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SUMMARY

Phylloquinone (PhQ), or vitamin K1, is an essential electron carrier (A1) in photosystem I (PSI). In the green

alga Chlamydomonas reinhardtii, which is a model organism for the study of photosynthesis, a detailed

characterization of the pathway is missing with only one mutant deficient for MEND having been analyzed.

We took advantage of the fact that a double reduction of plastoquinone occurs in anoxia in the A1 site in

the mend mutant, interrupting photosynthetic electron transfer, to isolate four new phylloquinone-deficient

mutants impaired in MENA, MENB, MENC (PHYLLO) and MENE. Compared with the wild type and comple-

mented strains for MENB and MENE, the four men mutants grow slowly in low light and are sensitive to

high light. When grown in low light they show a reduced photosynthetic electron transfer due to a specific

decrease of PSI. Upon exposure to high light for a few hours, PSI becomes almost completely inactive,

which leads in turn to lack of phototrophic growth. Loss of PhQ also fully prevents reactivation of photosyn-

thesis after dark anoxia acclimation. In silico analyses allowed us to propose a PhQ biosynthesis pathway in

Chlamydomonas that involves 11 enzymatic steps from chorismate located in the chloroplast and in the per-

oxisome.
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INTRODUCTION

In cyanobacteria, algae and land plants, photosynthetic

electron transfer is driven by two large intrinsic protein

complexes, photosystem I (PSI) and photosystem II (PSII),

embedded in the thylakoid membrane. Each PS possesses

several cofactors, including quinones (benzoquinone or

naphthoquinone derivatives), that are required for electron

transfer. Plastoquinone (PQ) is a benzoquinone derivative

located in PSII (with two binding sites, QA and QB) and in

the PQ pool. PQ is doubly reduced into plastoquinol

(PQH2) at the QB site and diffuses in the membrane to join

the PQ pool so allowing the reduction of cytochrome b6f

complex (cyt b6f) (Rochaix, 2002). In contrast, naphtho-

quinone derivatives participate in electron transfer within

PSI. PSI is composed of two core subunits, PsaA and PsaB,

containing 11 transmembrane domains and forming the

heterodimeric reaction center that coordinates the cofac-

tors required for electron transfer (Rochaix, 2002). The pri-

mary PSI electron donor is a dimer of chlorophyll a (P700)

located on the luminal side of the membrane. Electron

transfer from P700 to ferredoxin occurs via chlorophyll A0,

naphthoquinone A1 and three iron–sulfur centers [4Fe–4S],
denoted FX, FA and FB. Two naphthoquinones are present

per P700 and allow electron transfer from A0 to FX by two

branches (A and B) (Joliot and Joliot, 1999; Guergova-

Kuras et al., 2001). To date three types of 2-methyl-1,4-

naphthoquinone derivatives, also known as vitamin K,

have been identified in different oxygenic photosynthetic

organisms. They share the same naphthalene nucleus but

differ in the prenyl side-chain attached at position 3: mena-

quinone-4 (vitamin K2) found in bacteria, diatoms and
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primitive red algae (Yoshida et al., 2003; Ikeda et al., 2008)

has a fully unsaturated C20 isoprenoid side-chain; phyllo-

quinone (PhQ; vitamin K1) found in most cyanobacteria,

green algae and land plants, has a phytyl side-chain (par-

tially saturated C20 prenyl); while 50-monohydroxyphyllo-

quinone (OH-PhQ) is found in Euglena gracilis and in some

cyanobacteria like Synechococcus elongatus (Law et al.,

1973; Omata and Murata, 1984). Some species, such as the

green microalga Chlamydomonas reinhardtii, possess two

types of naphthoquinones: PhQ and OH-PhQ (Ozawa et al.,

2012). In C. reinhardtii, PhQ and OH-PhQ account for 10

and 90% of the total naphthoquinone content, respectively.

Both are functional and contribute to photosynthetic elec-

tron transfer (Ozawa et al., 2012).

Over the past decade the conversion of chorismate to

menaquinone has been characterized in detail in bacteria

(Meganathan, 2001; Jiang et al., 2007, 2008; Chen et al.,

2013). Since the different types of naphthoquinones are

structurally similar, most of the components of the PhQ

biosynthesis pathway in the cyanobacterium Synechocys-

tis sp. PCC 6803 have been identified by searching the

cyanobacterial genome using bacterial genes as queries. In

Synechocystis, nine enzymes, characterized by reverse

genetics, catalyze the same steps as those required for syn-

thesis of menaquinone: MenF (isochorismate synthase),

MenD [2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-

1-carboxylic acid (SEPHCHC) synthase], MenH [2-succinyl-

6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC)

synthase], MenC (o-succinylbenzoic acid synthase), MenE

(o-succinylbenzoyl-CoA ligase), MenB [1,4-dihydroxy-2-

naphthoate (DHNA) synthase], Slr0204 [1,4-dihydroxy-2-

naphthoate (DHNA)-CoA thioesterase], MenA (DHNA

phytyltransferase) and MenG (methyltransferase) (Table 1)

(Johnson et al., 2000, 2001; Widhalm et al., 2009).

In Synechocystis, inactivation of menA, -B, -D and -E

genes leads to the complete absence of PhQ, which is

replaced by PQ in the A1 site of PSI (Johnson et al., 2000,

2001, 2003; Semenov et al., 2000). This substitution leads

to delayed electron transfer from A1
– to FX because the

redox potential of PQ in the A1 site is more oxidizing than

native PhQ, rendering electron transfer thermodynamically

unfavorable. These mutants grow slowly under low-light

conditions and are sensitive to high light. In contrast, inac-

tivation of menG, the last enzyme of the PhQ biosynthetic

pathway, results in the accumulation of demethylphyllo-

quinone which replaces PhQ in PSI (Sakuragi et al., 2002).

The menG mutant is characterized by normal growth,

although electron transfer from A1
– to FX is three times

slower. All Synechocystis men mutants are characterized

by a decreased PSI/PSII ratio but only under high light for

menG.

Mutants deficient in the PhQ biosynthesis pathway have

also been identified in photosynthetic eukaryotes. In Ara-

bidopsis thaliana, inactivation of ABC4 (the menA homo-

log) leads to a significant decrease in PSII, PSI, and

content, (Shimada et al., 2005). Mutants in the PHYLLO

gene (which encodes a fusion of four eubacterial men-

homologous regions corresponding to menF/menD/menC/

menH genes) have drastically reduced PSI levels (5–15%)

with nearly normal levels of PSII, and accumulate 55% of

PQ (Gross et al., 2006). Mutants with deletion of the AAE14

gene (menE homolog), ABC4 and PHYLLO, exhibit a

Table 1 Menaquinone biosynthesis enzymes in Escherichia coli and their homologs involved in the biosynthesis of phylloquinone (PhQ) in
Synechocystis, Arabidopsis and Chlamydomonas

E. coli
Synechocystis
sp. PCC6803 A. thaliana C. reinhardtii E-valuea

Isochorismate synthase MenF Slr0817 At1 g74710 (ICS1)
At1 g18870 (ICS2)

Cre16.g659050 (PHYLLO) 6.4 9 10–74

SEPHCHC synthase MenD Sll0603 At1 g68890 (PHYLLO) Cre16.g659050 (PHYLLO) 6.4 9 10–74

SHCHC synthase MenH Slr1916 At1 g68890 (PHYLLO) Cre16.g659050 (PHYLLO) 6.4 9 10–74

OSB synthase MenC Sll0409 At1 g68890 (PHYLLO) Cre16.g659050 (PHYLLO) 6.4 9 10–74

OSB–CoA ligase MenE Slr0492 At1 g30520 (AAE14) Cre01.g030900 (MENE) 1.3 9 10–58

DHNA synthase MenB Sll1127 At1 g60550 (NS) Cre02.g114250 (MENB) 1.9 9 10–151

DHNA-CoA thioesterase YdiI Slr0204 At1 g48320 (AtDHNAT1)
At5 g48950 (AtDHNAT2)

Cre07.g323150b (TEH4) (putative) –b

DHNA phytyltransferase MenA Slr1518 At1 g60600 (ABC4) Cre04.g219787 (MENA) 2.6 9 10–14

Demethylphylloquinone
oxidoreductase

–c Slr1743 (NdbB) At5 g08740 (NDC1) Cre16.g671000 (NDA5) (putative) 4.5 9 10–73

Demethylphylloquinone
methyltransferase

MenG Sll1653 At1 g23360 (AtMenG) Cre02.g084300 (MENG) (putative) 3.3 9 10–75

aE-values from BLAST analysis with Arabidopsis protein sequences against the Chlamydomonas genome (version 5.5).
bNo homolog has been found in the C. reinhardtii genomic database for the DHNA–CoA thioesterase described in Synechocystis and
Arabidopsis. TEH4 is a putative candidate (see Discussion for further details).
cThe penultimate reduction step of PhQ biosynthesis has not yet been demonstrated in menaquinone biosynthesis in bacteria.
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seedling-lethal phenotype (Kim, 2008). In contrast, the Ara-

bidopsis menG-homologous deficient mutant is viable

because, as in Synechocystis, demethylphylloquinone acts

as substitute for PhQ in PSI (Lohmann et al., 2006). In 2015

it was established in Synechocystis and Arabidopsis that

the biosynthesis of PhQ has an additional step: the reduc-

tion of the demethylphylloquinone ring by a type-II NADPH

dehydrogenase, called NdbB in Synechocystis and NDC1

in Arabidopsis, prior to its trans-methylation by MenG

(Fatihi et al., 2015). Synechocystis ndbB and Arabidopsis

ndc1 mutants display increased photosensitivity to high

light like the PhQ-deficient mutants previously character-

ized in these organisms.

In the green alga C. reinhardtii, which is a model organ-

ism for studying the photosynthetic machinery (Hippler

et al., 1998), characterization of the PhQ biosynthetic path-

way is still incomplete. Up to now, only one mutant, defi-

cient for MEND protein, has been characterized (Lefebvre-

Legendre et al., 2007). Inactivation of MEND in C. rein-

hardtii, as in Synechocystis sp. PCC 6803 (Johnson et al.,

2003), leads to the complete loss of PhQ and its replace-

ment by PQ in PSI. However, accumulation of PSI is not

affected in this mutant and the absence of PhQ rather

causes a decrease in the size of the PQ pool and of synthe-

sis of PSII subunits.

The phenotype of the only mutant isolated in C. rein-

hardtii is thus neither close to the one described in

cyanobacteria or to that of land plants. This observation

prompted us to isolate new mutants of the PhQ biosyn-

thetic pathway in C. reinhardtii. In anoxia, a double

reduction of PQ into PQH2 in the A1 site occurs in the

mend mutant, interrupting photosynthetic electron trans-

fer (Lefebvre-Legendre et al., 2007; McConnell et al.,

2011). In this work, we took advantage of this photosyn-

thetic deficiency in anoxia to isolate four new Chlamy-

domonas mutants affected in either the MENA, MENB,

MENC or MENE enzymatic step of the PhQ biosynthesis

pathway.

RESULTS

A peculiar chlorophyll induction curve is specific for

identification of PhQ-deficient mutants

Nine sequences corresponding to nine of the ten enzy-

matic steps required for the PhQ biosynthesis pathway in

cyanobacteria and land plants can be found in the C. rein-

hardtii genomic database (v.5.5 on PHYTOZOME) (Table 1).

Genomic sequences coding for MENF, MEND, MENC and

MENH enzymatic domains are located in a single open

reading frame (ORF), and are named PHYLLO by similarity

to gene organization in A. thaliana (Gross et al., 2006), and

likely coding for a tetramodular enzyme. We did not find

any homolog to the DHNA-CoA thioesterase performing

the seventh step of the pathway in cyanobacteria and land

plants but a putative candidate (TEH4) is suggested (see

Discussion).

To isolate new C. reinhardtii strains deficient in PhQ

biosynthesis we screened 13 250 hygromycin-resistant

(HygR) transformants and 3500 paromomycin-resistant

(ParR) transformants by an in vivo chlorophyll fluores-

cence imaging screening protocol. The screening proce-

dure is based on the observation that a double reduction

of PQ in PQH2 in the A1 site occurs in a mend mutant in

anoxia, interrupting photosynthetic electron transfer

(McConnell et al., 2011). We thus recorded the chlorophyll

fluorescence induction curves of transformants after pro-

longed dark incubation under anoxia. As previously

described (Godaux et al., 2013), for dark anoxic-acclimated

wild-type cells, FO is close to FM, which indicated that the

PSII acceptor pool (Qa, PQ) is largely reduced. Upon illu-

mination, the fluorescence yield reaches a maximum tran-

sient value in a few milliseconds and then decreases to a

steady-state value after about 1 sec. The value of the PSII

efficiency (ΦPSII), determined after 3 sec of illumination

by addition of a saturating pulse, reached 0.5 (Figure 1a).

Conversely, the electron transfer was blocked from the

very beginning of illumination in the mend mutant, and

ΦPSII after 3 sec of illumination is null (Figure 1a). We iso-

lated here five HygR (AL2, AO1, AO2, AS1, AS2) and two

ParoR mutants (24.1, 25.1) with a similar chlorophyll fluo-

rescence induction curve to mend (Figure 1b). In contrast,

the behavior of these mutants is almost identical to the

wild type in control conditions (oxic) (Figure 1c). This sug-

gested that these mutants were specifically impaired in

PhQ biosynthesis.

To determine whether the fluorescence phenotype of

these mutants is linked to the antibiotic-resistance cassette,

a genetic cross between each mutant of mating-type plus

(mt+) was performed with the wild-type strain of the oppo-

site mating type (mt–) and phenotype of the meiotic pro-

geny was analyzed (Table S1). For four mutants (AO1, AS1,

AS2 and 25.1) all meiotic products that were resistant to

antibiotic also showed the mutant fluorescence phenotype,

while all meiotic products that were sensitive to the pres-

ence of antibiotics behaved like the wild type. In addition,

around half of the meiotic progeny were resistant to antibi-

otics in each of the four crosses. This suggested that a

unique functional cassette was linked to the phenotype of

each individual mutant. In contrast, the presence of four

classes of meiotic products in the progeny of AL2, AO2

and 24.1 indicated that the fluorescence phenotype was

not directly linked to the insertion of the cassettes. As a

consequence, these mutants (AL2, AO2 and 24.1) were dis-

carded. To confirm that only one cassette was inserted in

the genome of AO1, AS1, AS2 and 25.1 mutants, DNA gel-

blot analysis was carried out on the four tagged mutant

strains with specific probes against APHVII (for AO1, AS1

and AS2 mutants) and APHVIII (for the 25.1 mutant)
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cassettes. As only one fragment was revealed after

hybridization, we concluded that each mutant contained a

single copy of the resistance cassette in its nuclear gen-

ome (Figure 2a). To determine the genomic DNA

sequences flanking the insertion cassette for each individ-

ual mutant, we performed thermal asymmetric interlaced

(TAIL) PCR and the resulting PCR products were sequenced

(Figure S1 in the Supporting Information). A detailed

description of this analysis is given in Appendix S1 and

summarized in Figure 2(b). In brief, the four mutants are

all affected in one of the genes of the putative PhQ biosyn-

thetic pathway in Chlamydomonas: MENA (AS2, mena

mutant), MENB (AS1, menb mutant), PHYLLO (AO1, menc

mutant) and MENE (25.1, mene mutant).

We then aimed to obtain complemented strains as an

additional proof of phenotype. To this end, we amplified

MENB (4865 bp) and MENE (4177 bp) genes and their

flanking regions (Figure S2). However, we could not

amplify MENA (3136 bp). We did not try to amplify the cor-

responding gene for PHYLLO (15.7 kb) because it was too

long to be amplified by PCR. menb cells and mene cells

were then co-transformed using the appropriate selection

marker (APHVIII or APHVII, respectively) and the PCR pro-

duct containing the MENB or MENE gene, respectively.

Transformants were selected on medium containing both

hygromycin and paromomycin and co-transformants

which had incorporated and expressed the second marker

(either MENB or MENE) were selected on the basis of their

restored wild-type fluorescence pattern after acclimation to

dark anoxic conditions (Figure S3). One complemented co-

transformant was selected for each strain, and called

menbR or meneR, respectively.

Absence of PhQ in the men mutant strains

To determine the impact of mena, menb, menc and mene

mutations on PhQ abundance, pigments were extracted

Figure 1. Chlorophyll fluorescence induction curves of wild-type and mutant strains.

Chlorophyll fluorescence induction curves upon illumination at about 110 lmol photons (k = 520 nm) m�2 sec�1 of Chlamydomonas reinhardtii wild type, mend

mutant and mutant strains identified in this work after acclimation to dark anoxic (>12 h) (a, b) and oxic conditions (c). Arrows indicate when the saturating light

pulse was given.

Figure 2. Molecular characterization of the mutants.

(a) DNA-blot analysis of wild-type and mutant strains. For AO1, AS1 and AS2, the DNA-blot was hybridized with a digoxigenin (DIG)-labeled APHVII probe, while

for 25.1 the DNA-blot was hybridized with a DIG-labelled APHVIII probe.

(b) Organization and structure of the MENA, MENB, MENE and PHYLLO genes as shown in Chlamydomonas reinhardtii genome version 5.5 available at

http://phytozome.org (black boxes, exons; black lines, introns; grey boxes, 50 and 30 UTRs; men-homologous regions, black pointer) and localization of the antibi-

otic resistance cassette (diagonally hatched arrows, APHVII; vertically hatched arrows, APHVII; white arrows, pieces of non-functional cassette).
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from lyophilized cells and analyzed by ultra-performance

liquid-chromatography mass spectrometry (UPLC-MS).

The elution profile of the men mutant cell extracts was

compared with those of wild-type and complemented cell

extracts. Because about 90% of the total amount of naph-

thoquinones in C. reinhardtii is present as OH-PhQ (Ozawa

et al., 2012), we decided to focus on the detection of this

form. OH-PhQ, whose determined m/z values for the non-

adduct form and Na+ adduct form are 467.35 and 489.33,

respectively, was detected as a single peak at 8.06 min of

the chromatogram of wild-type and complemented cell

extracts. This peak was missing in the men mutant cell

extracts (Figure 3), indicating loss of OH-PhQ.

Light response of PhQ-deficient mutants

Since the previously isolated Chlamydomonas mend

mutant is light sensitive (Lefebvre-Legendre et al., 2007),

we analyzed the growth of mena, menb, menc, mend and

mene mutant strains in the presence [2-amino-2-(hydroxy-

methyl)-1,3-propanediol (TRIS)-acetate-phosphate (TAP)

medium] or the absence (TMP medium) of acetate. We

concentrated on comparing growth at low and high light

intensities for mutant and control strains. After 3 days of

illumination, all mutants grew more slowly than the wild

type and complemented strains, whatever the medium and

the light conditions used (Figure 4). At day 7, this delayed

growth was no longer observed on TAP medium in the

dark and under low light (25 lmol photons m�2 sec�1) but

was still visible in the other conditions, e.g. under higher

light (125 and 300 lmol photons m�2 sec�1) in the pres-

ence (TAP) or in the absence (TMP) of acetate in the med-

ium. In addition, it has been shown that growth of mend

could be partially restored by the addition of exogenous

PhQ at high light intensities (Lefebvre-Legendre et al.,

2007). This was also the case for menb, menc and mene

mutants, suggesting that the three mutants are aux-

otrophic for PhQ. In contrast, the addition of exogenous

PhQ had no effect on the growth of the mena mutant (Fig-

ure 4).

Reorganization of the photosynthetic apparatus in the

absence of PhQ

In order to investigate the impact of a lack of PhQ on pho-

tosynthesis, we first determined the content of active PSI

and PSII in mutant and control strains by a spectroscopic

approach based on the magnitude of the electrochromic

shift (ECS) induced by charge separation (Bailleul et al.,

2010). We observed a decrease of 30–40% in the active PSI

centers in all mutant strains (Figure 5a). This decrease in

active PSI content was further confirmed by assessing the

relative concentration of P700 by redox difference spec-

troscopy (Figure S4) and by immunoblotting on a Western

blot against PsaA protein (Figure 5c). Similarly, in line with

previous immunoblotting experiments against PSII core

proteins D1 and D2 (Lefebvre-Legendre et al., 2007), the

amount of active PSII (Figure 5a) and core antenna subunit

Cp43 (Figure 5c) was very low in the mend mutant. Con-

versely, no decline in PSII centers was observed in the four

men mutants identified in this work (Figure 5a,c).

To gain information on the distribution of excitation

energy between PSI and PSII, we also recorded the 77 K

fluorescence emission spectra of whole C. reinhardtii cells.

Excitation in the chlorophyll Soret band produces PSII and

PSI fluorescence bands at 685 and 715 nm, respectively,

each band resulting from fluorescence emission of differ-

ent forms of PS–light harvesting complex (LHC) supercom-

plexes (e.g. ranging from 708 to 715 nm in the case of PSI;

Drop et al., 2011). In men mutant cells frozen to 77 K under

the low white light used for growth, the relative amplitude

of the 715-nm peak was larger than in the wild type and

complemented strains (Figure 5g). This result suggests a

relative increase in PSI antenna size in men mutant cells

due to: (i) a larger LHCI or (ii) an association of LHCII with

PSI (i.e. a transition to state II due to a more reduced state

Figure 3. Analysis of phylloquinone content by

ultra-performance liquid-chromatography mass

spectrometry.

Detection of 50-monohydroxyphylloquinone (se-

lected monitoring mode, m/z = 488.5–489.5; reten-

tion time about 8 min) from wild type,

complemented strains (menbR, meneR) and men

mutants. Values are normalized to the relative

abundance of lutein (m/z = 568.43).
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of the PQ pool; Wollman, 2001). To test these hypotheses,

we treated the cells with 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU) to inhibit PSII and to re-oxidize the

PQ pool in the light, thus allowing re-association of LHCII

and PSII (i.e. transition to state I) (Cardol et al., 2003). In

the wild type and complemented strains, this treatment

leads to a full transition to state I, detected as a decrease in

the relative amplitude of the 715-nm band. In contrast,

DCMU-treated men cells still show a higher emission at

715 nm relative to 685 nm. To confirm this result, we mea-

sured PSI antenna size at state I using ECS (Bailleul et al.,

2010; Takahashi et al., 2013). The initial slope of the ECS

changes measured in continuous light and in the presence

of DCMU (to inhibit PSII) can be used to probe the absorp-

tion cross-section of PSI because it is proportional to the

light intensity (Figure S5a). An increase in PSI antenna size

was observed in all men mutants compared with control

strains (a 20–50% increase) (Figure 5h). In parallel, PSII

antenna size was estimated from mid-rise values of the

chlorophyll fluorescence transients measured in continu-

ous light and in the presence of DCMU at state I (Fig-

ure S5b). PSII antenna size remained unchanged, with the

exception of mend (70% increase) (Figure 5h).

We finally explored the impact of the imbalance in the

PSI/PSII stoichiometry and antenna size of men mutants

on the relative electron transfer rate at the PSII level

(rETRII). When cultivated in low light, men mutants exhib-

ited a significant decrease of rETRII compared with the wild

type and complemented strains (Figure 5e). A decrease of

about 30% is observed for mena and menb mutants and of

about 60% for menc, mend and mene mutants.

All spectroscopic experiments so far were carried out on

algae grown under low light. In these conditions, men

mutants are still able to grow (Figure 4) even if a decrease

in the number of active PSI centers limits the photosyn-

thetic electron flow. In contrast mutants are unable to grow

under high light. We thus assumed the existence of addi-

tional deleterious effects on the photosynthetic chain in

algal cells under high light. To test this hypothesis, wild-

type and mutant cells were grown in low light (25 lmol

photons m�2 sec�1) and then transferred for 4 h to a high

light intensity (400 lmol photons m�2 sec�1). After 4 h in

high light, the content of active PSI centers remained rela-

tively constant in the wild type and complemented strains,

but it progressively decreased over time in mena, menb,

menc and mene to <10% of that of controls and in mend

by half (Figures 5b and S6). Conversely, the number of

active PSII centers already began to fall at a steady level

after 1 h in high light in control strains (40–60% decrease)

and men mutants (70–80% decrease) (Figures 5b and S6),

Figure 4. Growth of control and mutant strains

under different culture conditions.

Growth patterns of the wild type (WT), comple-

mented strains and men mutants. Twenty micro-

liters of cell culture at 106 cells ml�1 was plated on

acetate-containing medium (TAP), acetate-free med-

ium (TMP) and TAP medium supplemented with

5 lM of phylloquinone (PhQ). Agar plates were incu-

bated for 3 and 7 days under 0, 25, 75, 125 and

300 lmol photons m�2 sec�1. The images for each

experimental condition come from a single Petri

dish with all strains, except menc which was com-

pared with the wild type only.

© 2016 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2017), 89, 141–154

146 Barbara Emonds-Alt et al.



Figure 5. Photosystem content, antenna size and

electron transfer rate in control and mutant strains.

(a), (b) Active photosystem (PS) I and PSII content

was estimated from electrochromic shift signals

(ECS) at 520–546 nm on cells grown in low light (a)

and then transferred for 4 h to a high light intensity

(HL; 400 lmol photons m�2 sec�1) (b). The active

PSI center content of wild-type (WT) cells was nor-

malized to 1. Values are the average of three inde-

pendent experiments. (c), (d) Immunoblots against

Chlamydomonas reinhardtii PsaA, Cp43 and cyto-

chrome f proteins of total cell extracts (5 lg protein

per lane) prepared from wild-type, menbR, meneR,

mena, menb, menc, mend and mene cells grown in

low light (c) and then transferred for 4 h to high

light (400 lmol photons m�2 sec�1) (d). The anti-

bodies used are indicated. (e), (f) The PSII relative

electron transfer rate (rETRII, lmol elec-

trons sec�1 m�2) as a function of the light intensity

(I, lmol photons m�2 sec�1) of cells grown in low

light (e) and then transferred for 4 h to high light

(400 lmol photons m�2 sec�1) (f). In (e) and (f) val-

ues are the average of 10 independent experiments.

(g) F715: F685 ratio from fluorescence emission

spectra at 77 K. Different pre-treatments were

applied to cell suspensions before freezing: control

under white light of 25 lmol photons m�2 sec�1

(‘no add’, dark grey symbols) or illumination by

white light of 25 lmol photons m�2 sec�1 in the

presence of 20 lM 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU) (‘light + DCMU’, light grey

symbols). (h) PSI antenna size estimated from ECS

absorbance transients (520–546 nm) in DCMU

(20 lM) + hydroxylamine (1 mM)-poisoned cells

(Figure S5a) and PSII antenna size estimated from

chlorophyll fluorescence transients in DCMU

(20 lM)-poisoned cells (Figure S5b). In (g), (h) Wild-

type values were normalized to 1 and all values are

the average of three independent experiments.
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indicating a more pronounced PSII photoinhibition in all

men strains. Consistently, rETRII was drastically reduced in

all men strains after 4 h under high light (to about 20% of

the wild-type value) (Figure 5f).

To determine whether the decrease in the number of

active PS is associated with a decrease in the total amount

of PS per cell or to a loss of activity of PS centers present

after exposure to high light (for 4 h), the amount of core

subunit PsaA (PSI) and core antenna subunit Cp43 (PSII)

were compared with the amount of cytochrome f (cy-

tochrome b6f complex) by immunodetection on Western

blot on total cell extracts (Figure 5d). The PsaA content

was lower in all men mutants, but this decrease was not

especially pronounced in comparison with the decrease in

the amount of PsaA observed for low-light-adapted men

mutant cells. We conclude that the decrease of rETRII in

the men mutant exposed to high light is thus due to a

specific PSI photoinhibition.

It is notable that the mend mutant behaves slightly

differently. Its PSII content is much lower in low light

(Figure 5a,c), which is in agreement with its original

description (Lefebvre-Legendre et al., 2007). Upon expo-

sure to high light, this reduced PSII content might limit

electron flow to PSI, translating into a lower PSI pho-

toinhibition compared with other men mutants (Fig-

ure 5b). In principle, both menc and mend mutants

should be affected in the whole PHYLLO locus and thus

should behave in exactly the same way. As a matter of

proof, a RT-PCR experiment indicated that the mRNA

segment corresponding to the MENC–MENH domain is

absent in the mend mutant, as in the menc mutant (Fig-

ure S7). We tried to determine if a secondary mutation

could be responsible for the partly rescued phenotype

of mend, but unfortunately it was impossible to cross

mend with our wild-type reference strains. We postulate

that the mend mutant (Lefebvre-Legendre et al., 2007)

has been subject to adaptations that led to the observed

decrease in PSII content and consequently to a lower

PSI photoinhibition (Figures 5a,b and S6), and better

growth (Figure 4).

DISCUSSION

The PhQ biosynthetic pathway might comprise 11

enzymatic steps located in the chloroplast and the

peroxisome

Genomic data for C. reinhardtii (Table 1) indicate that the

biosynthetic pathway of PhQ from chorismate comprises

homologs for nine of the ten consecutive enzymatic steps

involved in the biosynthesis of PhQ in Synechocystis sp.

PCC 6803 and in A. thaliana (Fatihi et al., 2015). We did not

find any obvious homolog of the cyanobacterial and plant

DHNA–CoA thioesterase in Chlamydomonas or in other

green algae (e.g. Chlorella vulgaris C-169, Chlorella sp.

NC64A, Volvox carteri). It is notable that the plant and

cyanobacterial DHNA–CoA thioesterases are not encoded

by homologous genes: the plant version originates from

horizontal gene transfer with a bacterial species (Widhalm

et al., 2012). Altogether, this suggests that another thioes-

terase might operate in the PhQ biosynthesis pathway of

green algae. Among the large family of thioesterases in

C. reinhardtii, TEH4 (Cre07.g323150) is a possible candi-

date because it possesses the hot-dog domain typical of

DHNA–CoA thioesterase (Furt et al., 2013), a putative bind-

ing site for coenzyme A, and a peroxisomal targeting

sequence (PTS) (see below for further discussion). In flow-

ering plants, genetic approaches identified the PHYLLO

locus, which codes for a multi-enzyme composed of four

fused eubacterial men-homologous modules correspond-

ing to MenF/MenD/MenC/MenH proteins, respectively

(Gross et al., 2006). Homology searches revealed the exis-

tence of cluster PHYLLO orthologs in green algae, mosses,

diatoms and red algae (Gross et al., 2006). The C-terminal

region bearing the chorismate-binding site is absent from

the PHYLLO MENF module in Arabidopsis, and isochoris-

mate synthase (ICS) activity is performed by the products

of the ICS1 and ICS2 genes (Gross et al., 2006; Garcion

et al., 2008). PHYLLO then catalyzes consecutive reactions

(MEND, -C and -H) that lead to the synthesis of o-succynil-

benzoate (Gross et al., 2006). In contrast to Arabidopsis

PHYLLO protein, the C. reinhardtii nuclear genome likely

encodes a PHYLLO tetramodular enzyme that would exhi-

bit a full MENF chorismate-binding domain that might be

functional (Figures 2b and S8). Accordingly, we thus

assume that our Chlamydomonas mutants are impaired in

the fourth (MENC), the fifth (MENE), the sixth (MENB) and

the eighth (MENA) enzymatic steps of PhQ biosynthesis

(Figure 6). The previously characterized mend mutant

(Lefebvre-Legendre et al., 2007) would be impaired in the

second step. Even if the existence of a tetramodular

PHYLLO enzyme remains to be demonstrated beyond

genomic evidence, it is reasonable to consider at this stage

that menc and mend mutants are impaired in the function

of the whole PHYLLO multi-enzyme (i.e. including MENF

and MENH activities).

Ultimately, four steps in Chlamydomonas remain to be

characterized by genetic approaches: step 7 is the putative

DHNA–CoA thioesterase TEH4; step 9 would be performed

by the type II NADPH dehydrogenase NDA5 which is the

homolog of Arabidopsis NDC1 and Synechocystis NdbB

(Desplats et al., 2009); step 10 is probably performed by

the MENG homolog, and an ultimate additional step (step

11) of hydroxylation of PhQ to OH-PhQ, specific to some

microalgae like C. reinhardtii and Euglena gracilis (Ziegler

et al., 1989; Ozawa et al., 2012), also remains to be eluci-

dated. In this regard, two cytochrome P450-dependent PhQ

hydroxylases have been recently identified (CYP4F2 and

CYP4F11) in humans (Edson et al., 2013). A putative
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homolog (CYP25, Cre08.g373100) is present in Chlamy-

domonas (Figure S9) and could fulfil the role.

The location of the PhQ biosynthesis pathway in

Chlamydomonas is also unknown. Mainly originating from

the cyanobacterial ancestor, most of the proteins involved

in biosynthesis of PhQ in Arabidopsis are located in the

chloroplast (Shimada et al., 2005; Gross et al., 2006; Loh-

mann et al., 2006; Garcion et al., 2008; Kim, 2008). MenE/

AAE14, however, has dual localization in the chloroplast

and peroxisome (Kim, 2008; Babujee et al., 2010), while

MenB/NS and DHNA-CoA thioesterases are targeted to the

peroxisome (Reumann et al., 2007; Babujee et al., 2010;

Widhalm et al., 2012). Here we took advantage of the

recent identification of PTS motifs in C. reinhardtii, which

are similar to Arabidopsis PTS (Lauersen et al., 2016), to

identify three PTS sequences among Chlamydomonas

peptide sequences discussed in this work: PTS1 (SRL) in

MENE and TEH4 C-terminal parts (position 732–734 and

201–203, respectively), and a PTS2 in MENB N-terminal

part (RLqvlsnHL at position 7–15). This suggests that in

Chlamydomonas, as in Arabidopsis, this part of the biosyn-

thetic pathway also occurs in the peroxisome but this

hypothesis remains to be confirmed by subcellular local-

ization experiments. Altogether, our results suggest that

localization of the steps involved in the PhQ biosynthesis

pathway in Chlamydomonas (Figure 6) might be very simi-

lar to that previously described in land plants (Fatihi et al.,

2015), and that there is no alternative route for PhQ synthe-

sis in Chlamydomonas. We thus propose that chorismate

is converted into o-succinylbenzoate by the first four enzy-

matic steps (PHYLLO) in the chloroplast. Then, o-succinyl-

benzoate would be exported to the peroxisome where the

succinyl chain would be activated by ligation with CoA and

cyclized to yield 1,4-dihydroxy-2-naphthoyl (DHNA)–CoA.
After hydrolysis of DHNA–CoA by an unknown thioester-

ase, possibly located in the peroxisome, the naphtho-

quinone ring would be conjugated to a phytyl chain.

Finally, the demethylphylloquinone precursor would be

reduced in demethylphylloquinol form, methylated into

PhQ and hydroxylated into OH-PhQ in the chloroplast (Fig-

ure 6).

Lack of PhQ primarily affects PSI activity

Phylloquinone is an essential electron carrier in PSI. As

previously demonstrated in Chlamydomonas and Syne-

chocystis, PQ might replace the missing PhQ in the A1 site

of PSI, rendering the electron transfer from A1
– to FX ther-

modynamically unfavorable (Semenov et al., 2000; Lefeb-

vre-Legendre et al., 2007; McConnell et al., 2011). In this

work, we have identified and characterized four new C.

reinhardtii nuclear insertion mutants deficient for OH-PhQ,

the predominant form of naphthoquinone in this species

(Ozawa et al., 2012). All Chlamydomonas men mutants (in-

cluding the previously characterized mend; Lefebvre-

Legendre et al., 2007) can grow photoautotrophically

under moderate light (25 lmol photons m�2 sec�1) but are

sensitive to high light. Arabidopsis abc4 (MENA), phyllo

(PHYLLO MENDCH), aae14 (MENE) and double knockout

ics1/ics2 (MENF) mutants are also characterized by loss of

phototrophy and a seedling lethal phenotype even in low

light, but it is not known if missing PhQ is replaced by PQ

in this species (Shimada et al., 2005; Gross et al., 2006;

Garcion et al., 2008; Kim, 2008). The Arabidopsis meng

and ndc1 mutants are the sole viable PhQ-deficient

mutants in plants (Lohmann et al., 2006; Fatihi et al., 2015).

Synechocystis and Arabidopsis meng and ndc1 mutants

accumulate demethylphylloquinone which replaces PhQ

and allows less efficient PSI-mediated electron transfer

(Lohmann et al., 2006; Fatihi et al., 2015). Addition of vita-

min K1 (PhQ) in the medium allows partial restoration of

Figure 6. Phylloquinone biosynthetic pathway in Chlamydomonas rein-

hardtii.

The gene products encoding each step in Chlamydomonas are indicated.

The PHYLLO protein contains catalytic domains corresponding to MenF,

MenD, MenH and MenC of the menaquinone pathway. MENE, MENB and

TEH4 possess peroxisome-targeting sequences suggesting a compartmen-

talized phylloquinone biosynthesis pathway similar to that of land plants

(see text for details). Solid black boxes indicate that mutants have been

characterized, dotted black boxes specify putative men proteins and grey

arrows designate uncharacterized membrane trafficking steps (see text for

details). MENF, isochorismate synthase; MEND, SEPHCHC synthase; MENH,

SHCHC synthase; MENC, OSB synthase; MENE, OSB–CoA ligase; MENB,

DHNA synthase; TEH4, putative DHNA–CoA thioesterase (DHNAT); MENA,

DHNA phytyltransferase; NDA5, putative demethylphylloquinone oxidore-

ductase; MENG, putative demethylphylloquinone methyltransferase; CYP25,

putative phylloquinone hydroxylase; SEPHCHC, 2-succinyl-5-enolpyruvyl-6-

hydroxy-3-cyclohexene-1-carboxylic acid; SHCHC, 2-succinyl-6-hydroxy-2,4-

cyclohexadiene-1-carboxylic acid.; OSB, o-succinylbenzoic acid; DHNA, 1,4-

dihydroxy-2-naphthoate.
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the growth of Chlamydomonas men mutants in high light,

with the exception of mena (Figure 4). Although we cannot

exclude the possibility that the inability of Chlamy-

domonas mena mutant to recover in the presence of vita-

min K1 is due to a partial deletion in the HEL22 gene

(coding for a DNA helicase RecQ), the fact that the Syne-

chocystis mena mutant is also unable to grow on medium

supplemented with several naphthoquinone analogs

(Johnson et al., 2001) rather suggests that MENA activity

might be critical in the assimilation of exogenous PhQ. In

this respect, it was demonstrated that Mycobacterium

tuberculosis treated with a MenA inhibitor could not be

rescued completely at high concentrations of exogenous

vitamin K2 (menaquinone-4) (Kurosu and Begari, 2010). We

thus hypothesize that the phytyl tail of exogenous PhQ is

altered during its assimilation by the cells and that MENA

is required to replace the altered phytyl chain. Although

this activity has not been yet demonstrated in photosyn-

thetic organisms, the human MenA homolog (UBIAD1) has

both side-chain cleavage and prenylation activities (Naka-

gawa et al., 2010).

In Chlamydomonas, the main consequence of loss of

PhQ in menc (phyllo), mene, menb and mena mutants on

the organization of the photosynthetic electron transfer

chain is a decrease in the amount of functional PSI. This is

consistent with the reduced amount of PSI in Synechocys-

tis mutants (Johnson et al., 2000, 2003; Sakuragi et al.,

2002). Replacement of PhQ by PQ leads to a reduced rate

of electron transfer from A1 to FX (Lefebvre-Legendre et al.,

2007; McConnell et al., 2011). In this respect, the specific

increase in PSI antenna size in men mutants could repre-

sent a compensation mechanism linked to the decrease in

the number of active PSI centers. It was previously shown

that polypeptides of the PSI LHC (LHCA) accumulate at dif-

ferent levels, and it was suggested that flexibility in LHCA

composition would allow adaptation of the PSI antenna

configuration to the prevailing environmental conditions

(Stauber et al., 2009). The efficiency and maximum elec-

tron rate of PSII, however, are diminished proportionally to

the PSI decrease in Chlamydomonas men mutants, and

these effects are exacerbated at higher light intensity

where additional effects are observed, such as PSII pho-

toinhibition. Such PSII photoinhibition under high light has

been also observed in the Arabidopsis meng mutant (Loh-

mann et al., 2006). In high light, PSI activity in men

mutants is obviously limited from the acceptor side, a situ-

ation that has been described in many studies to lead to

PSI photoinhibition and destruction (Munekage et al.,

2002; Sommer et al., 2003; Tikkanen et al., 2015). Addition-

ally, the redox state of the PQ pool is more reduced in high

light and PQH2 might occupy the PS1 A1 site in the men

mutant, as previously proposed in dark anoxic conditions

(McConnell et al., 2011). This might in turn further limit

electron transfer and promote photoinhibition.

Critical role of PhQ in photosynthetic electron transfer in

anoxia

The four men mutants isolated and described in this work

were identified by an in vivo chlorophyll fluorescence

imaging screen based on photosynthetic induction curves

following transition from dark anoxia to light (Godaux

et al., 2013). This in vivo chlorophyll fluorescence screen

was originally used to detect mutants impaired in H2 pho-

toproduction (Godaux et al., 2013), a process that enables

algae to initiate their photosynthetic electron transport

chain after anoxic incubation when electron acceptors are

scarce (Ghysels et al., 2013; Godaux et al., 2013; Clowez

et al., 2015). The fluorescence transient observed for

hydrogenase-deficient hydg-2 mutant cells upon the first

second of illumination in anoxia (Figure 7a) (Godaux et al.,

2013) reflects the reduction phase of PSI acceptors (oxi-

dized ferredoxin and NADP+). Conversely, the lack of

change in chlorophyll fluorescence for the men mutant in

anoxia probably indicates the absence of electron transfer

between P700+ and ferredoxin. This is in agreement with

the proposal that PQH2 replaces PhQ in the A1 site of PSI

in anoxia and prevents photosynthetic electron transfer in

the mend mutant (McConnell et al., 2011). As a result,

long-term reactivation (>5 min) of PSII electron transfer in

anoxia, which relies on both PSI-dependent hydrogenase

activity and PGRL1-dependent PSI cyclic electron flow in

wild-type Chlamydomonas cells (Godaux et al., 2015), is

fully compromised in the men mutant (Figure 7b). Loss of

PhQ thus severely impairs electron transfer in anoxia in

our men mutants, as has already been shown in the mend

mutant (Lefebvre-Legendre et al., 2007; McConnell et al.,

2011). Overall these results indicate that the presence of

PhQ as a PSI A1 cofactor is critical in photosynthetic organ-

isms that encounter O2-deprived conditions on a regular

basis.

EXPERIMENTAL PROCEDURES

Strains and growth conditions

The 4A+ (mt+) and 20 (mt–) wild-type strains used for transforma-
tion and genetic crosses, respectively, derive from the 137c refer-
ence wild-type strain. The mend mutant (Lefebvre-Legendre
et al., 2007) was provided by Kevin Redding (Arizona State
University, USA). The C. reinhardtii strains were grown in TAP
medium (Harris et al., 1989) at 25°C under continuous white light
(25 lmol photons m�2 sec�1), either on solid (1.5% agar) or liq-
uid medium.

Insertional mutagenesis and fluorescence screening

procedure

4A+ cells were electroporated with 10 lg of DNA carrier and
250 ng of hygromycin B (APHVII) or paromomycin (APHVIII) resis-
tance cassettes as previously described (Shimogawara et al.,
1998). APHVII and APHVIII cassettes were amplified by PCR from
pHyg3 (Berthold et al., 2002) or pSL18 (Dep�ege et al., 2003)
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plasmids, respectively, as described in Barbieri et al. (2011) using
the primers pairs APH7–F/APH7-R for APHVII and APH8–F/APH8-R
for APHVIII (Table S2). Transformants were selected on TAP agar
medium containing 25 lg ml�1 of hygromycin B or paromomycin
in the light. After incubation for 5–10 days under light, transfor-
mants were screened directly on transformation plates according
to a published procedure (Godaux et al., 2013) in which anoxia is
reached by incubation in anoxic bags (Anaerocult P, Merck, http://
www.merck.com/).

DNA extraction, PCR amplifications and TAIL-PCR

Total DNA was extracted using the procedure of Newman et al.
(1990). The PCR amplifications were performed according to stan-
dard protocols using Taq polymerase (Promega, http://
www.promega.com/) or KAPA HIFI DNA polymerase (KAPA
Biosystems, http://www.kapabiosystems.com) for amplification of
MENB and MENE genes using primers menB-F3/menB-R1 and
menE-F3/menE-R, respectively (Table S2).

Amplification of the insertion-linked sequence by TAIL-PCR was
performed as described previously (Dent et al., 2005) using AD1,
AD2 (Liu et al., 1995), RMD227 and RMD228 (Dent et al., 2005) as
non-specific primers. For APHVII, the specific primers for primary,
secondary and tertiary reactions were respectively APH7-R3,
APH7-R4 and APH7-R5 at the 50 end and HygTerm1, HygTerm2
and HygTerm3 at the 30 end of the coding sequence of the cassette
(Table S2). For APHVIII, the specific primers for primary, sec-
ondary and tertiary reactions were respectively ParoTermB, Paro-
TermC/1 and ParoTerm2 at the 30 end of the coding sequence of
the cassette (Table S2). The PCR products were sequenced by
Beckman Coulter Genomics (http://www.beckmangenomics.com/)
and aligned to the Chlamydomonas genome sequence database
(v.5.5 on PHYTOZOME v11.0).

Genetic analyses

Genetic crosses were performed as described in Duby and
Matagne (1999). Zygotes were matured for 3–4 days under contin-
uous light on nitrogen-free minimal agar plates. After maturation,
blocks of agar carrying 50–100 zygotes were transferred to fresh
TAP agar plates and exposed to chloroform vapor for 30 sec. Ger-
mination was induced by exposure to light and restoration of
nitrogen. After 10 days of culture, 150–300 meiotic clones were
randomly sampled and linkage analysis between resistance cas-
sette and photosynthetic deficiency was determined using the pro-
tocol described previously (Godaux et al., 2013).

DNA gel-blot analysis

Total DNA from wild-type and mutants cells was digested with StuI
and PstI restriction enzymes (Fast digest, Thermo Scientific, https://
www.thermofisher.com/) which do not cut into APHVII or APHVIII
cassettes. DNA was separated on agarose gel, blotted to Hybond-N
membranes (Amersham, http://www.gelifesciences.com) and
hybridized using digoxigenin-labeled probes (Duby and Matagne,
1999). Probes used to detect APHVII and APHVIII cassettes were
amplified by PCR with the primers HygTail2 and APH7-R2 and
pAPH-8F and pAPH-8R (Table S2) using Dig-11 dUTP, according to
the procedure recommended by the manufacturer (Roche, http://
www.roche.com/).

Spectroscopy

For all experiments, cells grown in low light (25 lmol photons
m�2 sec�1), were harvested during the exponential growth phase
[(3–5) 9 106 cells ml�1] and concentrated to a concentration of
10 lg chlorophyll ml�1 in fresh TAP medium.

In vivo chlorophyll fluorescence measurements were performed
at room temperature (25�C) using a fluorescence spectrophotome-
ter (JTS-10, Bio-Logic, http://www.bio-logic.info/) or a fluorescence
imaging setup (Speedzen-2, BeamBio, http://www.api-aero.com).
Actinic light was provided by light sources peaking at 640 nm and
520 nm, respectively. The effective photochemical yield of PSII
(ΦPSII) was calculated as (Fm

0 – Fs)/Fm
0, where Fs is the fluores-

cence level excited by actinic light (Ilum), and Fm
0 is the maximum

fluorescence emission level induced by a 150-ms superimposed
pulse of saturating light (> 3500 lmol photons m�2 sec�1). The rel-
ative electron transfer rate is obtained as rETRII = ΦPSII 9 Ilum
(Genty et al., 1989).

Fluorescence emission spectra at 77 K were recorded using a
homebuilt spectrophotometer, based on a detecting diode array
(AVS-USB 200; Ocean Optics, http://oceanoptics.com/). The excita-
tion wavelength was provided by a LED source peaking at
440 nm. Cells were treated to induce state transitions before being
frozen in liquid nitrogen. The PSII inhibitor DCMU (20 lM) was
added for 20 min in the light used to promote state I.

The ratio between active PSI and PSII centers was estimated
as previously described (Godaux et al., 2015) on cells adapted to
the dark for 30 min. Briefly, the amplitude of the fast phase
(<1 ms) of the ECS signal (at 520–546 nm) after illumination with
a single-turnover laser flash was monitored with a JTS-10

Figure 7. Reactivation of photosynthesis after acclimation to dark anoxia.

(a) Chlorophyll fluorescence induction curves upon illumination at about 110 lmol photons (k = 520 nm) m�2 sec�1 of Chlamydomonas reinhardtii wild-type

(WT), hydrogenase-deficient (hydg-2), menb mutant and menbR complemented strains after acclimation to dark anoxia (220 min).

(b) Evolution of photosystem II quantum yield (ΦPSII) following a shift from dark anoxia to light (250 lmol photons m�2 sec�1) of C. reinhardtii wild-type,

hydrogenase-deficient (hydg-2), menb mutant and menbR complemented strains.
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spectrophotometer (Bio-Logic). The contribution of PSII was cal-
culated from the decrease in the ECS amplitude after the flash
upon the addition of the PSII inhibitors DCMU (20 lM) and
hydroxylamine (1 mM), whereas the contribution of PSI corre-
sponded to the amplitude of the ECS that was insensitive to
these inhibitors. The relative content of PSI was also assessed by
measuring P700 absorption changes with a probing light peaking
at 705 nm (6 nm full width at half maximum). In order to remove
unspecific contributions to the signal at 705 nm, absorption
changes measured at 740 nm (10 nm full width at half maxi-
mum) were subtracted. To fully reduce P700, actinic light was pro-
vided by LED light sources (about 1000 lmol photons m�2 sec�1)
peaking at 640 nm in the presence of DCMU (20 lM) and hydrox-
ylamine (1 mM).

Functional PSI antenna size was measured as the photon
absorption rates of PSI (sec�1 PS�1) by recording the initial rate of
ECS at the onset of actinic light in the presence of the PSII inhibi-
tors DCMU (20 lM) and hydroxylamine (1 mM) (Roberty et al.,
2014). The slope was then normalized on ECS values correspond-
ing to one charge separation per PSI.

Western blot analysis

The cell pellet corresponding to 1.5 ml of cell culture was sus-
pended in extraction buffer (SDS 10%, glycerol 10%, 0.1 M DTT,
0.06 M TRIS pH 6.8) to a final concentration of 1 lg protein ll�1

and incubated for 5 min at 100°C. Samples (5 lg protein) were
then loaded in 10% SDS acrylamide gel and electroblotted accord-
ing to standard protocols onto PVDF membranes (Amersham GE
Healthcare, http://www3.gehealthcare.com/). Detection was per-
formed using a Chemiluminescence Western blotting kit (Roche)
with anti-rabbit peroxidase conjugated antibodies. Commercial
rabbit antibodies (Agrisera, http://www.agrisera.com/) against
PsaA (1:10 000), PsbC (1:30 000) and cytochrome f (1:10 000) were
used.

Pigment analyses

Pigments were extracted from whole cells in 90% (v/v) methanol,
and debris was removed by centrifugation at 10 000 g. The
chlorophyll a + b concentration was determined with a k 20
spectrophotometer (Perkin Elmer, http://www.perkinelmer.com/).
Pigments and quinones were extracted from lyophilized cells
with N,N-dimethylformamide (DMF) (Furuya et al., 1998). The
resulting extracts were applied to an Acquity UPLC BEH C18 col-
umn (1.7 lm, 2.1 mm 9 150 mm, Waters, http://www.waters.-
com/) at 40°C and were separated at a flow rate of 0.3 ml min�1

using an UPLC (Acquity UPLC I-Class system, Waters) coupled
with tandem mass spectrometry (Q Exactive, Thermo Scientific).
The elution liquid gradient was generated by the following steps
using solvent A (formic acid: water = 0.1: 99.9) and solvent B
(methanol): 0–5 min, 15% A/85% B to 5% A/95% B, hold to
9 min; 9–10 min, 5% A/95% B to 100% B, hold to 11.5 min; 11.5–
12 min, 100% B to 15% A/85% B. The injection volume was 1 ll.
Electrospray ionization (ESI) mass spectroscopy measurements
were performed in a positive mode.
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