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The green alga Chlamydomonas reinhardtii contains several light-harvesting chlorophyll a/b complexes (LHC); four major LHCIIs, two minor LHCIIs and nine LHCIs. We characterized three chlorophyll b-less mutants to assess the effect of chlorophyll b deficiency on the function, assembly and stability of these chlorophyll a/b-binding proteins. We identified point mutations in two mutants that inactivate the CAO gene responsible for chlorophyll a to chlorophyll b conversion. All LHCIIs accumulated to wild type levels in a CAO mutant but their light-harvesting function for photosystem-II was impaired. In contrast, most LHCIs accumulated to wild type levels in the mutant and their light-harvesting capability for photosystem-I remained unaltered. Unexpectedly, LHCI accumulation and the PSI functional antenna size increased in the mutant relative to the wild type, when grown in dim light. When the CAO mutation was placed in a yellow-in-the-dark background (yid-BF3), in which chlorophyll a synthesis remains limited in dim light, accumulation of the major LHCIIs and of most LHCIs was markedly reduced which indicates that sustained synthesis of chlorophyll a is required to preserve the proteolytic resistance of antenna proteins. Indeed, after crossing yid-BF3 with a mutant defective for the thylakoid FtsH protease activity, yid-BF3-ftsh1 restored wild type levels of LHCI, which defines LHCI as a new substrate for the FtsH protease.

INTRODUCTION

In oxygenic photosynthesis, photosynthetic electron flow is driven by photochemical reactions in two photosystems that use light energy captured by antenna pigments. In the green lineage, these light harvesting pigments are found in core antennae and peripheral antennae complexes. The core antenna is made exclusively of chlorophyll a, either bound to CP43 and CP47, encoded by the chloroplast psbC and psbB genes, next to the reaction center of photosystem II (PSII) or within the reaction center of photosystem I (PSI), consisting of the PsaA/ PsaB heterodimer, encoded by the chloroplast psaA and psaB genes. The peripheral antenna complexes, which bind both Chl a and Chl b, are designated light-harvesting chlorophyll a/b complexes. Those complexes that transfer excitons to PSI or PSII reaction centers are designated as LHCI and LHCII, respectively. Besides several types of major LHCIIs, there are three minor LHCII complexes in plant chloroplast, CP24, CP26, and CP29.

The crystal structures of the major LHCII, minor LHCII (CP29), and LHCI in PSI-LHCI supercomplexes revealed that not only the amino acid sequence but also the three-dimensional structure is well conserved among different LHCs; these exhibit three transmembrane helices (helices A, B, and C) and two short amphipathic helices (helices D and E).

Chl b, which is produced from Chl a by the action of the chlorophyll oxygenase encoded by the CAO gene [START_REF] Espineda | The AtCAO gene, encoding chlorophyll a oxygenase, is required for chlorophyll b synthesis in Arabidopsis thaliana[END_REF][START_REF] Tanaka | Chlorophyll a oxygenase (CAO) is involved in chlorophyll b formation from chlorophyll a[END_REF], is, together with Chl a, the major light harvesting pigment present in the green lineage. When present in a chlorophyll-binding protein, it is diagnostic of it being part of a peripheral light-harvesting antenna, although the Chl a/Chl b ratios differ widely with the type of light harvesting complex. The major LHCII from spinach contains eight Chl a and six Chl b molecules (Chl a/Chl b ratio of 1.3) as well as two lutein, one neoxanthin, and one carotenoid involved in xanthophyll cycle [START_REF] Liu | Crystal structure of spinach major light-harvesting complex at 2.72 A resolution[END_REF]. The minor LHCII from spinach, CP29, contains eight Chl a, four Chl b, and one possible mixed site for Chl a and Chl b as well as one molecule of lutein, violaxanthin and neoxanthin [START_REF] Pan | Structural insights into energy regulation of light-harvesting complex CP29 from spinach[END_REF]. In contrast, the pigment content of LHCI is rather variable; Lhca1, Lhca2, Lhca3, and Lhca4 of a plant PSI-LHCI supercomplex contain twelve Chl a/two Chl b, nine Chl a/five Chl b, thirteen Chl a/one Chl b, and eleven Chl a/four Chl b molecules, respectively [START_REF] Mazor | The structure of plant photosystem I supercomplex at 2.8 A resolution[END_REF][START_REF] Qin | Photosynthesis. Structural basis for energy transfer pathways in the plant PSI-LHCI supercomplex[END_REF].

The organization of the peripheral antenna in the unicellular alga Chlamydomonas reinhardtii is similar to that in vascular plants but it displays some characteristic features. In Chlamydomonas, the major LHCII proteins are encoded by nine genes (LHCBM1-9) and are grouped in four types, Type I-IV. LHCII Type I is encoded by LHCBM3,4,6,8,and 9; LHCII Type II by LHCBM5; LHCII Type III by LHCBM2 and 7; LHCII Type IV by LHCBM1 [START_REF] Minagawa | Structure, function and assembly of Photosystem II and its light-harvesting proteins[END_REF][START_REF] Natali | In Vitro Reconstitution of Light-harvesting Complexes of Plants and Green Algae[END_REF]. Chlamydomonas has two minor LHCII proteins, CP26 and CP29, but lacks CP24 [START_REF] Minagawa | Structure, function and assembly of Photosystem II and its light-harvesting proteins[END_REF].

Chlamydomonas also contains nine major LHCI proteins (Lhca1-9) that are stably associated with PSI core complex in PSI-LHCI supercomplex [START_REF] Takahashi | Comparison of the subunit compositions of the PSI-LHCI supercomplex and the LHCI in the green alga Chlamydomonas reinhardtii[END_REF], all of which appear to accumulate to nearly stoichiometric amount [START_REF] Drop | Photosystem I of Chlamydomonas reinhardtii contains nine light-harvesting complexes (Lhca) located on one side of the core[END_REF]. Here again the antenna composition is different from that in vascular plants, since the latter display only four major LHCI proteins (Lhca1-4) stably associated with the PSI core complex to form PSI-LHCI supercomplexes [START_REF] Mazor | The structure of plant photosystem I supercomplex at 2.8 A resolution[END_REF][START_REF] Qin | Photosynthesis. Structural basis for energy transfer pathways in the plant PSI-LHCI supercomplex[END_REF] and two minor LHCI proteins (Lhca5 and Lhca6), which are present in PSI-NDH supercomplexes [START_REF] Peng | Efficient Operation of NAD(P)H Dehydrogenase Requires Supercomplex Formation with Photosystem I via Minor LHCI in Arabidopsis[END_REF].

Originally, mutants lacking in Chl b from vascular plants [START_REF] Markwell | Mutants of Sweetclover (Melilotus alba) lacking Chlorophyll b -Studies on pigment-protein complexes and thylakoid protein phosphorylation[END_REF][START_REF] Murray | Chloroplasts of Arabidopsis thaliana homozygous for the ch-1 locus lack chlorophyll b, lack stable LHCPII and have stacked thylakoids[END_REF][START_REF] Takabayashi | The Oligomeric States of the Photosystems and the Light-Harvesting Complexes in the Chl b-Less Mutant[END_REF][START_REF] Terao | Chlorophyll b-Deficient Mutants of Rice II. Antenna Chlorophyll a/b-Proteins of Photosystem I and Photosystem II[END_REF] or unicellular algae [START_REF] Allen | Polypeptide composition, assembly and phosphorylation patterns of the photosystem II antenna system of Chlamydomonas reinhardtii[END_REF][START_REF] De Vitry | Changes in phosphorylation of thylakoid membrane proteins in light-harvesting complex mutants from Chlamydomonas reinhardtii[END_REF][START_REF] Michel | A chlorophyll b-less mutant of Chlamydomonas reinhardii lacking in the light-harvesting chlorophyll a/b-protein complex but not in its apoproteins[END_REF][START_REF] Picaud | Pigment protein complexes and functional properties of tetratype resulting from crosses between CP 1 and CP 2 less Chlamydomonas mutants[END_REF][START_REF] Polle | Photosynthetic apparatus organization and function in the wild type and a chlorophyll b-less mutant of Chlamydomonas reinhardtii. Dependence on carbon source[END_REF] have been instrumental for a better understanding of the light harvesting processes in oxygenic photosynthesis, leading to the view that the numerous apoproteins of Chl a/b complexes have contrasting abilities to stand the absence of Chl b, with LHCI being less Chl b-sensitive than LHCII. Later, it was recognized that peripheral antennae not only have a light harvesting function but also contribute to photoprotection (for a review see [START_REF] Dall'osto | Biogenesis of light harvesting proteins[END_REF]). The latter function explains why several mutants with compromised peripheral antennae display a decreased ability to cope with excess light, thus leading to an increased photosensitivity that is damaging to thylakoid membrane proteins [START_REF] Elrad | A Major Light-Harvesting Polypeptide of Photosystem II Functions in Thermal Dissipation[END_REF] (but see [START_REF] Ferrante | LHCBM1 and LHCBM2/7 Polypeptides, Components of Major LHCII Complex, Have Distinct Functional Roles in Photosynthetic Antenna System of Chlamydomonas reinhardtii[END_REF] for another situation). Thus, we wished to revisit the phenotype of Chl b-less mutants in Chlamydomonas in dim light versus moderate light intensity, since we aimed at a characterization of the mutant phenotype under conditions that minimized the possible deleterious effect of light on the light-harvesting antennae when Chl b is absent. About three decades ago, several mutants of Chlamydomonas lacking Chl b had been biochemically characterized to some extent without the molecular identification of their genetic lesion (de Vitry and [START_REF] De Vitry | Changes in phosphorylation of thylakoid membrane proteins in light-harvesting complex mutants from Chlamydomonas reinhardtii[END_REF][START_REF] Picaud | Pigment protein complexes and functional properties of tetratype resulting from crosses between CP 1 and CP 2 less Chlamydomonas mutants[END_REF]. More recently another series of genetically well-characterized deletion mutants from Chlamydomonas that lacked Chl b led to the identification of the CAO gene responsible for Chl a to Chl b conversion [START_REF] Tanaka | Chlorophyll a oxygenase (CAO) is involved in chlorophyll b formation from chlorophyll a[END_REF]. However, none of these mutants displayed a genetic defect restricted to the CAO gene, therefore raising the possibility that part of the mutant phenotypes would arise from other changes than those due to the lack of CAO activity per se. Here we compared a CAO-encompassing deletion mutant with two other Chl b-less mutants, whose genetic lesion were not known and we show that these are allelic. We then explored in more depth, at two light intensities for growth, the phenotype of the BF3 mutant, which harbors a point mutation in the CAO gene, thus providing a robust description of some unexpected light-harvesting changes arising from a specific lesion in the CAO gene in Chlamydomonas.

RESULTS

Genetic characterization of Chl b-less mutants

cbs3 is a Chl b-less mutant that harbors a large DNA deletion that compromises expression of eight nuclear genes including the chlorophyll a oxygenase (CAO) gene responsible for Chl b formation [START_REF] Tanaka | Chlorophyll a oxygenase (CAO) is involved in chlorophyll b formation from chlorophyll a[END_REF]. Two other UV-generated mutants, BF3 and pg27, have been described earlier as devoid of Chl b (de Vitry and [START_REF] De Vitry | Changes in phosphorylation of thylakoid membrane proteins in light-harvesting complex mutants from Chlamydomonas reinhardtii[END_REF][START_REF] Picaud | Pigment protein complexes and functional properties of tetratype resulting from crosses between CP 1 and CP 2 less Chlamydomonas mutants[END_REF] but their nuclear mutations had not been characterized yet. The three mutants indeed displayed a total absence of Chl b, as shown by chromatography (Figure 1A), and they had a low fluorescence phenotype when grown in moderate light (Figure 1B). We first wished to know whether the lack of Chl b in the BF3 and pg27 mutants originated from mutations in the CAO gene or in some other gene controlling Chl b accumulation in Chlamydomonas. Since the three mutants showed a similar low fluorescence phenotype, we screened the progeny of BF3 and pg27 crosses to cbs3 for restoration of a wild type fluorescence phenotype. Such a recovery in crosses would occur only if mutations were in different loci, thus allowing recombination that yields both double mutants and wild type progeny. Not a single wild type clone was recovered from these crosses, out of 125 progeny for cbs3xBF3 and 137 progeny for cbs3xpg27 (results not shown). Since the three mutations were tightly linked, we PCRamplified the CAO genomic DNA sequence from the mutants. We identified a single C to T substitution in BF3 and a CC to TT substitution in pg27, both of which generating a TAG stop codon that led to a premature termination of the CAO coding sequence after the 32 nd and 165 th residue, respectively (Figure 1C). When comparing their growth characteristics under different light regimes, the three mutants showed an unexpected yellow-in-the-dark (yid) phenotype (Figure 1D). To assess whether or not the yid phenotype was a consequence of the mutations in the CAO gene, each mutant was backcrossed to a wild type strain that had a green-in-the-dark (gid) phenotype. In the three cases, we recovered a gid progeny (Figure 2A) that lacked Chl b, as shown by their low fluorescence phenotype when grown under moderate light intensity (Figure 2B). Complementation of the mutation in gid-BF3 with a wild type copy of the CAO gene resulted in the loss of this low fluorescence phenotype (Figure 2B) and a restoration of Chl b synthesis, as evidenced by an FV/FM and a Chl a/b ratio similar to those in the wild type (Table 1). Complementation of the mutation in gid-pg27 with the CAO gene gave the same results (data not shown). These data indicate that the three mutants are allelic.

In the subsequent experiments, we named cbs3, pg27 and BF3 the gid versions of the Chl b-less mutants but used the prefix yid together with the mutant names when characterizing the yellow-in-the-dark versions of these mutants.

Characterization of the antenna in Chl b-less mutants

Table 1 shows the major phenotypic traits of the three CAO mutants when grown at two light intensities, either using dim light (DL, ~ 2 µmol photons m -2 s -1 ) or moderate light (ML, 50 µmol photons m -2 s -1 ). The various parameters, which are presented on Table 1, show that the three allelic mutants had the same phenotype. They displayed a low fluorescence phenotype which, under moderate light, could be ascribed in part to a ~30% decrease in chlorophyll content per cell. Still, their maximal fluorescence levels on a cell basis, was about 2.5-3 times lower than in the wild type when grown either under a dim light or a moderate light regime. This indicates that the low fluorescence phenotype of the three Chl b-less mutants was largely due to some fluorescence quenching that is not present in the wild type. Such a change in antenna organization may also be responsible for the much lower FV/FM in the mutants, the value of which combines the maximal activity of PSII with the efficiency of the connection between the peripheral antennae and the PSII cores. 77 K emission spectra were recorded for the three mutants grown under dim light or under moderate light regimes (Figure 3). In both cases wild type and mutant cells were vigorously aerated in order to preserve state 1, i.e. conditions that favor association of the LHCII peripheral antenna with PSII [START_REF] Nawrocki | State transitions redistribute rather than dissipate energy between the two photosystems in Chlamydomonas[END_REF]. In Chlamydomonas, the wild type emission spectrum at 77 K (Figure 3A) is characterized by two major peaks: an emission peak at 685 nm with a shoulder around 695 nm, both of which being emitted by the PSII cores [START_REF] Wollman | Correlation between changes in light energy distribution and changes in thylakoid membrane polypeptide phosphorylation in Chlamydomonas reinhardtii[END_REF], and an emission peak in the 713-717 nm region that originates from the PSI cores [START_REF] Wollman | A new chlorophyll-protein complex related to Photosystem I in Chlamydomonas reinhardii[END_REF]. The 77 K emission spectra of the Chl b-less mutants showed considerable changes with respect to the wild type spectrum. It was dominated by a major emission peak at 709 nm, with only a small shoulder at 685 nm (Figure 3A). These spectra are reminiscent of those of PSI mutants lacking PSI cores, in which the LHCI antenna emits at 707 nm [START_REF] Wollman | A new chlorophyll-protein complex related to Photosystem I in Chlamydomonas reinhardii[END_REF]. This particular feature was retained, independent of the light regime (Figure 3B).

The enhanced emission at 708-709 nm and the low FV/FM of the Chl b-less mutants suggested that considerable changes had occurred in their light-harvesting properties and/or in their content in PSI and PSII reaction centers. We thus measured the ratio of PSII to PSI reaction centers and the size of their functional antenna. To that end we used the electrochromic shift (ECS) produced by PSI and PSII charge separations after a single turnover actinic flash in the wild type and the BF3 mutant. In the wild type the ECS spectrum in the 460-540 nm region has a typical S shape, with minima at 477 nm and maxima at 516 nm, as expected from the absorption shift of several carotenoids, chlorophyll a and chlorophyll b [START_REF] Schmidt | Electrochromism of chlorophylls and carotenoids in multilayers and in chloroplasts[END_REF][START_REF] Witt | Energy conversion in the functional membrane of photosynthesis. Analysis by light pulse and electric pulse methods[END_REF]. Since BF3 is devoid of Chl b, its ECS spectrum showed significant changes with respect to the wild type spectrum (Figure 4A). However, it retained a typical S shape with minima at 492 nm and maxima at 512 nm, as predicted by Witt [START_REF] Witt | Energy conversion in the functional membrane of photosynthesis. Analysis by light pulse and electric pulse methods[END_REF] for a signal originating only from lutein/Chl a complexes. We chose 520 nm as an appropriate wavelength to build the ECS saturation curves from the two strains, after checking that the 520 nm signal responded as a linear probe of the electric field, i.e., that it doubled when two actinic flashes were given in the two strains (experiment not shown). The results from three biological replicates are gathered in Figure 4B and typical experiments allowing the measure of the PSII and PSI antenna sizes by ECS are presented on Figure 4C, where data points are fitted with only one exponential. We first observed that the ratio of PSII to PSI centers, calculated from the ECS signals obtained using a saturating flash (see material and methods), were similar in BF3 and wild type, with a 20-30% increase in dim light as compared to moderate light (Figure 4B). Therefore, the presence of a major 708 nm emission peak observed in BF3 does not reflect a loss of PSI centers in Chl b-less mutants. The new 77 K emission at 709 nm then should originate from some Chl b-less peripheral antenna. We measured the relative PSII functional antenna sizes by comparing either the half-time of the fluorescence induction rise in presence of DCMU or the light saturation curves for the ECS signal after a single turnover flash. We observed that, whether it was grown in very dim light or at moderate light intensity, the BF3 mutant displayed a functional PSII antenna size that was about two times smaller than the wild type (Figures 4B and 4C left panels). Most unexpectedly, the PSI antenna size in the BF3 mutant was 60% larger than that in the wild type when cells were grown in dim light (Figures 4B and 4C right panels). However, it became similar to that in the wild type when cells were grown at moderate light intensity.

To understand how the changes in functional antenna sizes in the BF3 mutant compared with its actual content in peripheral antenna proteins, we investigated their accumulation level by immunoblotting the whole cell protein content against specific antibodies to core and antenna subunits of PSII and PSI. As Figure 5A shows, the minor and major peripheral antenna proteins of PSII -CP29, LHCII Types I, II (Lhcbm5), III, and IV -accumulated to identical levels, on a chlorophyll basis, in the wild type and BF3 mutant, independent of the light regime for growth. Only did CP26 show, together with D1, a limited increase in the BF3 mutant when compared with the wild type on a chlorophyll basis. Thus, when compared to the content in D1 protein, an indicator of the content in PSII cores, the peripheral antenna proteins, except for CP26, showed a limited decrease in the mutant although their stoichiometry one relative to another remained unchanged.

We then analyzed the accumulation of the nine LHCI proteins that make up the PSI peripheral antenna in Chlamydomonas [START_REF] Takahashi | Comparison of the subunit compositions of the PSI-LHCI supercomplex and the LHCI in the green alga Chlamydomonas reinhardtii[END_REF]. We show the recognition patterns of the antibodies to each of the nine Lhca subunits in supplemental Figure S1. Each Lhca subunit can be detected specifically with the appropriate antibody. For an easier comparison with functional measurements, we estimated the accumulation of LHCI proteins on a PSI core basis. Total cell proteins were loaded onto SDS-polyacrylamide gels in order to give the same signal intensity of PSI subunits and the relative signal intensity of LHCI proteins was compared in the wild type and BF3 mutant under the two light regimes for growth. As shown in Figure 5B, we detected the signals of the major PSI proteins, PsaA, PsaD, PsaF, PsaK, PsaH, PsaL and PsaN, at a similar intensity in all cases. Only did PsaG show enhanced accumulation in the BF3 mutant as compared to the wild type under the two light regimes.

When the BF3 mutant was grown in moderate light, Lhca4 showed a slight decrease in accumulation whereas most LHCI subunits accumulated at a similar level as in the wild type.

In contrast, the accumulation of LHCI subunits was deeply modified when the BF3 mutant was grown in dim light. Six of the LHCI proteins -Lhca1/Lhca3 /Lhca5 /Lhca7 /Lhca8 /Lhca9-showed a marked increase in the BF3 mutant whereas two other LHCI proteins -Lhca4 and Lhca6-showed a decreased accumulation, Lhca2 remaining at a level close to that in the wild type. Thus, the absence of Chl b caused a deep change in the stoichiometry of the various Lhca proteins within LHCI, which resulted in a net increase in the overall content of LHCI relative to the PSI cores.

Phenotype of Chl b-less mutants in which chlorophyll synthesis is limited in dim light

We then looked for the peripheral antenna content in the yid version of the CAO mutants in order to assess how the absence of Chl b impacts the greening process (Figure 6). Indeed yid-cbs3, yid-pg27 and yid-BF3 displayed a pale green phenotype when grown in dim light (Figure 1D) and they had a lower chlorophyll content per cell when compared with their gidcounterpart (see Table 2 versus Table 1), which suggests additional antenna defects. When immunoblots of whole cell protein extracts were performed with the yid-BF3 grown under moderate light, we observed the same LHCI and LHCII profiles as in its gid counterpart, with no significant changes in the amounts of LHCII and LHCI proteins relative to the PSII and PSI cores except for Lhca4 and Lhca6 that showed a decreased accumulation (Figure 6B). In contrast, when grown in dim light, yid-BF3 was markedly different from gid-BF3 (Figure 6B). Whereas CP26 and CP29 accumulated to similar levels as in the wild type, all LHCII Types I, II (Lhcbm5), III, and IV showed a much decreased accumulation (Figure 6A). The contrast was even higher for the LHCI content. When loading similar contents in PSI cores from whole cell protein extracts, most of the Lhca proteins were absent from yid-BF3 with only trace amounts of Lhca1, Lhca8 and Lhca9 still being detected (Figure 6B). It is of note that PsaN, PsaG and PsaK also decreased in yid-BF3. This extensive change in the overall content in PSI associated proteins prompted us to measure the functional PSI antenna size in yid-BF3 relative to that in the wild type. To do so, however, we could not use an ECS measurement as a reliable indicator of PSI excitation in yid-BF3 owing to its extensive loss in antenna proteins that contribute to build up the ECS signal. Instead, in this strain, we studied the light intensity dependence of PSI charge separation by recording direct P700 oxidation in yid-BF3 mutant as the difference between 430 nm and 445 nm absorption changes (500 ns after a flash). We obtained a good signal to noise ratio in this spectral region owing to the low chlorophyll content of this strain [START_REF] Guergova-Kuras | Evidence for two active branches for electron transfer in photosystem I[END_REF]. The resulting saturation curve was compared with the saturation curve for the regular ECS signal in the wild type (100 µs after a flash in the presence of HA and DCMU to eliminate the contribution of PSII). We used the same range of light intensities provided by the same laser flash using the same spectrophotometer for the P700 and ECS saturation curves (see Methods for details). A typical experiment is shown on Figure 7B and the deduced PSI antenna sizes from three biological replicates are shown on Figure 7A. We observed a loss of 30% in PSI antenna size in yid-BF3 grown under very dim light, which should be compared with the 1.6-fold increase in PSI antenna size when using gid-BF3 grown in the same condition (Figure 4). Estimates of the relative PSII antenna size in yid-BF3, deduced from the half-time in its fluorescence rise relative to that in the wild type, were consistent with the above biochemical analysis of its content in LHCII and minor peripheral antenna proteins. It was about half the wild type PSII antenna size when yid-BF3 was grown in moderate light, similar to the gid-BF3 phenotype, but it showed a further decrease in PSII antenna size when grown in dim light, being only about 25% of that in the wild type (Figure 7A). In order to assess whether the main features of yid-BF3 grown in dim light indeed were due to the absence of Chl b and not merely to the yid-phenotype, we recorded similar parameters for a yid-control strain grown in dim light. This strain showed higher chlorophyll content per cell, higher fluorescence yield per cell and higher FV/FM than the yid-BF3 (Table 2). In addition, it retained much larger PSII and PSI antenna sizes than those in the yid-BF3 (Figure 7A and7C). These observations are consistent with the extensive accumulation of LHCIs and LHCIIs in WT and yid-control cells as shown in Supplemental Figure S2. Thus, the most distinct features of yid-BF3 at dim light relative to a wild type were due to the absence of Chl b.

The decreased LHCI content in yid-BF3 grown in dim light could reflect a higher sensitivity to proteolytic degradation of the Chl b-lacking antenna proteins in the yid context. We thus placed yid-BF3 in a proteolytic-deficient context by crossing it to the ftsh1-1 mutant that shows compromised activity of the thylakoid-located FtsH protease [START_REF] Malnoë | Thylakoid FtsH Protease Contributes to Photosystem II and Cytochrome b 6 f Remodeling in Chlamydomonas reinhardtii under Stress Conditions[END_REF]. The resulting mutant, yid-BF3-ftsh1, had a much lower chlorophyll content than that of yid-BF3 when grown in dim light (Table 2). Its relative chlorophyll deficiency even was more pronounced when grown at moderate light intensity, yielding a very low fluorescence phenotype under both light regimes for growth. Its FV/FM ratio was particularly low, with little if any evidence for PSII activity in very dim light. Consistent with the above characteristics, Figure 6A shows that most of the PSII peripheral antenna collapsed in the yid-BF3-ftsh1 at both dim and moderate light intensity for growth. Only did the minor antenna complexes, CP26 and CP29, be preserved at wild type levels in these mutated contexts. In contrast, when we analyzed LHCI proteins in the double mutant grown in dim light, all LHCI proteins except Lhca4 were detected at a wild type level (Figure 6B). Thus the decreased level of LHCI proteins in yid-BF3 grown in dim light can be ascribed to their increased degradation by FtsH. yid-BF3-ftsh1 also accumulated PsaG and PsaK above wild type levels in contrast to yid-BF3, which was defective for these PSI subunits at dim light. Only did PsaN remain insensitive to the inhibition of FtsH since its level was lower in yid-BF3-ftsh1 than in yid-BF3. In addition, Lhca3, Lhca7 and Lhca9 accumulated above wild type levels in yid-BF3-ftsh1 whereas the other Lhca proteins were at close to wild type level. The restoration of a wild type complement of most LHCI proteins in yid-BF3-ftsh1 grown in dim light was accompanied by a restoration of a larger PSI functional antenna, as shown on Figure 7. However, when fitting the data with a mono-exponential function, we noted a marked heterogeneity in the saturation of PSI charge separation in the two mutants. The saturation curves were better fitted with two exponentials (Figure S3) which disclosed an even larger heterogeneity in the yid-BF3-ftsh1 mutant. Thus, FtsH inactivation, although it leads to an increased accumulation of most LHCI proteins in absence of Chl b, does not allow all PSI centers to restore a wild type antenna size.

The 77 K emission spectra were recorded for yid-BF3 and the two other yid-Chl b-less mutants grown in dim light or moderate light (Figure 8). In contrast to their gid counterparts the emission spectra of the three yid-Chl b-less mutants resembled that of the wild type in dim light, in as much as they displayed the regular PSII emissions peaks at 685 nm and 695 nm, and a PSI emission peak in the 713-715 nm region. However, it is of note that the PSI peak was higher, relative to the PSII peaks, than in the wild type grown in the same light conditions. When the yid-Chl b-less mutants were grown in moderate light, their 77 K emission spectra now resembled that of their gid-counterparts with a major emission peak at 709 nm and a shoulder at 685 nm. The comparison of the biochemical patterns and 77 K emission spectra of the yid-versus gid-Chl b-less mutants shows that the 709 nm peak requires sustained Chl a synthesis (see Discussion).

Biochemical purification of chlorophyll protein complexes from yid-BF3

We separated three chlorophyll-protein complexes from wild type thylakoid extracts on sucrose gradient as previously reported [START_REF] Sugimoto | Evidence that the PsbK polypeptide is associated with the photosystem II core antenna complex CP43[END_REF]. As shown in Figure 9A, the three bands were detected from wild type grown in dim and moderate light. A1, A2, and A3 mainly contain LHCIIs, PSII core complexes, and PSI-LHCI supercomplexes, respectively. A broad green band, A3', which contained CP26, CP29, and Lhcbm5 (LHCII Type II), was detected below A3 or A3* (Figure 9 A and B). In contrast, A3 was scarcely detected from yid-BF3 grown in dim light, which can be expected from the results in Figure 6B showing that LHCIs accumulate to very low level in such growth conditions. Instead a broad A2 band was obtained, in which the PSI core complex as well as the PSII core complex were separated [START_REF] Ozawa | Identification and characterization of an assembly intermediate subcomplex of photosystem I in the green alga Chlamydomonas reinhardtii[END_REF]. A1 band, which was slightly up-shifted on the gradient, was broader and weaker than in the wild type, as expected from the biochemical data from whole cells in Figure 6. When the proteins were separated and stained, LHCII-Type I and Type III bands were scarcely detected and LHCII Type IV band was rather poor in spite of the presence of the substantial amount of green band as A1 (Figure 9B). Immunoblot also confirmed that LHCII-Type I and III bands were not detectable and LHCII Type IV band was faint (Figure 10). Since Figure 6A shows that a substantial amount of LHCII proteins was detected in the total cell protein extracts from yid-BF3 cells grown in dim light, together with an LHCII-green band A1 after thylakoid solubilization, we conclude that the LHCII proteins were attacked by proteinases despite the use of protease inhibitors during the purification procedure,. Although the holocomplexes were still maintained, the up-shift of A1 suggests that their structure has been modified in the absence of Chl b.

When we grew yid-BF3 in moderate light, A1 increased to nearly wild type level. Significant amount of LHCII proteins were also detected in A1 (Figure 9A andB), indicating that LHCII apoproteins were protected from proteinase digestion. The amount of A2 significantly decreased but remained higher than in that in wild type. It is of note that a weak and slightly up-shifted A3 (designated as A3* in Figure 9A) was observed. The up-shift is ascribed to a modification of the PSI-LHCI structure because A3* lost some LHCI polypeptides (Figure 9B). The immunoblots of Figure 10 clearly indicate that Lhca2, Lhca3, Lhca7, Lhca8, and Lhca9 were present at substantial levels (0.42±0.08, 0.71±0.16, 0.42±0.14, 0.71±0.26, and 0.31±0.07 on a PSI basis (average and SD, n=3)). Lhca1 and Lhca6 were weakly detected (0.08±0.04 and 0.13±0.02 on a PSI basis (average and SD, n=3)), whereas Lhca4 and Lhca5 were below detection in A3*. However, we note that A3* is contaminated by A2, which contains PSI core without LHCI proteins, which underestimates the levels of LHCI proteins in PSI-LHCI in A3*. The contrasting stability of the nine LHCI proteins in PSI-LHCI supercomplexes probably originate from their different localization in PSI-LHCI supercomplex [START_REF] Drop | Photosystem I of Chlamydomonas reinhardtii contains nine light-harvesting complexes (Lhca) located on one side of the core[END_REF].

DISCUSSION

To gain in depth understanding of the impact of Chl b deficiency on the function, assembly, and stability of antenna complexes, LHCIs and LHCIIs, we analyzed Chl b-less mutants, pg27, cbs3, and BF3, of the green alga Chlamydomonas reinhardtii. As previously reported [START_REF] Tanaka | Chlorophyll a oxygenase (CAO) is involved in chlorophyll b formation from chlorophyll a[END_REF] 

The absence of chlorophyll b does not affect accumulation of LHC proteins when chlorophyll a availability is unaltered

Previous reports revealed that Chl b deficiency in plants did not affect mRNA levels for LHC apoproteins, neither did it alter their translation, but merely their accumulation [START_REF] Espineda | The AtCAO gene, encoding chlorophyll a oxygenase, is required for chlorophyll b synthesis in Arabidopsis thaliana[END_REF][START_REF] Nick | Nucleus-Encoded Light-Harvesting Chlorophyll a/b Proteins are Imported Normally into Chlorophyll b-Free Chloroplasts of Arabidopsis[END_REF]. These results suggested that Chl b is required for efficient assembly and/or proteolytic resistance of the LHC proteins. Here we showed that the nine LHCI proteins from Chlamydomonas accumulated to nearly wild type levels in the Chl b-less mutant BF3 grown in moderate light. Moreover, five of these proteins over-accumulated in BF3 cells grown in dim light. On the other hand, the accumulation of the four types of major LHCII proteins (LHCII Types I, II, III, and IV) and the two minor LHCII proteins (CP26 and CP29) in BF3 (gid-BF3) cells grown in dim light and moderate light remained similar or only slightly decreased relative to those in the wild type. In addition, after solubilization of thylakoid membranes and sucrose gradient centrifugation, we observed that assembly of LHCII complexes, which are likely to display new structural features, still occurs in the absence of Chl b. Thus, the mere absence of Chl b does not compromise the accumulation of the major Chl a/b binding proteins in the thylakoid membranes of Chlamydomonas. This is in contrast to plant chloroplasts, but consistent with the conclusion regarding Chlamydomonas chloroplast from [START_REF] Polle | Photosynthetic apparatus organization and function in the wild type and a chlorophyll b-less mutant of Chlamydomonas reinhardtii. Dependence on carbon source[END_REF] who, at that time, did not have access to a detailed biochemical analysis of the LHC complement in Chl b-lacking thylakoid membranes.

Examination of the three-dimensional structures of the major LHCII [START_REF] Liu | Crystal structure of spinach major light-harvesting complex at 2.72 A resolution[END_REF], of CP29, [START_REF] Pan | Structural insights into energy regulation of light-harvesting complex CP29 from spinach[END_REF] and of the four LHCI complexes in PSI-LHCI supercomplex [START_REF] Mazor | The structure of plant photosystem I supercomplex at 2.8 A resolution[END_REF][START_REF] Qin | Photosynthesis. Structural basis for energy transfer pathways in the plant PSI-LHCI supercomplex[END_REF], shows that Chl a molecules are located around the two transmembranes helices (helices B and A) that form the central structure. Most Chl b molecules, as well as the remaining Chl a molecules, are located around helix C that is the peripheral domain. Since Chl molecules are densely packed in LHC complexes, the deficiency of Chl b should modify the structural organization of LHC complexes to some extent, which may increase their succeptibility to proteinases. However, the present study argues for the folding of Chl a/b apoproteins and the integration of Chl a into chlorophyllprotein complexes in a protease-resistant form in the thylakoid membranes in the total absence of Chl b. Indeed, reconstitution experiments using overexpressed LHCII apoproteins and pigment extracts led to the conclusion that some Chl b binding sites of LHC proteins also can be occupied by Chl a with a lower affinity [START_REF] Bassi | Mutational analysis of a higher plant antenna protein provides identification of chromophores bound into multiple sites[END_REF]. Chl b would become critical to maintain a protease-resistant folding of the holocomplex only when these sites would free of pigment binding, because of a limited availability in Chl a (see below).

Despite the preserved accumulation of LHC proteins lacking Chl b, their functional properties as a peripheral antenna for the two photosystems were largely modified. The antenna size of PSII was two times smaller than that in the wild type, despite the near to wild type accumulation of the apoproteins. There was a drastic drop in FV/FM and a new 77 K emission peak at 708-709 nm, both of which suggest a decreased energy transfer efficiency to the PSII reaction centers. In contrast, the absence of Chl b did not alter the efficiency of light harvesting within the LHCI antenna as demonstrated by the wild type accumulation of Lhca proteins and a similar to wild type PSI antenna size in gid-BF3 cells grown in moderate light.

It is of interest that the functional antenna size for PSI in gid-BF3 grown in dim light was even larger than that in WT (Figure 4C). In fact gid-BF3 accumulated most LHCI proteinsexcept for Lhca4 and Lhca6 -at higher levels than WT. Whereas LHCII amounts vary in response to light environmental changes [START_REF] Anderson | Photoregulation of the Composition, Function, and Structure of Thylakoid Membranes[END_REF], it was up to now considered that the accumulation and topology of LHCI proteins in PSI-LHCI supercomplex were rather static. LHCI proteins associate with the PSI core complex at specific binding sites and in a seemingly stoichiometric manner [START_REF] Drop | Photosystem I of Chlamydomonas reinhardtii contains nine light-harvesting complexes (Lhca) located on one side of the core[END_REF]. Since the extra LHCI proteins efficiently function in light harvesting for the PSI reaction center, they should occupy alternative binding sites to the PSI complex. We suggest that the distal site at which PsaI/PsaL/PsaH are present, where monomers from minor LHCII antenna complex, which display similar a Chl a/Chl b ratio as LHCI proteins, may bind to PSI upon transition to state 2 [START_REF] Takahashi | Identification of the mobile lightharvesting complex II polypeptides for state transitions in Chlamydomonas reinhardtii[END_REF], could be occupied by the extra LHCI proteins in the Chl b-less mutants. This could result from a lower ability of the PSII peripheral antenna proteins lacking Chl b to visit these PSI binding sites in the Chl b-less mutants. Thus, we conclude that the accumulation of LHCI proteins with respect to the PSI core complex may be regulated, at least in part, by the presence of Chl b, possibly through a competition for the binding sites of Chl b-lacking minor LHCII proteins.

The absence of Chl b significantly destabilizes LHC complexes when Chl a synthesis is limited

Mutants with a yellow-in-the-dark (yid) phenotype spontaneously arise when Chlamydomonas is kept in laboratory conditions. Besides three chloroplast loci controlling the greening-in-the-dark process, at least seven nuclear loci have been identified so far, [START_REF] Cahoon | yellow-in-the-dark Mutants of Chlamydomonas Lack the CHLL Subunit of Light-Independent Protochlorophyllide Reductase[END_REF]Ford and Wang, 1980a;Ford and Wang, 1980b;[START_REF] Hudock | Regulation of Photosynthesis in Chlamydomonas reinhardi[END_REF][START_REF] Sager | Inheritance in the green alga Chlamydomonas reinhardi[END_REF]. These mutants are impaired in the chlorophyll biosynthesis pathway in darkness but they display a wild type phenotype when placed under illumination, because of the presence of an alternative pathway for chlorophyll biosynthesis in the light.

Thus Chl a availability is light intensity dependent in the yid strains. Indeed, yid-BF3 cells are pale green when grown in dim light as they synthesize less Chl a. When they are grown at medium light intensity, they produce three to five times larger amounts of chlorophyll per cell (table 2). This boosts the accumulation of chlorophyll-binding proteins and places them in a similar situation as their gid counterparts. Thus, it is in dim light only that the yid situation disclosed new features of the Chl b-less phenotype. Here we showed that the accumulation level of LHCI proteins was significantly decreased in yid-BF3 compared with that in gid-BF3 when grown in dim light. Since yid-control cells accumulated LHCI proteins almost normally even when grown in dim light (Supplemental Figure S2), the presence of Chl b must be essential to form a protease-resistance structure of LHCI proteins. However, higher levels of LHCI complexes were restored when the yid-BF3 mutant was grown in moderate light. Taken together, these observations suggest that, under limiting light conditions for growth, the amount of Chl a synthesized in yid-BF3 cells is too limited to integrate Chl a into Chl bbinding sites in LHC complexes, which results in their degradation. Indeed, we observed that the inactivation of FtsH restored a larger LHCI antenna complement in dim light. Thus the LHCI proteins should be regarded as new class of genuine FtsH substrates, in addition to PSII and cytochrome b6f complexes that were previously identified as FtsH-sensitive in Chlamydomonas [START_REF] Malnoë | Thylakoid FtsH Protease Contributes to Photosystem II and Cytochrome b 6 f Remodeling in Chlamydomonas reinhardtii under Stress Conditions[END_REF][START_REF] Wei | Nitric oxide-triggered remodeling of chloroplast bioenergetics and thylakoid proteins upon nitrogen starvation in Chlamydomonas reinhardtii[END_REF]. Strangely enough, LHCII proteins under the same conditions remained FtsH insensitive. Their amount in the yid-BF3 context looked even lower when the protease was inactivated. However, this was due in part to their loading on a chlorophyll basis, because yid-BF3-ftsh1 is enriched in LHCI proteins.

The contrasting FtsH-sensitivity of LHCI and LHCII proteins, which are homologous proteins, may arise from their distinct localization in the thylakoid membranes. LHCII proteins are in stacked membranes at a distance from FtsH in unstacked membranes where also reside LHCI proteins [START_REF] Fristedt | Phosphorylation of Photosystem II Controls Functional Macroscopic Folding of Photosynthetic Membranes in Arabidopsis[END_REF]. In this view another proteolytic system would be responsible for LHCII protein degradation, such as the Deg proteases that can act from the lumen side of the membranes where they should have access to the stacked membrane domains [START_REF] Schuhmann | Deg proteases and their role in protein quality control and processing in different subcellular compartments of the plant cell[END_REF]. It is of note that FtsH inactivation in Chlamydomonas prevents PSII repair [START_REF] Malnoë | Thylakoid FtsH Protease Contributes to Photosystem II and Cytochrome b 6 f Remodeling in Chlamydomonas reinhardtii under Stress Conditions[END_REF] as it does in cyanobacteria and plant chloroplasts (for a review (Yoshioka-Nishimura and Yamamoto, 2014)). These observations point to a high sensitivity of FtsH mutants to photodamage and are most likely to account for the huge decrease in PSII activity. This accumulation of miss-functional PSII, certainly keeps high rates of ROS production under illumination. These ROS may be responsible for the loss in LHCII proteins and the further loss in chlorophyll per cell at the two light regimes for growthof the yid-BF3-ftsh1 mutant. .

Deficiency of Chl b destabilizes PSI-LHC supercomplex

PSI-LHCI supercomplex containing the nine LHCI complexes could not be recovered from yid-BF3 cells grown under moderate light, although PSI light-saturation curves indicated efficient energy transfer from LHCI to PSI reaction centers, with a wild type level of accumulation of most LHCI proteins in the thylakoid membranes. The separated PSI-LHCI sub-complex (A3*) lacked Lhca1, Lhca4, and Lhca5 and contained only a small amount of Lhca1 and Lhca6. Actually the position of A3* on sucrose density gradient was up-shifted compared with that of A3 from WT cells, indicating that the size is smaller than that of the wild type complex. These results suggest that LHCI complexes are functionally associated with the PSI core complex in the chloroplast but their association is impaired during solubilization and/or purification in the absence of Chl b. The three-dimensional structure of a plant PSI-LHCI supercomplex indicates that each LHCI complex in the supercomplex interacts with its neighboring LHCI complex through a domain of helix C [START_REF] Drop | Photosystem I of Chlamydomonas reinhardtii contains nine light-harvesting complexes (Lhca) located on one side of the core[END_REF].

Since this domain associates most Chl b, the structure responsible for the stable LHCI association in PSI-LHCI supercomplex should be modified in the absence of Chl b. We noted that substantial amounts of Lhca2, Lhca3, Lhca7, Lhca8, and Lhca9 remained associated with PSI core complex in A3* fraction. This strongly suggests that these LHCI proteins are more tightly bound to PSI core complex.

It has been proposed that Lhca3 has a direct contact with PsaK [START_REF] Naumann | N-terminal processing of Lhca3 Is a key step in remodeling of the photosystem I-light-harvesting complex under iron deficiency in Chlamydomonas reinhardtii[END_REF] and Lhca2 and Lhca9 are located in proximity to PsaG [START_REF] Drop | Photosystem I of Chlamydomonas reinhardtii contains nine light-harvesting complexes (Lhca) located on one side of the core[END_REF], which may stabilize the association of these LHCI proteins to the PSI core complex or protect them from proteinase digestion. Indeed, we noted that PsaK and PsaG were labile in yid-BF3 in which Lhca2 and Lhca9 were reduced (Figure 6B) but they over-accumulated in gid-BF3 when Lhca3 and Lhca9 are present at a higher level than in wild type cells (Figure 5B). This suggests that the two PSI and LHCI subunits show a concerted accumulation in the thylakoid membranes, consistent with their close interaction in the PSI-LHCI supercomplex. A higher susceptibility of the two PSI subunits to the action of the FtsH protease in absence of Lhca3 and Lhca9 may account for this concerted accumulation.

The nine LHCI proteins are located on one side of the PSI core complex, forming two layers [START_REF] Drop | Photosystem I of Chlamydomonas reinhardtii contains nine light-harvesting complexes (Lhca) located on one side of the core[END_REF] in wild type cells. LHCI proteins from the inner layer directly bind to PSI core complex and are sandwiched by those LHCI proteins from the outer layer. This layer organization suggests that LHCI proteins located in the inner should be better associated with PSI cores and better protected from proteinase digestion. Thus, it is inferred that Lhca2, Lhca3, Lhca7, Lhca8, and Lhca9 would be located in the inner layer while the others, Lhca1, Lhca4, Lhca5, and Lhca6 would be part of the outer layer.

A new type of antenna complex synthesized in Chl b-less mutant

The Chl a-binding peripheral antenna proteins that accumulate in the absence of Chl b generate a new type of chlorophyll-protein complex which is readily identified by its 77 K fluorescence emission spectrum that peaks at 708-709 nm. This is a spectral region similar to that of isolated LHCI, which has a much higher Chl a/Chl b ratio than LHCII in the wild type genetic context (Figure 8). That LHC proteins, whether from LHCI or LHCII, emit fluorescence in this spectral region when binding only Chl a is further substantiated by our observation that this emission peak diminishes together with the LHCI and LHCII proteins when yid-BF3 is grown in dim light, whereas the two are present in gid-BF3 grown in the same conditions. Interestingly, the 708-709 nm peak is not restored in the yid-BF3-ftsh1 mutant, when grown in dim light, despite the accumulation of LHCI proteins binding only Chl a. However LHCII Types I, III, and IV proteins also remained very low in the yid-BF3-ftsh1 mutant in the two light regimes for growth (Figure 6), whereas the 709 nm emission arose only in moderate light. In contrast, CP29 and LHCII Type II (Lhcbm5) increased significantly from dim to moderate light condition in yid-BF3-ftsh1. We observed a similar behavior in the yid-BF3 strain. These observations strongly suggest that the sole minor LHCII proteins, when binding only Chl a, are responsible for this new emission peak. However, we noted that gid-BF3 (not shown) and yid-BF3 (Supplemental Figure S4) grown in DL and ML showed only a 77 K fluorescence peak at 683-685 nm in those fractions corresponding to isolated LHCII complexes (A1 fraction), which contains major LHCII types I, III, and IV. Similarly only a 683-685 nm emission peak was visible in the A3' fraction, which contains minor LHCII (CP26 and CP29) and LHCII type II as well as PSI proteins. After separation of chlorophyllprotein complexes, we could not find any other green fraction that emitted a 77 K fluorescence peak at 708-709 nm. Thus, we hypothesize that the 708-709 nm emission peak originates from those Chl a, which occupy Chl b-binding sites in the PSII peripheral antenna and are loosely bound to the apoproteins. They would be lost during membrane solubilization and/or purification of the chlorophyll protein complexes. Because such Chl a-only antenna proteins emit their 77K fluorescence at longer wavelengths than the PSII cores, it suggests that they would be less efficient in energy transfer to the PSII reaction centers at room temperature. In agreement with this conclusion, we observed that the PSII functional antenna size in the Chl b-less mutants remains much smaller than in the wild type control despite the immunodetection of LHCII proteins and minor antenna complexes in wild type amounts in the mutants whatever the light intensity for growth in the gid-BF3 mutant. Thus, these antenna complexes transfer energy poorly to the PSII cores even at room temperature, where they may act as quenchers of PSII excitation.

METHODS

Strains and growth conditions

Wild type and mutant strains of Chlamydomonas reinhardtii were grown mixotrophically at 25°C in Tris-acetate-phosphate (TAP) medium, pH 7.2 [START_REF] Harris | The Chlamydomonas sourcebook: introduction to Chlamydomonas and its laboratory use[END_REF], on a rotary shaker (150 rpm) either in darkness or under continuous light (2 or 50 µmol photons m -2 s -1 ). The mutant strains, devoid of chlorophyll b, which were used in the present study, have been described previously: cbs3 (Tanaka et al., 1998), BF3 (de Vitry and[START_REF] De Vitry | Changes in phosphorylation of thylakoid membrane proteins in light-harvesting complex mutants from Chlamydomonas reinhardtii[END_REF], pg27 [START_REF] Picaud | Pigment protein complexes and functional properties of tetratype resulting from crosses between CP 1 and CP 2 less Chlamydomonas mutants[END_REF]. Before being further characterized, these mutants were backcrossed to either WT.T222 mt+ or WTS24 mt-, derived from WT 137c, that we use as reference strains in our laboratory. The yellow-in-the-dark strain control (yid) was obtained by crossing yid-BF3 mt+ with WTS24 mt-and the yid-BF3-ftsh1 strain, by crossing yid-BF3 mt+ with mutant strain ftsh1-1 mt- [START_REF] Malnoë | Thylakoid FtsH Protease Contributes to Photosystem II and Cytochrome b 6 f Remodeling in Chlamydomonas reinhardtii under Stress Conditions[END_REF] and progenies were selected by PCR, according to [START_REF] Malnoë | Thylakoid FtsH Protease Contributes to Photosystem II and Cytochrome b 6 f Remodeling in Chlamydomonas reinhardtii under Stress Conditions[END_REF], and by their fluorescence properties. Crosses were performed according to [START_REF] Harris | The Chlamydomonas sourcebook: introduction to Chlamydomonas and its laboratory use[END_REF].

Sequencing of CAO gene

Wild type and mutant genomic DNA was amplified by PCR using four couples of primers along CAO gene. All amplification products were purified and then sequenced (Eurofins).

Primers used for PCR and sequencing are listed in Supplemental Table S1.

Complementation of BF3 mutant

The CAO gene was amplified from WT Chlamydomonas genomic DNA. Primers used for amplification of the genomic sequence annealed to regions 880 bp upstream of the CAO transcription start site (5'-AGGGGGCACTGTCGGTACAG -3') and 342 bp downstream of the 3' UTR (5'-GCGAGGCGCCAATGCTACCT -3'). BF3 mutant cells were grown in TAP medium at 20 µmol photons m -2 s -1 to early exponential phase (1x10 6 cells mL -1 ), collected by centrifugation at room temperature at 4000 rpm for 7 min, and the cell pellet was resuspended in TAP medium containing 40 mM sucrose (ToS) to a final cell concentration of 1x10 8 cells mL -1 . The CAO PCR product (500 ng) plus 40 µg salmon sperm DNA and 160 ng of the AphVIII gene, was incubated with BF3 cells at 16°C for 20 min. The cells were electroporated at 1kV, 10 μF capacitance, then incubated at 16°C. After 30 min of incubation, cells were diluted in 5 mL of ToS medium. The electroporated cultures were incubated overnight under dim light (2 µmol photons m -2 s -1 ) with gentle agitation, then spread on solid TAP medium containing 10 μg.mL -1 paromomycin and 100 µg.mL -1 ampicillin and placed in the dark. After two weeks of growth in the dark, only transformants harboring the introduced CAO gene were dark green and high fluorescence.

Preparation of cells and thylakoid membranes, and separation of chlorophyll protein complexes

To analyze cell proteins, wild type and mutant cells grown to a mid-log phase in TAP medium were harvested by centrifugation and were suspended in medium containing 50 mM Tris-HCl, pH 8.0 and 20% (w/v) glycerol at 0.25 mg Chls mL -1 . Thylakoid membranes were isolated in the presence of protease inhibitors, 1mM PMSF and EDTA according to [START_REF] Chua | Thylakoid membrane polypeptides of Chlamydomonas reinhardtii: wild-type and mutant strains deficient in photosystem II reaction center[END_REF] with some modifications as described [START_REF] Takahashi | Directed chloroplast transformation in Chlamydomonas reinhardtii: insertional inactivation of the psaC gene encoding the iron sulfur protein destabilizes photosystem I[END_REF]. The thylakoid membranes were solubilized with 2.0% (w/v) n-dodecyl-β-D-maltoside (β-DM) in the presence of protease inhibitor cocktail (Complete, Roche), and the thylakoid extracts were loaded on linear sucrose density gradient from 0.1 to 1.3 M sucrose containing 5 mM Tricine-NaOH, pH 8.0, and 0.05% DM. Ultracentrifugation was performed on a swinging bucket rotor SW41Ti (Beckman) at 288,000xg for 16 h [START_REF] Sugimoto | Evidence that the PsbK polypeptide is associated with the photosystem II core antenna complex CP43[END_REF]. The resulting gradients were fractionated from the bottom to the top.

Analyses of polypeptides

Total cell proteins and polypeptides in fractions from sucrose density gradient were solubilized in the presence of 2% SDS and 0.1M dithiothreitol (DTT) at 100˚C for 1 min and at 80˚C for 3 min, respectively, and then separated by SDS-polyacrylamide gel electrophoresis. To optimize separation of polypeptides, we employed four different electrophoresis systems; a standard system by [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF] for immunochemically detecting PsaA, PsaF, PsaD, PsaL, CP26, CP29, Lhcbm5, and LHCI subunits, a standard system containing 6 M urea in the resolving gel for separating PSII subunits [START_REF] Takahashi | Genetic engineering of the processing site of D1 precursor protein of photosystem II reaction center in Chlamydomonas reinhardtii[END_REF], a system by [START_REF] Schagger | Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the separation of proteins in the range from 1 to 100 kDa[END_REF] for separation of PsaG, PsaH, PsaK, and PsaN, and a system containing high Tris in the resolving gel by [START_REF] Fling | Peptide and protein molecular weight determination by electrophoresis using a high-molarity tris buffer system without urea[END_REF] for detection of LHCI subunits by staining. The separated polypeptides were stained with a fluorescence dye, Flamingo (Bio-Rad) and visualized using a FLA-7000 fluoro-image analyzer (Fujifilm, Tokyo) or electroblotted onto a nitrocellulose filter. Immunodetection was performed using antibodies against PSI, PSII, and LHC subunits. Specificity of these antibodies was tested in Supplemental Figure S1. Signals were visualized by enhanced chemiluminescence (ECL) using a LAS-4000 mini luminescent image analyzer and were quantified using Multigauge version 3.0 software (Fujifilm, Tokyo). Signals were detected with the increment exposure mode that enables a series of signals to be exposed consecutively and the data for each signal is added to accumulate exposure data in order to obtain weak signals or to avoid overexposure.

Chlorophyll Content

Chlorophyll concentrations were determined following extraction of the pigments in methanol, as described previously [START_REF] Porra | Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy[END_REF]. For pigment analyses, chlorophylls and carotenoids were extracted from cells in N,N-dimethylformamide (DMF), applied to an ODS C18 BEH column (2.1 mm x 150 mm) (Waters) at 30 ˚C, and separated using a high performance liquid chromatography (ACUITY, UPLC/PDA system , Waters) as described previously [START_REF] Ozawa | 5 ′ -Monohydroxyphylloquinone is the Dominant Naphthoquinone of PSI in the Green Alga Chlamydomonas reinhardtii[END_REF].

Fluorescence Measurements

Fluorescence induction kinetics were performed at room temperature using a DeepGreen Fluorometer (JBeamBio) and a home-built fluorescence CCD camera recorder [START_REF] Johnson | A new setup for in vivo fluorescence imaging of photosynthetic activity[END_REF]. Maximum efficiency of photosystem II, FV/FM (FV=FM-F0), was determined using dark-adapted cells. Maximum fluorescence (FM) was measured either after a brief and saturating flash light or during continuous illumination in the presence of 10 μM 3-(3,4dichlorophenyl)-1, 1-dimethylurea (DCMU). 77 K fluorescence emission spectra were measured with an in house built setup. Samples were immersed in liquid nitrogen and excited with a LED source (LS-450, Ocean Optics -blue LED, 450 nm). The emission spectra were recorded using a CCD spectrophotometer (QE6500, Ocean Optics).

Spectroscopic studies

Cells were harvested during exponential growth (2x10 6 cells/mL) and were resuspended at a concentration of 1x10 7 cells/mL in minimum medium with the addition of 10% (w/v) Ficoll to prevent cell sedimentation during the measurements. The cell suspension was then vigorously stirred in a 50 mL Erlenmeyer flask for 20 min in the dark at 340 rpm.

When absorption changes were measured with a JTS-10 (Bio-Logic, Grenoble, France), the detecting and continuous lights were provided by LEDs and the saturating flash by a dye laser (640 nm) pumped by a second harmonic of an Nd:Yag laser (Minilite II, Continuum). The detection wavelength was selected using a 520 nm interferential filter, 10 nm full width at half-maximum. PSI and PSII charge separation capacity were calculated from changes in the amplitude of the fast phase (100 µs) of the electrochromic shift (ECS) signal (at 520 nm) upon excitation with a saturating laser flash in the presence or absence of the PSII inhibitors, from FM saturation kinetic (1/t1/2) in the presence of DCMU (10 -5 M) and (ii) spectroscopically from the light-saturation curves of the ECS changes at 520 nm (1/I2/3). We measured the amplitude of the fast phase (100 µs) of the ECS signal upon excitation with a saturating laser flash in the presence or absence of the PSII inhibitors (DCMU+HA). The data presented are expressed here after normalization to the antenna size measured in the wild type, which is set to a value of 1. All values represent means ± SD (n = 3 -5). DL, dim light (1-2 µmol photons m -2 s -1 ); ML, moderate light (50 µmol photons m -2 s -1 ). (C) PSII and PSI light-saturation signal in the blue region of the spectrum for yid-BF3 and yid-BF3-ftsh1 (B) or of the contribution of PSI charge separation to the ECS signal for the yid control strain (C).

All data presented are expressed after normalization to the antenna size measured in the wild type under the same light condition. Data from (B) and (C) are fitted with a mono-exponential function. All values from (A) represent means ± SD (n = 3). DL, dim light (1-2 µmol photons m -2 s -1 ); ML, moderate light (50 µmol photons m -2 s -1 ). Table 1: Chlorophyll and fluorescence parameters of wild type control (WT), Chl b-less mutants green-in-the-dark (cbs3, BF3, pg27) and the complemented BF3 mutant. Chlorophyll concentrations were determined according to [START_REF] Porra | Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy[END_REF]. Percentage was determined by comparison of the mutant with the wild type cells grown under the same light condition.

Values represent means ± SD (n= 3 -10). DL, dim light (1-2 µmol photons m -2 s -1 ); ML, moderate light (50 µmol photons m -2 s -1 ).

Table 2: Chlorophyll and fluorescence parameters of wild type control (WT), yellow-inthe-dark control strain (yid), Chl b-less mutants in yellow-in-the-dark background (yid-cbs3, yid-pg27 and yid-BF3) and double mutant yellow-in-the-dark (yid-BF3-ftsh1). Chlorophyll concentrations were determined according to [START_REF] Porra | Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy[END_REF]. Percentage was determined by comparison of the mutant with the wild type cells grown under the same light condition.

Values represent means ± SD (n= 3 -10). DL, dim light (1-2 µmol photons m -2 s -1 ); ML, moderate light (50 µmol photons m -2 s -1 ). 

  , cbs3 has a large deletion of several genes in a genomic region containing the CAO gene responsible for Chl a to Chl b conversion. Here we showed that the pg27 and BF3 mutants have point mutations in the CAO gene that lead to an early termination of its translation. Characterization of these mutants offered clear insights as to how Chl bdeficiency affects the light-harvesting function, synthesis, and stability of Chl a/b binding proteins. Here we focused on light-harvesting function of LHCs in BF3 cells by spectroscopic measurements and analyzed the accumulation and stability of LHCs using a battery of specific antibodies raised against the major LHCII proteins (Types I, II, III, and IV), the minor LHCII proteins (CP26 and CP29), and the LHCI proteins (Lhca1-9).

Figure 1 :

 1 Figure 1: Phenotypes of the three Chl b-less mutants. (A) Detection of Chl a and Chl b by HPLC. (B) Maximal Fluorescence (FM) of wild type and Chl b-less mutants grown onto solid TAP medium under moderate light (the color bar represents the fluorescence level). (C) Map of the CAO gene in two Chl b-less mutants (BF3 and pg27) and (D) their growth patterns. Cultures were spotted on TAP under different light conditions, darkness (D), dim light (DL; 1-2 µmol photons m -2 s -1 ) and moderate light (ML; 50 µmol photons m -2 s -1 ).

Figure 2 :

 2 Figure 2: Growth patterns and maximal fluorescence in green-and yellow-in-the-dark background. Growth patterns of wild type control (WT), yellow-in-the-dark strain control (yid), Chl b-less mutants (pg27, cbs3 and BF3) yellow-in-the-dark (yid-) and green-in-the-dark (gid-) and the complemented BF3 mutant (BF3-CAOc) grown onto solid TAP medium in (A) dark and (B) under moderate light and their maximal fluorescence (the color bar represents the fluorescence level).

Figure 3 :

 3 Figure 3: Low-temperature (77 K) fluorescence emission spectra. (A) wild type (WT) and Chl b-less mutants (cbs3, BF3 and pg27) grown in moderate light (50 µmol photons m -2 s -1 ) and (B) BF3, Chl b-less mutant green-in-the-dark, grown under dim light (DL; 1-2 µmol photons m -2 s -1 ) and moderate light (ML; 50 µmol photons m -2 s -1 ).

Figure 4 :

 4 Figure 4: Electrochromic shift spectra and Photosystem II and Photosystem I relative antenna size. (A) Electrochromic shift (ECS) spectra. The absorption change was measured 100 µs after the actinic flash hitting 100% of centers. (B) Photosystem II and Photosystem I relative antenna size and ratio PSII/PSI in BF3 strain (Chl b-less mutant). PSII antenna size was estimated (i)

Figure 8 :

 8 Figure 8: Low-temperature (77 K) fluorescence emission spectra of cells of wild type control (WT), Chl b-less mutants yellow-in-the-dark (yid-cbs3, yid-BF3 and yid-pg27) and double mutant in yid context (yid-BF3-ftsh1) grown under dim light (DL; 1-2 µmol photons m -2 s -1 ) and moderate light (ML; 50 µmol photons m -2 s -1 ).

Figure 9 :

 9 Figure 9: Separation of chlorophyll-protein complexes (A) Thylakoid membranes isolated from WT and yid-BF3 cells under dim light (DL) and medium light (ML) were solubilized with 2.0% (w/v) DM on ice for 15 min and were separated by sucrose density gradient ultracentrifugation. A1, A2, and A3 contain LHCII, PSI and PSII cores, and PSI-LHCI supercomplex from WT. A1, A2, and A3' were separated from yid-BF3 grown under DL, whereas A1, A2, A3*, and A3' were separated from yid-BF3 grown under ML. (B) Polypeptides of PSI and LHCI in A3 from WT grown under DL and ML and of A3' from yid-BF3 grown under DL and A3* and A3' from yid-BF3 grown under ML were compared (left). Polypeptides of LHCI and LHCII in A1 of WT grown under ML and of yid-BF3 grown under DL and ML were compared (right). 5 µl and 10 µl of the fractions from WT and yid-BF3, respectively, were loaded in each lane.

Figure 10 :

 10 Figure 10: Immunodetection of LHC subunits in PSI and LHCII fractions

  and fluorescence parameters of wild type (WT), yellow-in-the-dark control strain (yid), Chl b-less mutants in yellow-in-the-dark background (yid-cbs3, yid-pg27 and yid-BF3) and double mutant yellow-in-the-dark (yid-BF3-ftsh1). Chlorophyll concentrations were determined according to[START_REF] Porra | Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy[END_REF]. Percentage was determined by comparison of the mutant with the wild type cells grown under the same light condition. Values represent means ± SD (n= 3 -10). DL, dim light (1-2 µmol photons m -2 s -1 ); ML, moderate light (50 µmol photons m -2 s -1 ).
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 1234 Figure 1: Phenotypes of the three Chl b-less mutants. (A) Detection of Chl a and Chl b by HPLC. (B) Maximal Fluorescence (F M ) of wild type and Chl b-less mutants grown onto solid TAP medium under moderate light (the color bar represents the fluorescence level). (C) Map of the CAO gene in two Chl b-less mutants (BF3 and pg27) and (D) their growth patterns. Cultures were spotted on TAP under different light conditions, darkness (D), dim light (DL; 1-2 µmol photons m -2 s -1 ) and moderate light (ML; 50 µmol photons m -2 s -1 ).
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 8910 Figure 8: Low-temperature (77 K) fluorescence emission spectra of cells of wild type control (WT), Chl b-less mutants yellow-in-the-dark (yid-cbs3, yid-BF3 and yid-pg27) and double mutant in yid context (yid-BF3-ftsh1) grown under dim light (DL; 1-2 µmol photons m -2 s -1 ) and moderate light (ML; 50 µmol photons m -2 s -1 ).

Table 1 : Chlorophyll and fluorescence parameters

 1 

	Tables						
	parameter		WT	cbs3	pg27	bf3	bf3-CAOc
	[Chl]	DL	1.2 ± 0.2	1.1 ± 0.2	0.7 ± 0.3	1.05 ± 0.01	1.80 ± 0.07
	(µg/10 6 cell)	ML 2.0 ± 0.3	1.6 ± 0.1	1.3 ± 0.4	1.3 ± 0.3	2.8 ± 0.2
	Chl a/b	DL ML 3.1 ± 0.1 2.9 ± 0.2	--	--	--	2.9 ± 0.2 3.5 ± 0.2
	FM/Cell	DL ML 100% 100%	38% ± 3 39% ± 8	32% ± 6 40% ± 4	35% ± 4 36% ± 8	124% ± 5 73% ± 11
	FV/FM	DL ML 0.75 ± 0.01 0.75 ± 0.02	0.42 ± 0.08 0.49 ± 0.06	0.30 ± 0.04 0.34 ± 0.03	0.28 ± 0.09 0.45 ± 0.04	0.76 ± 0.01 0.63 ± 0.04

of wild type (WT), Chl b-less mutants green-in-the-dark (cbs3, BF3, pg27) and the complemented BF3 mutant. Chlorophyll concentrations were determined according to

[START_REF] Porra | Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy[END_REF]

. Percentage was determined by comparison of the mutant with the wild type cells grown under the same light condition. Values represent means ± SD (n= 3 -10). DL, dim light (1-2 µmol photons m -2 s -1 ); ML, moderate light (50 µmol photons m -2 s -1 ).

Table 2 :

 2 Chlorophyll
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DCMU (20 µM) and hydroxylamine (HA) (1 mM). Light saturation curves were determined by using absorptive neutral density filters to reduce flash intensity.

When absorption changes were measured with a home-built pump-probe spectrophotometer that allows measurements to be performed in scattering biological material [START_REF] Béal | A new high-sensitivity 10-ns time-resolution spectrophotometric technique adapted to in vivo analysis of the photosynthetic apparatus[END_REF], the sample was excited at 700 nm, with a 7-ns pulse (full width at half maximum) of varying intensity, obtained by pumping a dye laser (LDS 698) with a frequency doubled neodymiumdoped yttrium aluminum garnet laser (Brilliant; Quantell). The P700 oxidation level or P700 charge separation yield measured by the 430-445 nm and 520 nm absorbance changes, were respectively probed 500 ns and 100 µs after the actinic pulse, by 5-ns pulses (full width at half maximum) obtained by pumping an Optical Parametric Oscillator (Panther OPO; Continuum) by a frequency tripled Nd-YAG laser (Continuum, Surelite) as described in [START_REF] Byrdin | Assignment of a kinetic component to electron transfer between iron-sulfur clusters FX and FA/B of Photosystem I[END_REF][START_REF] Joliot | In Vivo Analysis of the Electron Transfer within Photosystem I: Are the Two Phylloquinones Involved?[END_REF]. Absorbance changes were averaged 10 times for each intensity of the excitation (pump) flash, the energy of which was assessed with a laser power and energy meter (gentec-e). (A) PSII antenna size has been estimated from Fm saturation kinetic (1/t 1/2 ) in the presence of DCMU (10 -5 M). PSI antenna size has been estimated spectroscopically, in the presence of the PSII inhibitors (DCMU+HA). We measured the light-saturation curves of the P700 oxidation signal in the blue region of the spectrum for yid-BF3 and yid-BF3-ftsh1 (B) or of the contribution of PSI charge separation to the ECS signal for the yid-control strain (C). All data presented are expressed after normalization to the antenna size measured in the wild type under the same light condition. Data from (B) and (C) are fitted with a mono-exponential function. All values represent means ± SD (n= 3). DL, dim light (1-2 µmol photons m -2 s -1 ); ML, moderate light (50 µmol photons m -2 s -1 ).
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