
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Ugo Cenci,
Lille University of Science and Technology,
France

REVIEWED BY

Hsiu-An Chu,
Academia Sinica, Taiwan
Encarnacion Diaz Santos,
Spanish National Research Council (CSIC),
Spain

*CORRESPONDENCE

Norihiro Sato

nsato@ls.toyaku.ac.jp

RECEIVED 31 January 2025

ACCEPTED 03 March 2025
PUBLISHED 24 March 2025

CITATION

Ito R, Endo M, Aoki M, Fujiwara S and
Sato N (2025) Evolutionary conservation
of acylplastoquinone species from
cyanobacteria to eukaryotic photosynthetic
organisms of green and red lineages.
Front. Plant Sci. 16:1569038.
doi: 10.3389/fpls.2025.1569038

COPYRIGHT

© 2025 Ito, Endo, Aoki, Fujiwara and Sato. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Brief Research Report

PUBLISHED 24 March 2025

DOI 10.3389/fpls.2025.1569038
Evolutionary conservation of
acylplastoquinone species from
cyanobacteria to eukaryotic
photosynthetic organisms of
green and red lineages
Ryo Ito, Mizuki Endo, Motohide Aoki, Shoko Fujiwara
and Norihiro Sato*

School of Life Sciences, Tokyo University of Pharmacy and Life Sciences, Hachioji, Tokyo, Japan
Plastoquinone plays a crucial role in the photosynthetic electron transport

system as an electron carrier, transferring electrons from photosystem II to

cytochrome b6f complexes. Certain cyanobacteria acylate plastoquinone

derivatives, plastoquinol, the reduced form of plastoquinone, and/or

plastoquinone-C, the hydroxylated form of plastoquinone to synthesize newly

found cyanobacterial lipids, acylplastoquinol and acylplastoquinone-C, the latter

of which is known as plastoquinone-B in seed plants. The cyanobacterial genes,

slr2103 in Synechocystis sp. PCC 6803 and its ortholog in Synechococcus sp.

PCC 7002, encode a bifunctional acyltransferase for the synthesis of both

acylplastoquinol and plastoquinone-B. Despite conservation of slr2103

orthologs across a wide range of cyanobacteria, only four cyanobacterial

strains, including the two mentioned above, have been identified as producing

acylplastoquinol and/or plastoquinone-B. Moreover, the extent to which

acylplastoquinone species are distributed in eukaryotic photosynthetic

organisms that lack slr2103 orthologs remains largely unknown. Using LC-MS/

MS2 analysis of total cellular lipids, this study demonstrates that acylplastoquinol

and plastoquinone-B are conserved not only in cyanobacteria with slr2103

orthologs but also in eukaryotic photosynthetic organisms lacking these

orthologs, including primary and secondary endosymbiotic algae, and a seed

plant. Notably, in eukaryotic photosynthetic organisms as well as in

cyanobacteria, these acylplastoquinone species are predominantly esterified

with saturated fatty acids. The evolutionary conservation of these

acylplastoquinone species suggests replacement of slr2103 orthologs by

alternative gene(s) responsible for their synthesis at least once after the primary

endosymbiotic event in the evolution of photosynthetic organisms. The

persistent conservation of acylplastoquinone species throughout the evolution

likely reflects their critical physiological roles.
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Introduction

Cyanobacteria include strains that are amenable to metabolic

engineering, such as Synechocystis sp. PCC 6803 (herein referred to

as Synechocystis), which have been shown to be promising

producers of photosynthesis-based high-value-added products

(Agarwal et al., 2022). These products include free fatty acids,

which are utilized as raw materials for biodiesel fuel production.

Unlike in cyanobacteria, biofuel production in algae focuses on

triacylglycerol (TG), a molecule esterified with three fatty acid

molecules, in view of algal ability to accumulate TG (Li-Beisson

et al., 2019): some oleaginous microalgae conditionally

hyperaccumulate TG to account for up to half of their dry cell

weight (Bondioli et al., 2012; Hayashi et al., 2017). Interestingly, a

lipid exhibiting the same Rf value as TG in TLC analysis was

detected in Synechocystis [TG-like lipid; (Aizouq et al., 2020;

Tanaka et al., 2020)], although it was present at a minor level

[approximately 1% of total lipids based on fatty acid content;

(Kondo et al., 2023b)]. Eventually, three independent research

groups identified acylation products of plastoquinone (PQ)

derivatives (acylplastoquinone species) in cyanobacteria, including

that corresponded to this TG-like lipid (Ishikawa et al., 2023; Kondo

et al., 2023b; Kondo et al., 2023a; Mori-Moriyama et al., 2023).

Plastoquinone (PQ) is a ubiquitous electron carrier in oxygenic

photosynthetic organisms, participating in the photosynthetic

electron transport chain. PQ is reduced to plastoquinol (PQH2)

in the photosystem II (PSII) complex and oxidized back to PQ by

the cy tochrome b ₆ f compl ex (Havaux , 2020) . One

acylplastoquinone species, corresponding to the TG-like lipid, was

identified as acylplastoquinol (APQ), i.e., PQH2 acylated with 16:0

or 18:0 fatty acids at one of its two hydroxyl groups. APQ has thus

far been reported in two unicellular cyanobacteria, Synechocystis

and Synechococcus sp. PCC 7002 (Synechococcus 7002), and two

filamentous ones, Nostoc punctiforme PCC 73102 (Nostoc) and

Anabaena sp. PCC 7120 (Anabaena) (Ishikawa et al., 2023;

Kondo et al., 2023b; Kondo et al., 2023a; Mori-Moriyama et al.,

2023). Apart from its role in redox reactions during photosynthesis,

PQ is hydroxylated at a site on its isoprenyl chain to form

hydroxylated PQ (PQC), which is generated through the action of

singlet oxygen (1O2), a reactive oxygen species produced as a

byproduct of photosynthesis (Kruk and Szymańska, 2021). In

Synechocystis and Synechococcus 7002, another acylplastoquinone

species was identified as PQC acylated with 16:0 or 18:0 fatty acids

(Kondo et al., 2023b; Kondo et al., 2023a), which has long been

known as PQB in seed plants (Das et al., 1967; Crane, 2010).

Along with the findings of APQ and PQB, the genes responsible

for their metabolism have been also identified in cyanobacteria.

Homologs of the type-2 diacylglycerol acyltransferase gene

(DGAT2), which catalyzes acylation of diacylglycerol for TG

synthesis in eukaryotes, were found in over 100 cyanobacterial

strains with exclusion of oceanic Prochlorococcus and Synechococcus

strains, representing approximately one-fourths of sequenced
Abbreviations: ACP, acyl carrier protein; APQ, acylplastoquinol; APL, APQ

lipase; PQB, plastoquinone-B; PQC; plastoquinone-C, PSII, photosystem II.
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cyanobacterial genomes (Kondo et al., 2023b). The DGAT2-

homologs were found in above four APQ- and/or PQB-

containing cyanobacterial strains (e.g., slr2103 in Synechocystis),

whereas the homolog was absent in Synechococcus sp. PCC 7942

that possesses no acylplastoquinone species (Synechococcus 7942)

(Aizouq et al., 2020; Tanaka et al., 2020; Ishikawa et al., 2023;

Kondo et al., 2023b; Mori-Moriyama et al., 2023). Disruption of

slr2103 in Synechocystis (Dslr2103) led to the complete absence of

APQ (Ishikawa et al., 2023; Kondo et al., 2023b), while,

overexpression of slr2103 in Synechococcus 7942 resulted in the

appearance of APQ (Kondo et al., 2023b). This demonstrated that

slr2103 is indispensable for APQ synthesis in Synechocystis, and that

this single gene would be sufficient to confer APQ synthesis

capability in cyanobacteria. Gain- and loss-of-function analyses

further revealed that slr2103 is also essential for PQB synthesis

(Kondo et al., 2023b). These findings, together with conservation of

DGAT2 motifs in Slr2103 protein, provide in vivo evidence that

slr2103 encodes a bifunctional acyltransferase capable of

transferring saturated fatty acids to both PQH2 and PQC (Kondo

et al., 2023b). This conclusion is further supported by observations

of APQ and PQB loss in Synechococcus 7002 disruptant as to its

slr2103 ortholog, SYNPCC7002_A0918 (Kondo et al., 2023a). Later

identification of an APQ lipase (APL) gene in Synechocystis, which

cleaves the fatty acid residue from APQ to regenerate PQH2, adds

further insights into APQ metabolism (Jimbo et al., 2024).

Despite the ubiquitous presence of PQ in both prokaryotic and

eukaryotic photosynthetic organisms, the taxonomic distribution of

acylplastoquinone species remains poorly understood. APQ has

been identified in only four cyanobacterial strains, while PQB is

known to be present in just two of these strains, alongside its

established prevalence in seed plants (Crane, 2010). This study

investigates acylplastoquinone species in slr2103 ortholog-

containing cyanobacteria beyond those previously reported, and

also in eukaryotic photosynthetic organisms lacking slr2103

orthologs, including primary and secondary endosymbiotic algae

and a seed plant.
Materials and methods

Biological materials and culturing of
photosynthetic microbes

The photosynthetic microbes used in this study were as follows:

three cyanobacteria—Arthrospira platensis (herein referred to as

Arthrospira), Oscillatoria rosea Utermöhl (herein referred to as

Oscillatoria), and Synechocystis—and a red alga, Cyanidioschyzon

merolae (Hirabaru et al., 2010), two green algae, Chlorella kessleri

(Oishi et al., 2022) and Chlamydomonas reinhardtii (Sato et al.,

1995), and a haptophyte, Pleurochrysis haptonemofera (Takahashi

et al., 2002). Cyanobacterial cells were cultured in liquid medium at

30°C in 50 mL glass tubes with air bubbling and light illumination at

50 μE·m−2·s−1 (Kondo et al., 2023b). The media used were SOT for

Arthrospira (Holm-Hansen et al., 1954), f/2 for Oscillatoria

(Guillard and Ryther, 1962), and BG11 for Synechocystis (Kondo
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et al., 2023b). Red and green algal cells were cultured in liquid

medium with air bubbling, similar to the method used for

cyanobacteria. The cultures conditions were as follows: 40°C with

light intensity of 100 μE·m−2·s−1 for C. merolae, and 30°C with light

intensity of 200 μE·m−2·s−1 for C. kessleri and C. reinhardtii. The

culture media used were modified Allen’s autotrophic medium

(Hirabaru et al., 2010) for C. merolae, 4-fold diluted Gamborg’s

B5 medium (Oishi et al., 2022) for C. kessleri, and 3/10 HSM

medium (Sato et al., 1995) for C. reinhardtii. Pleurochrysis

haptonemofera cells were cultured at 20°C in a glass bottle

containing ESM medium (Takahashi et al., 2002), with air

bubbling and light illumination at 30 μE·m−2·s−1. Cells at the late

logarithmic growth phase (OD730 = 0.5) were harvested by

centrifugation (3,000×g, 15 min) at 4°C, and the cell pellets were

stored at -80°C until use. Additionally, spinach (Spinacia oleracea)

was purchased from a local market for use as a seed plant.
LC-MS/MS2 analysis of lipids

Total lipids were extracted from frozen cells of the respective

photosynthetic microbes, or from liquid-nitrogen-frozen leaves of

Spinacia oleracea, following the method of Bligh and Dyer (1959),

as previously described (Kondo et al., 2023b; Kondo et al., 2023a).

The total lipids were analyzed using an LC-QqQ(LIT)-MS/MS

system (Kondo et al., 2023b; Kondo et al., 2023a), consisting of a

Shimadzu LC-20A Prominence series HPLC (Kyoto, Japan) and a

3200 QTRAP hybrid triple quadrupole/linear ion trap mass

spectrometer with a Turbo V™ ion source (Sciex, Concord, ON,

Canada). Lipid signals were detected via enhanced mass scanning

(EMS) in positive electrospray ionization (ESI+) mode. Acyl-

plastoquinone species were analyzed via tandem MS² analysis as

part of lipid profiling workflow. Information-dependent acquisition

(IDA) combined with enhanced product ion (EPI) scans in positive

ion mode was employed to enable the identification and structural

characterization of target lipid species. Data acquisition and

processing were performed using Analyst software (version 1.7.3,

Sciex). Lipid peak signals corresponding to ammonium adduct ion

peaks of the target molecules were integrated based on their

extracted ion chromatograms (XICs). To ensure comparability

between samples, each lipid signal’s integrated XIC peak area was

normalized to the total integrated lipid signal area [retention time of

2–18 min, m/z 300–1200; (Kondo et al., 2023a)], accounting for

variations in sample loading. The values are expressed as the mean

± SD of three biological replicates, each with two measurements.
Results

The presence of APQ and PQB in
cyanobacteria containing slr2103 orthologs

We propose that Slr2103 or its orthologs in cyanobacteria function

as bifunctional acyltransferases responsible for the synthesis of both

APQ and PQB (Kondo et al., 2023b; Kondo et al., 2023a). Among over
Frontiers in Plant Science 03
100 cyanobacteria identified as possessing slr2103 or its orthologs, only

Synechocystis and Synechococcus 7002 have been demonstrated to

synthesize both APQ and PQB (Kondo et al., 2023b; Kondo et al.,

2023a). Considering that these two strains are unicellular, we

investigated acylplastoquinone species in two filamentous

cyanobacteria, Arthrospira and Oscillatoria, which also contain

slr2103 orthologs (SPLC1_S531670 and NIES208_13960,

respectively), through LC-MS/MS² analysis of total cellular lipids, as

previously described (Kondo et al., 2023b; Kondo et al., 2023a).

Based on their m/z values, retention times in LC-MS

chromatograms, and MS² spectra, we identified 16:0- and 18:0-

APQ (Figure 1; Supplementary Figure S1) and 16:0- and 18:0-PQB

(Figure 2; Supplementary Figure S1) in Arthrospira. Additionally,

another APQ molecular species, 17:0-APQ was identified

(Supplementary Figure S1). Quantitative analysis of the APQ

species (Figure 3) using signal intensities in the LC-MS spectrum

(Supplementary Figure S2) revealed that APQ consisted primarily

of 16:0- and the more abundant 18:0-species (22.1 ± 2.6% and 74.9

± 12.9%, respectively). As a minor APQ species, 17:0-APQ amonted

at 3.0 ± 0.7%. Similarly, PQB comprised 16:0- and the more

abundant 18:0-species (21.4 ± 0.1% and 78.6 ± 0.3%, respectively)

(Figure 4; Supplementary Figure S3).

Oscillatoria contained only 16:0-APQ (Supplementary Figure S1)

as its APQ species (Figure 3; Supplementary Figure S2) and two PQB

species, 16:0- and 18:0-PQB (Supplementary Figure S1), where 16:0-

PQB was more abundant than 18:0-PQB (75.2 ± 24.5% and 24.8 ±

4.6%, respectively) (Figure 4; Supplementary Figure S3). In

Synechocystis as well as in Oscillatoria, the 16:0-species quantitatively

exceeded the 18:0-species in both APQ and PQB (Figures 3, 4;

Supplementary Figures S2, S3; 16:0-APQ: 71.6 ± 19.6%, vs. 18:0-

APQ: 28.4 ± 10.0%; 16:0-PQB: 61.5 ± 4.7%, vs. 18:0-PQB: 38.5 ±

1.6%). Collectively, Arthrospira and Oscillatoria exhibited acyl-

plastoquinone profiles similar to those in Synechocystis: both APQ

and PQB were acylated with saturated fatty acids, 16:0 and/or 18:0,

although the relative abundance of 16:0- and 18:0-species varied

depending on the cyanobacterial strain. The slr2103 orthologs in

Arthrospira and Oscillatoria likely serve as bifunctional

acyltransferases, transferring saturated fatty acids to PQH2 and PQC

for the biosynthesis of APQ and PQB, respectively.
Prevalent conservation of APQ and PQB in
eukaryotic photosynthetic organisms that
lack slr2103 orthologs

Our study on acylplastoquinone species was then extended to

eukaryotic photosynthetic organisms, all of which lack slr2103

orthologs. We began by examining three primary endosymbiotic

algae: the red alga C. merolae and two green algae, C. reinhardtii and

C. kessleri . In C. merolae , we identified the following

acylplastoquinone species through LC-MS/MS² analysis of total

cellular lipids: 16:0-APQ (Figure 1) as the sole APQ species

(Figure 3; Supplementary Figure S2) and 16:0- and 18:2-PQB

(Figure 2; Supplementary Figure S1) as PQB species. The 16:0-
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PQB species was more abundant than 18:2-PQB (82.6 ± 3.9% and

17.4 ± 1.2%, respectively; Figure 4; Supplementary Figure S3).

In C. reinhardtii, we identified 14:0-, 16:0-, 18:0-, and 18:1-species

of APQ (Figure 1; Supplementary Figure S4). The 16:0-species was the

most abundant (63.1 ± 3.4%), followed by 18:0-, 18:1-, and 14:0-species
Frontiers in Plant Science 04
(15.2 ± 0.6%, 11.7 ± 0.9%, and 10.0 ± 0.5%, respectively; Figure 3;

Supplementary Figure S2). For PQB, 14:0- and 16:0-species were

identified (Figure 2; Supplementary Figure S4), with 16:0-species

being more abundant than 14:0-species (70.6 ± 7.6% and 29.4 ±

3.6%, respectively; Figure 4; Supplementary Figure S3).
FIGURE 1

MS2 spectra of representative APQ species with NH4
+ adducts in prokaryotic and eukaryotic oxygenic photosynthetic organisms. Arthrospira, 18:0-

APQ; C. merolae, 16:0-APQ; C. reinhardtii, 16:0-APQ; P. haptonemofera, 18:0-APQ; S. oleracea, 14:0-APQ. NH4
+-adducted 14:0-, 16:0-, and 18:0-

APQ species were searched for by target LC-MS analysis as exhibiting m/z 979, m/z 1007, and m/z 1035, respectively. One of two possible chemical
structures of 14:0-, 16:0- or 18:0-APQ is shown. The fragment ion, m/z 153, was detected in 14:0- and 18:0-APQ as well as in 16:0-APQ. Other
three fragment ions shown in 16:0-APQ, m/z 237, m/z 389, and m/z 429, are respectively smaller by m/z 28 in 14:0-APQ whereas they are
respectively greater by m/z 28 in 18:0-APQ.
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Similarly, in C. kessleri, 14:0-, 16:0-, and 18:0-APQ species were

identified (Supplementary Figure S4), with 16:0-APQ being the

most prevalent (61.1 ± 2.9%), followed by 14:0-APQ (30.0 ± 1.8%)

and 18:0-APQ (8.9 ± 0.6%; Figure 3; Supplementary Figure S2).

Unlike C. reinhardtii, C. kessleri lacked 18:1-APQ. Concerning

PQB, the ion of 16:0-species only was detected on LC-MS

chromatogram, judged from its m/z value and retention time.

However, 16:0-PQB in C. kessleri was excluded in Figure 4, in

view of its weak signal such that the lipid ion could not be properly

characterized through MS2 analysis. Collectively, in the red and

green algae examined, the 16:0-species prevailed in both APQ

and PQB.
Frontiers in Plant Science 05
Lastly, we investigated the secondary endosymbiotic alga P.

haptonemofera and the seed plant S. oleracea, which evolutionarily

originated from red and green algae, respectively. In P. haptonemofera,

we identified 14:0-, 16:0-, and 18:0-APQ species (Figure 1;

Supplementary Figure S5). The 16:0- and 18:0-species dominated

APQ (44.2 ± 8.5% and 48.6 ± 9.0%, respectively), with 14:0-APQ

making up the remainder (7.2 ± 0.6%; Figure 3; Supplementary Figure

S2). For PQB, 14:0-, 16:0-, and 18:0-species were detected (Figure 2;

Supplementary Figure S5), with the 16:0-species being the most

abundant (75.8 ± 11.7%), followed by 18:0- and 14:0-PQB (15.5 ±

2.6% and 8.7 ± 0.9%, respectively; Figure 4; Supplementary Figure S3).

In S. oleracea, we identified 14:0-, 16:0-, and 18:0-APQ species
FIGURE 2

MS2 spectra of representative PQB species with NH4
+ adducts in prokaryotic and eukaryotic oxygenic photosynthetic organisms. Arthrospira, 18:0-

PQB; C. merolae, 16:0-PQB; C. reinhardtii, 16:0-PQB; P. haptonemofera, 16:0-PQB; S. oleracea, 16:0-PQB. NH4
+-adducted 16:0- and 18:0-PQB

were searched for by target LC-MS analysis as exhibiting m/z 1021 and m/z 1049, respectively. The chemical structure of PQB is shown. Two
fragment ions, m/z 151 and m/z 748, were commonly detected in 16:0- and 18:0-PQB.
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(Figure 1; Supplementary Figure S5), with 14:0-APQ being the most

abundant (60.2 ± 18.0%), followed by 16:0-APQ (22.3 ± 6.1%) and

18:0-APQ (17.4 ± 5.0%; Figure 3; Supplementary Figure S2).

Consistent with a previous report on S. oleracea (Kruk et al., 1998),

we identified 14:0-, 16:0-, and 18:0-PQB species (Figure 2;

Supplementary Figure S5). Among these, 14:0- and 16:0-PQB were

the two major species (41.8 ± 13.9% and 48.0 ± 13.9%, respectively),

followed by 18:0-PQB (10.2 ± 2.4%; Figure 4; Supplementary Figure

S3). Similar to cyanobacteria and primary endosymbiotic algae, both

P. haptonemofera and S. oleracea exhibited APQ and PQB species

acylated predominantly with saturated fatty acids.
Frontiers in Plant Science 06
Discussion

Acyltransferase genes for APQ and
PQB synthesis

This study revealed that both APQ and PQB, which are acylated

mainly by saturated fatty acids such as 16:0 and 18:0, are distributed

across a wide taxonomic range of oxygenic photosynthetic

organisms, as follows: slr2103-orthologs possessing cyanobacteria,

and slr2103-orthologs lacking eukaryotic photosynthetic organisms

from primary endosymbiotic red and green algae to a secondary
FIGURE 3

Molecular species composition of APQ in prokaryotic and eukaryotic oxygenic photosynthetic organisms. The composition of individual APQ
molecular species was estimated based on their signal intensities from LC-MS spectra, relative to the total lipids (Supplementary Figure 2).
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endosymbiotic alga and a seed plant, which are evolutionarily

derived from red and green algae, respectively. Tanikawa et al.

(2025) recently demonstrated that PQB is also present in two other

slr2103-orthologs possessing cyanobacteria, Nostoc and Anabaena,

where APQ had previously been identified. These findings support

our hypothesis that slr2103 orthologs encode a bifunctional

acyltransferase responsible for both APQ and PQB synthesis.

Additionally, Tanikawa et al. (2025) reported that two

cyanobacterial strains lacking slr2103 orthologs produced APQ

but not PQB, suggesting the involvement of unknown genes in
Frontiers in Plant Science 07
APQ-specific synthesis in these strains. The expression of slr2103

orthologs in the respective cyanobacterial strains used in our study

and theirs will be investigated in future research.

Initially, slr2103 was identified as a homolog of the gene for

DGAT2 or phytol ester synthase (PES) (Aizouq et al., 2020; Tanaka

et al., 2020). Future studies should focus on identifying the

acyltransferases or their corresponding genes responsible for APQ

and PQB synthesis in eukaryotic photosynthetic organisms,

considering DGAT2 and PES as potential candidates. In this context,

it is notable that 14:0 was found in APQ and PQB in green algae, the
FIGURE 4

Molecular species composition of PQB in prokaryotic and eukaryotic oxygenic photosynthetic organisms. The composition of individual PQB
molecular species was estimated based on their signal intensities from LC-MS spectra, relative to the total lipids (Supplementary Figure 3).
frontiersin.org

https://doi.org/10.3389/fpls.2025.1569038
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Ito et al. 10.3389/fpls.2025.1569038
secondary symbiotic alga, and a seed plant, while it was excluded in

cyanobacteria and red algae. These differences may be attributed to

variations in the acyltransferases responsible for acylplastoquinone

species synthesis among photosynthetic organisms.
APQ and PQB synthesis - acyl-acceptor
synthesis in cyanobacteria and eukaryotic
photosynthetic organisms

APQ and PQB are acylated derivatives of PQH2 and PQC,

respectively (Kondo et al., 2023b; Kondo et al., 2023a). PQH2 is

produced in the thylakoid membranes through photosynthetic

electron transport in all oxygenic photosynthetic organisms (Havaux,

2020). Meanwhile, PQC is formed non-enzymatically through the

action of 1O2 commonly generated at PSII. Accordingly, the presence

of PQC has been widely observed in cyanobacteria, green algae,

and seed plants (Kruk and Strzałka, 1998; Kruk and Trebst, 2008;

Kondo et al., 2023b; Kondo et al., 2023a). In A. thaliana plastids,

PQC was predominantly localized in the thylakoid membranes

(Ksas et al., 2018), suggesting that PQC is synthesized in the

thylakoid membranes where PSII operates and remains localized

there. In eukaryotic photosynthetic organisms, PQH2 and PQC

would be secured within plastids for APQ and PQB synthesis.
APQ and PQB synthesis - acyl-donor
synthesis in cyanobacteria

What, then, is the source of the acyl groups in APQ or PQB,

which are esterified mainly with 16:0 and/or 18:0 (Figures 3, 4)? In

cyanobacteria, fatty acids are synthesized as 16:0- and 18:0-acyl

carrier protein (ACP) by type-2 fatty acid synthase (FASII) (Mills

et al., 2020). Slr2103 or its orthologs would likely transfer newly

synthesized 16:0 and/or 18:0, though it remains unclear what type

of acyl donor substrate they utilize - whether it is acyl-ACP or

another type of acyl-acyl carrier. In cyanobacteria such as

Synechocystis, 18:0 and 16:0 are predominantly assembled into

phosphatidate at the sn-1 and sn-2 positions, respectively, which

is subsequently converted into major membrane glycerolipids (Sato

and Wada, 2009). It is regarded that 18:0-ACP is subjected to

conversion into 18:0-phosphate by phosphate acyltransferase

(PlsX), which is then used in the reaction catalyzed by glycerol-3-

phosphate acyltransferase to synthesize lysophosphatidate with 18:0

at the sn-1 position (Mills et al., 2020). In contrast, 16:0-ACP

bypasses the PlsX reaction and is directly used in the

lysophosphatidate acyltransferase [PlsC; (Okazaki et al., 2006)]

reaction to synthesize PA with 18:0 and 16:0 at the sn-1 and sn-2

positions, respectively. The near-exclusive action of phosphate

acyltransferase on 18:0-ACP but not on 16:0-ACP would rule out

the possibility that Slr2103 or its orthologs utilize acyl-phosphate as

an acyl donor substrate.

Initially, Slr2103 was found as a homolog of DGAT2, which

uses acyl-CoA as an acyl donor substrate (Liu et al., 2012).
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Synechocystis possesses Slr1609 that functions as acyl-ACP

synthetase, despite its homology to known acyl-CoA synthetases

(Kaczmarzyk and Fulda, 2010). Moreover, Synechocystis lacks genes

for b-oxidation, a process in which acyl-CoA is sequentially

degraded to generate reducing power for ATP synthesis

(Summary of Synechocystis sp. PCC 6803 substr. Kazusa, version

28.5 Tier 2 Curated Database). This suggests a relatively low

metabolic demand for acyl-CoA as an acyl carrier substrate

compared to b-oxidation-performing bacteria. Future studies

should aim to determine whether the acyl donor substrate for

Slr2103 and its orthologs is acyl-ACP or acyl-CoA. If acyl-CoA is

used, it will be essential to identify novel acyl-CoA synthetase genes

in cyanobacteria.
APQ and PQB synthesis - acyl-donor
synthesis in eukaryotic
photosynthetic organisms

Red and green algae, and seed plants, like cyanobacteria, employ

FASII in plastids to synthesize major part of cellular fatty acids (Mori

et al., 2016; Hölzl and Dörmann, 2019; Li-Beisson et al., 2019).

Meanwhile, P. haptonemofera, like its closely related species

Emiliania huxleyi, would carry plastid-localized FASII genes

(Genome assembly Emiliana huxleyi CCMP1516 main genome

assembly v1.0). It is thus likely that plastid FASII, similar to

cyanobacterial one, directly or indirectly provides de novo saturated

fatty acids for APQ and PQB synthesis in these eukaryotic

photosynthetic organisms. Interestingly, in C. merolae, PQB

contained a relatively high proportion (17.4%) of 18:2-species.

FASII-derived 18:0 is predominantly exported from plastids having

no desaturases to the desaturase-equipped ER, where it undergoes

desaturation to 18:2 (Mori et al., 2016). The resulting 18:2 is then

transported to plastids, and is used for the synthesis of plastid

glycerolipids. It is therefore likely that 18:2-PQB synthesis in

plastids relies on 18:2 supplied from the ER. It was also exceptional

that 18:1-species constituted a relatively high proportion (11.7%) of

APQ in C. reinhardtii. In green algae such as C. reinhardtii and C.

kessleri, and seed plants, 18:0-ACP synthesized by FASII undergoes

highly efficient desaturation to 18:1-ACP in plastids, and the resulting

acyl group is subsequently utilized for plastid and ER glycerolipid

synthesis (Sato et al., 2003; Hölzl and Dörmann, 2019; Li-Beisson

et al., 2019). Under our culturing conditions, 18:1-ACP in C.

reinhardtii might have incidentally contributed to APQ synthesis.

Nevertheless, it appears likely that the synthesis of APQ and PQB is

completed within plastids in the green lineage.

Information on the physiological roles of APQ and/or PQB

metabolism has just begun to emerge in cyanobacteria (Kondo et al.,

2023b; Kondo et al., 2023a; Jimbo et al., 2024). Kondo et al. (2023b)

demonstrated that, in Synechocystis, the level of acylplastoquinone

species increased under high-salt stress conditions in static culture,

contributing to the formation of pellicle biofilms on the culture

surface. Pellicle biofilms would enhance the cells’ ability to acquire

CO2 and light energy for photosynthesis, sustaining high-salt
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acclimating cell growth. Meanwhile, Jimbo et al. (2024) showed

that, in Synechocystis, APL that deacylates APQ was responsible for

cell growth under high light conditions (300 mmol E·m−2·s−1) and

for PSII recovery from severe photodamage induced by very high

light (2500 mmol E·m−2·s−1) under no aeration conditions. Our

study emphasizes the need for future research to investigate the

conservation of the roles of acylplastoquinone species in

acclimation to high-salt or strong-light stress across a broader

taxonomic range, including eukaryotic photosynthetic organisms.
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