TM fusion model proposed
for the ESCRT-III homolog VIPP1, whose central role in TM
formation has been challenged by recent studies (Huang
et al., 2023; Ma et al., 2025). However, our conclusions are based
on comparative genomics analyses, and direct functional evidence
is currently lacking for these candidate genes. Future experimen-
tal validation will be essential to clarify their precise roles and to
determine whether they operate independently of, or inversely in
coordination with, VIPP1.

The differences observed in late-stage PSII assembly factors are
consistent with the respective membrane architecture of Gloeo-
bacterales and Phycobacteria. Yet, evolutionary changes in assem-
bly factors during cyanobacterial diversification, notably in
photoprotection or PSII repair, could also have contributed to
the patterns observed here, without necessarily being directly
linked to TM emergence. On the one hand, the absence (or dis-
tant Gloeobacterales homologs) of assembly factors related to the
late stages of PSII biogenesis, namely Psb27, Psb34, and S110606,
may indicate an increased reliance on late-stage assembly steps
during PSII repair in TM (Komenda ez al., 2024). On the other
hand, the absence of TM facilitates the biogenesis of the LET
components, as it occurs within a single cellular compartment,
the CM. This is particularly clear in the case of Mn utilization.
Mn is stored in the periplasmic space (Keren ez al, 2002). In
Gloeobacterales, the Mn cluster of PSII is located at the periplas-
mic side, and therefore does not require Mn transport across
membranes for PSII assembly, unlike in Phycobacteria. The
absence of PratA and PAM71 can thus be explained by the lack
of TM. Interestingly, the SynPAM71 deletion mutant in Syne-
chocystis sp. PCC6803 leads to a massive upregulation of the
Mn-binding CyanoP, which suggests a role of CyanoP both in
PSII assembly and in Mn homeostasis (Gandini ez 4/, 2017).
Our results show that Gloeobacterales CyanoP exhibits a less nega-
tively charged surface compared with its orthologs in Phycobac-
teria (Fig. 8), which would suggest a change in Mn homeostasis
from  Gloeobacterales to Phycobacteria. Nevertheless, the
Mn-binding protein Mn cupin A (MncA), which is associated
with Mn storage in the periplasmic space (Tottey er al, 2008),
might also be expected in Gloeobacterales, although we were
unable to confirm its occurrence. Little is known about the func-
tion of the V4R domain of Slr0144 and SIr0147 in Synechocystis.
Their absence in the majority of Gloeobacterales, along with
duplication events at the base of Phycobacteria and within 7her-
mostichales (Fig. 6), underscores unresolved questions regarding
their roles in PSII assembly as part of the photosynthetically
related slr0144—slr0152 operon (Wegener ez al., 2008).

No close homologs of PSII assembly factor proteins were
found for most photosynthesis-specific proteins in the
© 2026 The Author(s).
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nonphotosynthetic sister lineages of Cyanobacteria (Table S8),
while all assembly factors involved in early stages of PSII biogen-
esis are already present in Gloeobacterales. Therefore, gene gain or
loss cannot account for the relocation of PSII at the root of Phy-
cobacteria. By contrast, the presence of additional helix loops in
the predicted periplasmic domains of the phycobacterial YidC
and SecD from Thermostichales might explain the differential
localization of PSII between Gloeobacterales and Phycobacteria
(Fig. 7). In Escherichia coli, YidC directly interacts with Sec com-
ponents, particularly SecDF, which both contain periplasmic
domains (Nouwen & Driessen, 2002; Xie et al., 2006). Interest-
ingly, our data indicate that SecD of Phycobacteria harbors two
additional helix-loop insertions in its periplasmic domain
(Fig. S141). By contrast, phycobacterial SecF differed only by its
cytoplasmic domain in Thermostichales, whereas an additional
helix—loop region was observed in Syrechocystis sp. (Fig. S142).
However, these structural interpretations are not empirical evi-
dence of functional impact and remain hypothetical. At this
stage, the interaction with YidC cannot be confirmed, as it has
primarily been reported in E. coli, whose periplasmic domains
differ from those found in cyanobacteria, thereby limiting direct
structural comparison (Fig. S141C). Moreover, SecD localization
within TM has not yet been established. Deletion of 90% of the
periplasmic domain of E. coli YidC does not impair inner mem-
brane protein biogenesis or cell viability (Xie ez al, 2006), and
functional complementation experiments indicate that this
domain is not strictly required for protein translocation, as Oxal,
despite lacking this domain, can complement YidC function in
E. coli (Van Bloois ez al., 2005). Altogether, these observations
suggest that the periplasmic domain of YidC has a yet-undefined
role in the cell, despite its conservation across diderm bacteria
(Oliver & Paetzel, 2008). Cyanobacteria possess only a single set
of Sec genes that operates in both the CM and the TM, raising
questions about how translocated proteins are selectively targeted
to these two compartments (Nakai ez al, 1993; Srivastava
et al., 2005). By contrast, the YidC translocase is specifically loca-
lized to the PDM and TM. Since the lumenal space of Phycobac-
teria is homologous to the periplasmic space of Glocobacterales
(Herrmann et al., 2009), the additional helix loops and structural
modifications observed in the periplasmic domain of phycobac-
terial YidC could potentially underlie changes in its functional
properties and contribute to YidC’s affinity for TM.

In the evolutionary scenario for the origin of TM, proposed by
Cornet (2025), a series of intermediate stages allow transitioning
from an electron transport chain located in the CM, that is the
ancestral state still observed in Gloeobacterales, to the fully func-
tional TM found in Phycobacteria (Cornet, 2025). This hypoth-
esis is notably based on the high level of coordination among
assembly factors, which reveals significant differences in the bio-
genesis of photosynthetic complexes, particularly between the
two photosystems, suggesting distinct relocation processes (Cor-
net, 2025). In this framework, the first evolutionary stage corre-
sponds to the formation of a membrane compartment capable of
hosting relocalized photosynthetic complexes. At the other end,
the final stage corresponds to the establishment of the fully devel-
oped phycobacterial TM system as it is observed today, whereas
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intermediate stages are hypothesized to involve alternative elec-
tron flux pathways. Our results on membrane trafficking proteins
suggest an alternative to the VIPP1-based model for the first evo-
lutionary stage. Indeed, they indicate that the emergence of com-
partmentalization may have involved proteins other than VIPP1.
Alternatively, this first step may have required the prior establish-
ment of a broader membrane context, including membrane-
associated proteins and specific lipids, leading to the formation of
early TM-like structures through vesiculation processes. Those
structures could have supported simplified photosynthetic pro-
cesses such as alternative electron flows, hence providing an evo-
lutionary edge to these intermediates (Cornet, 2025). The
observation that most PSII assembly factors are present in both
Gloeobacterales and Thermostichales suggests that they were also
encoded in the last common ancestor of extant Cyanobacteria,
consistent with a long evolutionary history of oxygenic photo-
synthesis predating the diversification of modern Cyanobacteria
(Cardona, 2019; Oliver ez al., 2021). This implies that the estab-
lishment of fully functional TM, the final stage, was driven pri-
marily by structural innovations, such as those observed in YidC
and SecD, rather than by gene gain. Once established, TM could
have led to increased oxygen release into the atmosphere and
potentially contributing to the GOE, as already suggested by
Guéguen & Maréchal (2022).

Our results on PSII, the photosynthetic complex with the best-
characterized biogenesis, highlight the value of evolutionary ana-
lyses of assembly factors for understanding the emergence of TM
and the relocation of photosynthetic complexes from the ances-
tral CM-localized state to modern TM. Extending this approach
to other complexes (PSI, the cytochrome 66f; ATP synthase,
NDH-1) would provide a framework for elucidating intermedi-
ate evolutionary stages in TM emergence. Nevertheless, the bio-
genesis of these other complexes remains poorly characterized,
with only a limited number of assembly factors identified to date
(Rast et al., 2015). This underscores the need to search for addi-
tional genes involved in the biogenesis of photosynthetic com-
plexes if one wants to fully reconstruct the evolutionary
emergence and diversification of the cyanobacterial photosyn-
thetic apparatus.

Conclusion

Our comparative analyses of membrane trafficking proteins and
PSII assembly factors highlight key molecular innovations asso-
ciated with the emergence of TM in Phycobacteria. The acquisi-
tion of prohibitins and DedA-family proteins, such as Slr1106,
possibly via LGT, and DedA-family proteins such as Slr0305
probably facilitated the organization of lipid microdomains and
the development of membrane compartments, providing a struc-
tural basis for thylakoids. By contrast, Gloeobacterales retain a
simplified system, lacking V4R-domain proteins, late-stage PSII
assembly factors (Psb27, Psb34, SIl0606), and manganese trans-
porters, consistent with PSII biogenesis occurring entirely within
the CM. Early-stage assembly factors are surprisingly conserved,
but structural modifications in periplasmic domains of YidC and
SecD in Phycobacteria may contribute to the selective targeting
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of photosynthetic complexes to TM. Overall, thylakoid evolution
may have required gene acquisitions for compartment formation
and structural innovations enabling PSII migration.
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