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Abstract (250 words) 42 

 43 

Nitrogen (N) scarcity is a frequently encountered situation that constrains global 44 

biomass productivity. In response to N deficiency, cell division stops and 45 

photosynthetic electron transfer is downregulated, while carbon storage is enhanced. 46 

However, the molecular mechanism downregulating photosynthesis during N 47 

deficiency and its relationship with carbon storage are not fully understood. The 48 

Proton Gradient Regulator-like 1 (PGRL1) controlling cyclic electron flow (CEF) and 49 

Flavodiiron proteins involved in pseudo-(CEF) are major players in the acclimation of 50 

photosynthesis. To determine the role of PGRL1 or FLV in photosynthesis under N 51 

deficiency, we measured photosynthetic electron transfer, oxygen gas exchange and 52 

carbon storage in Chlamydomonas pgrl1 and flvB knockout mutants. Under N 53 

deficiency, pgrl1 maintains higher net photosynthesis and O2 photoreduction rates, 54 

while flvB shows a similar response compared to control strains. Cytochrome b6f and 55 

PSI are maintained at a higher abundance in pgrl1. The photosynthetic activity of flvB 56 

and pgrl1 flvB double mutants decreases in response to N deficiency similar to the 57 

control strains. Furthermore, the preservation of photosynthetic activity in pgrl1 is 58 

accompanied by an increased accumulation of triacylglycerol depending on the 59 

genetic background. Taken together, our results suggest that in the absence of 60 

PGRL1-controlled CEF, FLV-mediated PCEF maintains net photosynthesis at a high 61 

level and that CEF and PCEF play antagonistic roles during N deficiency. It further 62 

illustrates how nutrient status and genetic makeup of a strain can affect the regulation 63 

of photosynthetic energy conversion in relation to carbon storage and provides new 64 

strategies for improving lipid productivity in algae.  65 

 66 

Significance statement  67 

Nitrogen (N) deficiency, an often-encountered phenomenon in nature, results in 68 

growth arrest, downregulation of photosynthesis and massive carbon storage in 69 

microalgae. However, more mechanistic insights involved in tuning photosynthetic 70 

electron transfer during N deficiency are required. Here, we provide evidence that a 71 

well-conserved protein in chlorophytes, the Proton Gradient Regulator-like 1 72 

(PGRL1), is a key regulator of photosynthesis during N deficiency. In its absence, 73 

cells exhibited sustained photosynthesis thanks to the Flavodiiron (FLV) proteins. We 74 

propose that both PGRL1 and FLV, by having antagonistic roles in N deficiency, 75 

manage the redox landscape, carbon storage and biomass production. Our work 76 

revolves around the current paradigm of photosynthesis regulation during N 77 

deficiency and provides a new framework for improving biomass production and 78 

carbon storage in microalgae for biotechnological purposes.  79 
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Introduction 80 

Nitrogen (N) deficiency is one of the most harsh environmental situation that 81 

constrains global primary biomass productivity in all ecosystems (1–3). Under N 82 

deficiency, cell division stops and photosynthetic CO2 assimilation is downregulated, 83 

the carbon and energy being used to synthesize starch and triacylglycerols (TAGs) 84 

(4–7). The downregulation of photosynthetic electron transfer (PET) reactions, 85 

together with a re-routing of the excess reducing power towards carbon storage, 86 

prevents the over-production of reactive oxygen species, thus ensuring cell fitness 87 

(8–12). 88 

Due to the variability in their natural habitat, microalgae must constantly adjust 89 

the photosynthetic conversion of energy to match the metabolic demand and have 90 

therefore developed a set of regulatory mechanisms to fine-tune electron transfer 91 

reactions. During photosynthesis, energy in the form of ATP and NADPH is mostly 92 

produced by the linear electron flow (LEF) (13). The balance of ATP and NADPH is 93 

essential for optimal CO2 capture and metabolism to which cyclic electron flow (CEF) 94 

and pseudo-cyclic electron flow (PCEF) play a critical role (14–18). Two pathways of 95 

CEF around PSI have been described in the green microalga Chlamydomonas 96 

reinhardtii (Chlamydomonas hereafter), one involving the type II NADPH 97 

dehydrogenase (NDA2) (19), and the other being controlled by the proton gradient 98 

regulator 5 (PGR5)/PGR-like 1 (PGRL1) proteins (20).  99 

Recent work in Chlamydomonas provided evidence that PGR5 and PGRL1 100 

are involved in CEF (20–22). Hereby PGR5 is required for efficient stromal electron 101 

intake into the cytochrome b6f complex (Cyt b6f) (23). Its deletion thereby strongly 102 

disturbs the Mitchellian Q cycle (23). Also, deletion of PGRL1 impacts CEF in 103 

Chlamydomonas (20, 21). Despite the fact that PGRL1 has been implicated in 104 

plastoquinone reduction during CEF (24), it appears that PGRL1 is rather important 105 

for PGR5 expression and protein stability, as in the absence of PGRL1, PGR5 is 106 

strongly diminished, mimicking PGR5 dependent phenotypes (21, 25, 26).  107 

Both CEF pathways reduce the plastoquinone (PQ) pool by using either 108 

NADPH or ferredoxin (Fd) as electron donor respectively (19, 24, 27). CEF has been 109 

shown to contribute to the acidification of thylakoid lumen by generating an extra 110 

proton motive force (pmf) in addition to the one produced by LEF (19, 20, 28, 29). 111 

PCEF mediated by Flavodiiron proteins (FLVs), by transferring electrons toward O2 at 112 

the acceptor side of PSI, also contributes to the establishment of the pmf and 113 

therefore to the lumen acidification (30–32). The pmf is used to either (1) produce 114 

ATP (33), (2) trigger light energy quenching via a low lumenal pH (34–36), (3) convert 115 

HCO3
- into CO2 thanks to carbonic anhydrase in the lumen (32) or (4) repress 116 

electron transfer at the level the Cyt b6f complex through the photosynthetic control 117 

triggered by the low lumenal pH (28, 37–40). Both CEF and PCEF have been shown 118 

to be critical under various conditions of light, CO2 availability or sulfur deficiency by 119 

playing a synergistic role (14, 31, 32, 41, 42).  120 

Despite the importance of CEF and PCEF in response to dynamic 121 

environments, little is known about their role during N deficiency. The role of NDA2-122 

involved CEF have been recently addressed during CO2-limiting photoautotrophic N 123 

deficiency and the knockdown of NDA2 was shown to impair the establishment of 124 

non-photochemical quenching (29). The role of PGRL1/PGR5-controlled CEF has 125 

been investigated under mixotrophic N deficiency and the lack of PGRL1 was shown 126 

to decrease the rate of CEF and TAG production (43). However, the role of PGRL1 127 

during photoautotrophic N deficiency and the possible bioenergetic interactions 128 

between carbon/energy sinks (TAG and starch) and CEF or PCEF pathways that 129 
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generate ATP has not yet been explored so far. Considering that massive carbon 130 

reallocation occurs under N deficiency (4), the bioenergetics governing this 131 

reallocation are likely critical. Fully understanding photosynthesis regulatory 132 

pathways and how they affect biomass production and reserve formation is needed 133 

towards engineering photosynthesis and carbon storage in conditions of nutrient 134 

deficiency.  135 

Here, we evaluated the contribution of PGRL1/PGR5-controlled CEF in the 136 

regulation of photosynthesis during N deficiency and evaluate its metabolic 137 

consequences on carbon storage in Chlamydomonas cells grown in photoautotrophic 138 

conditions under non-limiting CO2 concentrations (using 1% CO2-enriched air), 139 

conditions which favor the accumulation of carbon reserves (7, 44, 45). By monitoring 140 

photosynthetic activity based on chlorophyll fluorescence and O2 exchange rate 141 

measurements, we observed high net photosynthetic activity in PGRL1-deficient 142 

strains under N deficiency compared to the control strains. Furthermore, the lack of 143 

PGRL1 in 137AH genetic background resulted in an over-accumulation of TAGs. 144 

Those effects being suppressed in double mutants deficient in both PGRL1 and 145 

FLVB. We conclude that FLVs, by maintaining a strong PCEF activity in the pgrl1 146 

mutants, catalyze high photosynthetic rates. Finally, we discuss how modulating 147 

photosynthetic electron flow could constitute an efficient strategy to improve 148 

photosynthesis and eventually boost further TAG production under N deficiency. 149 

 150 

Results 151 

Photosynthetic activity sustained longer in pgrl1 under N deficiency 152 

To assess the role of the PGRL1/PGR5-controlled CEF in the regulation of 153 

photosynthesis during photoautotrophic N deficiency, we simultaneously monitored 154 

chlorophyll fluorescence and O2 exchange following a dark-light-dark transition in N-155 

replete and N-deprived cells. We compared the photosynthesis efficiency of a 156 

PGRL1-deficient strain (pgrl1137AH) with its control wild-type strain (137AH) and a 157 

complemented line (20) (Fig. 1 and Supplemental Fig. S1 and S2). Under N replete 158 

conditions, both chlorophyll fluorescence and O2 exchange patterns were mostly 159 

similar in pgrl1137AH and control cells (Fig. 1A, C, E and F and Supplemental Fig. 160 

S1 B-C). After 2 days of N deficiency, the PSII operating yield measured in the light 161 

decreased by about 75% in the wild-type and only by 35% in pgrl1 (Fig. 1A, B, and 162 

E; Supplemental Fig. S1C and E). Conversely, pgrl1137AH showed twice higher net 163 

O2 evolution and light-dependent O2 uptake as compared to the wild-type (Fig. 1D, 164 

F). As previously reported (5, 46), the dark O2 consumption rate was stimulated in the 165 

137AH strain during N deficiency, this effect being reduced in pgrl1137AH (Fig. 1D; 166 

Supplemental Fig. S2B). By using pgrl1137AH complemented line pgrl1::PGRL1-2 167 

(20), we noticed a full recovery of all the observed phenotypes (Fig. 1 E-G; 168 

Supplemental Fig. S1 and S2). To further strengthen the phenotype-genotype 169 

relationship, we generated an additional pgrl1CC125 mutant in the CC125 wild-type 170 

genetic background using CRISPR-Cas9. In line with our observation in the 137AH 171 

background (Fig. 1E-F), we detected a sustained retention of photosynthetic PSII 172 

yield and higher net O2 evolution in the pgrl1CC125 during N deficiency compared to 173 

CC125 (Supplemental Fig. S3). The higher O2 consumption under N deficiency in 174 

the dark-adapted 137AH strain from Fig. 1D was independent of PGRL1 in the 175 

CC125 background (Supplemental Fig. S3 D-E). The preservation of photosynthetic 176 

activity in pgrl1 suggests that PGRL1-controlled CEF contributes to repressing the 177 

PET reactions under photoautotrophic N deficiency.  178 

 179 
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The PGRL1 modulates the PSI donor and acceptor side during N deficiency 180 

The PGRL1/PGR5-controlled CEF is a determinant of the downstream PSI electron 181 

fate which prompted us to monitor P700, the primary PSI donor (Fig. 2; 182 

Supplemental Fig. S4). P700 forms three populations and only the first two are 183 

photo-oxidizable: 1. PSI donor shortage generates P700+ in the environmental light, 184 

2. PSI yield quantifies P700- during environmental acclimation that converts within 185 

the ms range to P700+ upon a saturating light pulse, and 3. PSI acceptor side 186 

limitation represents a redox-inactive P700 pool (see Materials and Methods). In the 187 

absence of PGRL1/PGR5-controlled CEF the redox-inactive P700 pool is enhanced 188 

under CO2-limiting conditions (47). This was also observed in the 137AH genetic 189 

background when pgrl1 was grown photoautotrophically under 1% CO2 (Fig. 2A, B). 190 

The failure to produce P700+ in the light gradually developed within 0.5 s and 191 

persisted throughout the illumination period (Fig. 2A, B). However, pgrl1 did not 192 

display lower PSI yields, typically detected in ambient CO2 (48), since the diminished 193 

P700+ was due to lower donor side limitation (Fig. 2B). The P700 differences in pgrl1 194 

relied on PSII activity, pointing to a LEF/CEF entanglement. N depletion further 195 

increased the P700+ pool in a strictly donor side-dependent fashion in both wild-type 196 

and mutant. Nevertheless, pgrl1 displayed twice the PSI acceptor side limitation 197 

when PSII was active. Moreover, the mutant showed a delayed P700+ formation 198 

within the first 200 ms of light when PSII was inhibited (Fig. 2A). The latter feature 199 

was also displayed in N-deficient CC125 under DCMU conditions (Supplemental 200 

Fig. S4A). This genetic background showed identical photo-oxidizable P700 pools 201 

between wild-type and mutant in the presence of N, with pgrl1 producing slightly 202 

higher acceptor side limitation (Supplemental Fig. S4B). N depletion came at the 203 

expense of PSI yields and pgrl1 failed to alleviate the PSI acceptor side through 204 

sufficient donor side induction. These results suggest that PGRL1-controlled CEF 205 

facilitates the onset of photosynthetic control during photoautotrophic N deficiency by 206 

inducing a donor side limitation at PSI to alleviate its acceptor side redox pressure.  207 

 208 

FLV-mediated O2 photoreduction drives photosynthesis in pgrl1 under N 209 

deficiency 210 

Because light-dependent O2 uptake can lead to the generation of extra ATP and 211 

support CO2 fixation but at various levels depending on the mechanism involved (18), 212 

we sought to test the nature of the light-dependent O2 uptake mechanism activated in 213 

pgrl1 mutants during N deficiency (Fig. 1D). FLVs have been reported to be a major 214 

O2 uptake mechanism in the light (31, 32, 49). pgrl1 flvB double mutants impaired in 215 

both PGRL1 and FLVB have been recently generated by crossing the pgrl1137AH with 216 

a FLVB deficient strain (flvB21) as described in (32). Therefore, we used the parental 217 

lines as control strains (flvB-21 and pgrl1137AH) as well as sibling strains from the 218 

progeny of the crossing (WT1 and WT3) harboring both FLV and PGRL1 proteins 219 

(Supplemental Fig. S1A). The two mutants (pgrl1 flvB-3 and pgrl1 flvB-5) and 220 

control sibling (WT1 and WT3) strains used throughout the manuscript have been 221 

chosen for having similar maximal photosynthesis under N-replete conditions (VMax) 222 

(18, 32). For all the experiments, we kept the pgrl1137AH alongside with its control 223 

137AH and pgrl1::PGRL1-2; flvB mutants (flvB21, flvB208 and flvB308) alongside 224 

with their control CC4533 and finally pgrl1 flvB-3 and pgrl1 flvB-5 alongside WT1 and 225 

WT3 as control. We evaluated steady-state O2 exchange rate in pgrl1137AH, flvB 226 

mutants as well as in the pgrl1 flvB double mutants after 2 days of N deficiency (Fig. 227 

3). The light-dependent O2 uptake was highly increased in pgrl1137AH but strongly 228 
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impaired in flvB and pgrl1 flvB mutants (Fig. 3A; Supplemental Fig. S2) which 229 

mirrors what has been reported for N-replete conditions in the presence of 230 

atmospheric CO2 level (31, 32). Interestingly, while the gross O2 uptake, the gross O2 231 

and the net O2 evolution measured during steady-state photosynthesis remained high 232 

in pgrl1137AH, no difference was detected between flvB, pgrl1 flvB mutants and their 233 

respective control lines (Figure 3B-D and Supplemental Fig. S2). Taken together, 234 

these data show that the absence of FLV-mediated O2 photoreduction (in pgrl1 flvB 235 

mutants) suppresses the effect of N deficiency observed in pgrl1137AH strain. We 236 

conclude that FLV-mediated O2 photoreduction, by maintaining PET reactions in 237 

pgrl1, allows net photosynthesis to be maintained at a high-level during N deficiency.  238 

 239 

Cyt b6f and PSI subunits accumulate to higher levels in pgrl1 under N 240 

deficiency 241 

To gain insights into the mechanisms behind the high photosynthetic activity in pgrl1 242 

during N deficiency, we compared the relative abundance of representative catalytic 243 

core subunits from photosynthetic complexes in the pgrl1137AH and the 137AH wild-244 

type during N deficiency (Fig. 4A and D). Additionally, we also investigated potential 245 

changes in mitochondrial electron transport chain by probing Complex II (Cox IIB). 246 

We observed a sustained retention of the PSI subunit PsaD and Cyt f subunit of Cyt 247 

b6f in pgrl1137AH compared to the 137AH (Fig. 4A and D). Higher amounts of PsaD 248 

and Cyt f were observed in pgrl1137AH under N replete without any functional effect on 249 

PSII yield and Net O2 evolution (Fig. 1E-F; 4A and D). As for the stimulated dark O2 250 

consumption (Fig. 1D), the amount of mitochondrial respiratory chains component 251 

Cox IIB was increased in the 137AH whereas it remains stable in the pgrl1137AH 252 

during N deficiency (Fig. 4A). It is worth noting that the hallmark of autophagy, i.e., 253 

ATG8 was barely detectable in the pgrl1137AH whereas it was highly induced in the 254 

137AH under N deficiency (Fig. 4A, D). All the other proteins tested accumulated to a 255 

similar amount in pgrl1137AH and 137AH (Fig. 4A). Note that higher amounts of Cyt f 256 

were also observed in CRISPR-generated pgrl1CC125 mutant as compared to CC125 257 

in response to N deficiency (Supplemental Fig. S3E). We conclude from these 258 

experiments during N deficiency that the higher photosynthetic activity observed in 259 

mutants impaired in PGRL1 might result from a lower decrease in the amounts of PSI 260 

and Cyt b6f complexes.  261 

To test whether the retention of the PSI and Cyt b6f observed in the pgrl1137AH 262 

are consequences of the existence of a FLV activity, similar immunoblot analyses 263 

were performed in the flvB-21 and pgrl1 flvB-3 mutants. Consistent to the 264 

photosynthetic activity, immunoblot analyses showed a similar accumulation of tested 265 

proteins in the flvB-21 and prgl1 flvB-3 compared to controls with the exception of 266 

lower PsaD and ATG8 in prgl1 flvB-3 (Fig. 4 B-C and E-F).  267 

 268 

Defects in CEF and PCEF altered carbon storage during N deficiency 269 

Emerging literature suggests that alterations in energy management pathways affect 270 

not only biomass production but also its composition (16, 17, 44, 50). Starch and 271 

TAGs are major forms of carbon storage in Chlamydomonas during N deficiency. 272 

Since the pgrl1137AH mutant shows a stronger net photosynthetic rate, we measured 273 

its ability to accumulate storage compounds. Starch accumulation was similar in 274 

pgrl1137AH and control lines under both N replete and deficiency (Fig. 5A; 275 

Supplemental Fig. S5A and S6A). In contrast, twice more TAG accumulation was 276 

observed in pgrl1137AH compared to the control lines under N deficiency whereas no 277 
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difference was observed under N-replete condition (Fig. 5D; Supplemental Fig. S5B 278 

and S6D). Lipid droplet imaging confirmed the accumulation of higher TAG amounts 279 

(Supplemental Fig. S5D). Intriguingly, the PGRL1 knockout mutant did not induce 280 

TAGs or starch accumulation in response to N deficiency in the CC125 genetic 281 

background (Supplemental Fig. S6 G-J), which may be related to the fact that 282 

photosynthesis preservation (PSII yield and net O2 evolution) was lower in the 283 

pgrl1CC125 background as in the pgrl1137AH background (Supplemental Fig. S3) thus 284 

limiting reserve accumulation, or indicating the existence of a metabolic limitation for 285 

storage compound accumulation in the CC125 background. 286 

Under N replete, the flvB single mutants accumulated higher amounts of starch than 287 

the CC4533 wild-type (Supplemental Fig. S6B) but accumulated lower amounts of 288 

TAG under N deficiency (Fig. 5E). The double mutants pgrl1137AH flvB accumulated 289 

similar amounts of TAG and starch as compared to control strains either in N replete 290 

or N deprived conditions (Fig. 5C, F; Supplemental Fig. S6C, F).  291 

We then evaluated to which extent observed changes in photosynthesis affect 292 

biomass accumulation, by following changes in cellular volume as a proxy for 293 

biomass accumulation. After 6 days of N deficiency, the cell volume increased twice 294 

as fast in the pgrl1137AH compared to the control lines (Supplemental Fig. S5C). We 295 

conclude from the above experiments that the higher photosynthetic activity in 296 

pgrl1137AH results in increased biomass and TAG productivity under N deficiency.  297 

Altogether, our data suggested that during phototrophic N deficiency, photosynthetic 298 

electron flow mediated by FLVs could trigger higher TAG accumulation while PGRL1 299 

tends to constrain it, likely via a photosynthetic control-related process or specific 300 

protease pathways that target Cyt b6f. We propose that both PGRL1 (CEF) and FLVs 301 

(PCEF), by having an antagonistic role during N deficiency, manage the redox 302 

landscape, carbon storage and biomass production. It is worth pointing out that this 303 

modification of metabolism as a consequence of redox management depends not 304 

only on genetic background (137AH versus CC125) but also on the environmental 305 

state (+N versus –N). 306 

 307 

Discussion 308 

The ability of microalgae to coordinate their energy conversion (from light to chemical 309 

energy) to meet the metabolic demand is crucial for their survival in a constantly 310 

fluctuating environment. Mechanisms involved in photosynthesis regulations have 311 

been abundantly studied in response to light or CO2 levels, but not much is known 312 

during nutrient deficiency when a massive re-orientation of metabolic pathways 313 

occurs. In the absence of N, the major cellular energy sinks (cell division, protein 314 

biosynthesis and photosynthetic CO2 fixation) are restricted whereas the carbon and 315 

energy are stored as TAGs or starch. Moreover, the PET reactions are 316 

downregulated under N deficiency. However, we do not know whether the 317 

downregulation of PET is a mean to match cells energy status with the limited 318 

metabolic demand. In other words, how the metabolism accommodates when 319 

photosynthesis remains high during N deficiency is not well understood. In this study, 320 

we demonstrated that PGRL1, which controls a CEF pathway, tunes PET during N 321 

deficiency. This tuning favors the photosynthetic control mechanism via Cyt b6f to 322 

limit PSI donor availability (see below for details) and might affect energy-transducing 323 

enzyme ratios at least in chloroplasts. Lack of PGRL1 resulted in sustained 324 

photosynthetic activity up to 2 days of N deficiency. The misregulation of the 325 

PGRL1/PGR5-controlled CEF is notorious for decreasing the photosynthetic control 326 

efficiency and re-routing of electrons into alternative acceptors such as H2 production 327 
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by Hydrogenases or O2 photoreduction by FLVs (14, 20, 50). Here, we have further 328 

shown that the higher FLVs-mediated PCEF in pgrl1 mutants channels excess 329 

electrons toward O2 under N deficiency. PCEF thus counteracts PSI over-reduction, 330 

likely facilitating ATP production and at the same time keeping PET active. 331 

 332 

PGRL1/PGR5-controlled CEF contributes to photosynthetic control during N 333 

deficiency 334 

The photosynthetic control refers to mechanisms that restrict the PET reactions 335 

mostly occurring in response to environmental fluctuations and is typically achieved 336 

on the level of the Cyt b6f upon acidification of the thylakoid lumen (37, 38, 52, 53). 337 

The PGRL1-PGR5-controlled CEF increases lumen acidification efficiency and has 338 

been shown to contribute to the photosynthetic control in higher plants (26, 28, 54) as 339 

well as in microalgae (20–23, 51).  The induction of the photosynthetic control results 340 

in PSI donor side limitation in the light which is typically determined in vivo via P700+ 341 

optical readouts (55–57). Our results showed higher acceptor side limitation (at the 342 

expense of donor side limitation) in pgrl1 mutants (Fig. 2 and Supplemental Fig. S4) 343 

indicating that they are affected in the induction of the photosynthetic control. The 344 

decrease in Cyt b6f abundance could be an additional cellular strategy to further 345 

restrict the PET toward PSI (higher donor side limitation in wild-type, Fig. 2 and 346 

Supplemental Fig. S4). While the wild-type successfully relaxes the redox pressure 347 

on PSI and degrades Cyt b6f under N deficiency, pgrl1 mutants sustained PET and 348 

failed to degrade the Cyt b6f. This dysfunctioning of the photosynthetic control in 349 

pgrl1 (high acceptor side limitation and Cyt b6f abundance; Fig. 2 and 4A), promotes 350 

the recruitment of stromal electron carriers such as FLVs and TAG biosynthesis (in 351 

137AH background). Similar observations were reported under sulphur deprivation 352 

where deletion of PGRL1 or PGR5 resulted in sustained linear electron flow toward 353 

H2 production in Chlamydomonas (20, 51). Our work shows that impairing the 354 

accumulation of PGRL1 removes a bottleneck of photosynthetic electron flow during 355 

N deficiency under non-limiting CO2 conditions (Fig. 1-3; Supplemental Fig. S1-3). 356 

This characteristic of photosynthetic control makes PGRL1/PGR5-controlled CEF a 357 

promising target for improving photosynthetic yield under nutrients deficiency. 358 

Indeed, the control of photosynthesis under N deficiency has been seen as safety 359 

mechanisms protecting cells from phototoxicity (28, 53, 54). Here, we show that 360 

thanks to the presence of FLVs, photosynthesis could be improved by removing 361 

PGRL1-controlled CEF during N deficiency under non-limiting CO2 conditions. 362 

 363 

FLVs become predominant in the absence of PGRL1/PGR5-controlled CEF  364 

So far, a  compensation mechanism between PGRL1 and FLVs has been reported 365 

during algal adaptation to light or low-CO2 conditions (14, 18, 32). Under high light or 366 

low-CO2 conditions, the increased activity of FLVs in the PGRL1-deficient strain does 367 

not improve the net photosynthesis despite its strong efficiency in generating ATP 368 

(18, 58). Similar compensation has also been observed in higher plants where 369 

orthologous expression of FLVs rescues the pgr5 mutants phenotype without further 370 

improving photosynthesis (54, 59) although some levels of increased biomass were 371 

measured in wild-type Arabidopsis expressing FLVs under light fluctuations thanks to 372 

the protective role of FLVs in these conditions (60). In contrast, our results suggest 373 

that under N deficiency, FLVs and PGRL1 have an antagonistic role. Indeed, the 374 

increased activity of FLVs in the PGRL1-deficient strains resulted in higher net 375 

photosynthesis (Fig. 3D; Supplemental Fig. S2), which shows that rather than 376 
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compensating each other, PGRL1 is indirectly controlling the activity of FLVs by 377 

limiting the maximal electron flow capacity. Our observation of the sustained 378 

accumulation of Cyt b6f in the pgrl1 but not in pgrl1 flvB double mutants under N 379 

deficiency (Fig. 4 A and D) could be attributed to the activity of FLVs-mediated PCEF 380 

draining electrons from the photosynthetic chain and indirectly preventing Cyt b6f 381 

from degradation. The latter process is catalysed in pgrl1 flvB upon PCEF shortage. 382 

The presence of strong FLVs activity in pgrl1 thereby allows maintaining high PET 383 

while generating ATP for CO2 fixation and reserve formation.  384 

Because CEF and PCEF are dominant pathways for supplying extra ATP in 385 

addition to LEF in the chloroplast, we were expecting that the removal of both PGRL1 386 

and FLVs would have more severe consequences on cell physiology and metabolism 387 

as it was observed when CO2 is limiting (32). Instead, we observed similar 388 

photosynthetic activity and TAG biosynthesis in the pgrl1 flvB double mutants as their 389 

control strains (Fig. 3 and 5), i.e. the additional removal of FLVs suppressed the 390 

phenotype of PGRL1 deficiency. A third pathway generating the energy required for 391 

photosynthetic CO2 fixation and ensuring redox dissipation could be operating in the 392 

double mutant pgrl1 flvB. Both the NDA2-dependent CEF (19, 29) or a chloroplast-393 

mitochondria electron flow (CMEF) (18) could be good candidates. NDA2 protein 394 

level was shown to increase during air photoautotrophic N deficiency under 395 

atmospheric CO2 level and the CEF rate in Chlamydomonas was decreased by 50% 396 

in nda2 mutants (29). However, we observed a similar protein level of NDA2 in the 397 

pgrl1 flvB as their control lines (Fig. 4C). Nevertheless, the protein level might not 398 

always correlate with the activity and other regulatory mechanisms (e.g., 399 

phosphorylation or redox regulation) can modulate enzyme activity. Additionally, the 400 

stimulated mitochondrial respiration rates as well as increased in Cox IIB protein level 401 

during N-deficiency in all the strains (except pgrl1137AH) (Fig. 4; Supplemental Fig. 402 

S3) points to a strong activity of CMEF (18, 32), which might compensate for CEF 403 

and PCEF deficiency in pgrl1 flvB N-deprived cells. CMEF may have two distinct 404 

roles, either to supply additional ATP or favour redox dissipation. In the context of 405 

generating extra ATP, the Cox IIB pathways could take over the AOX1 alternative 406 

oxidase pathway because of its efficiency in generating ATP (18). Further 407 

investigation would be required to identify the mechanisms generating ATP in the 408 

absence of PGRL1 and FLVs. Altogether, we conclude that FLVs maintain high 409 

photosynthetic activity under N deficiency in the absence of PGRL1 by channeling 410 

excess electrons toward O2 meanwhile generating ATP for CO2 and downstream 411 

metabolic pathways (TAG production). 412 

 413 

Relationship between cellular redox landscape and carbon storage 414 

A major biotechnological challenge in algal domestication for biofuel is the tradeoff 415 

between growth and lipid productivity. In Chlamydomonas as in many other 416 

microalgae, starch and TAG massively accumulate but mostly under stress 417 

conditions in particular N deficiency when cell division stops and productivity is 418 

impaired. Considerable efforts have focused on the study of the molecular 419 

mechanisms behind the onset of reserve accumulation by monitoring omics 420 

responses to a stress (5, 61–64), or focused on specific steps of fatty acid and TAG 421 

biosynthesis, which have resulted in some limited improvement in productivity (65, 422 

66). Improving productivity requires a better understanding of the crosstalk between 423 

photosynthetic carbon fixation, environmental signals and the redox balance, which 424 

all govern reserve accumulation (67–69). Here by studying mutants affected in CEF 425 
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and PCEF, we explored the relationships between the cellular redox status and 426 

carbon storage.  427 

The increased accumulation of TAG but not starch observed in the PGRL1-deficient 428 

strain (137AH background) under N deficiency (Fig. 5 A and B) is a consequence of 429 

continuous production of NADPH and ATP through PCEF-dependent PET. In line 430 

with our finding, the Chlamydomonas pgd1 mutants (e.g. Plastid galactoglycerolipid 431 

degradation 1) with reduced LEF rate (less ATP and NADPH) are shown to produce 432 

less TAG under N starvation (11, 70). The report that the pgrl1 mutant made less 433 

TAG than wild-type under mixotrophic conditions (71) is not surprising. It is well 434 

known that the bioenergetics of Chlamydomonas under photoautotrophic conditions 435 

differ from mixotrophic conditions (72–74). The presence of acetate can drastically 436 

affect cellular bioenergetics levels i.e. its uptake consumes ATP and its metabolism 437 

produces NADH, therefore further favoring oil synthesis (72, 73, 75, 76). TAGs 438 

accumulation was different in the CC125 background where the pgrl1CC125 mutant 439 

made similar amounts of TAGs as its background strain (Supplemental Fig. S6J). 440 

This seems not surprising when we consider that TAG accumulation is a metabolic 441 

consequence of changes in chloroplast redox state and in photosynthetic 442 

performance. The preservation of PSII yield and net O2 evolution was less dramatic 443 

in the CC125 background than in the 137AH background, which could be one of the 444 

reasons behind strain-dependent phenotype. This further reflects the fact that oil 445 

content is a complex trait, and it is the consequence of the interaction between 446 

genetic makeup, its metabolic flexibility and the capacity of the extent of a given cell’s 447 

response to environmental changes.   448 

In contrast to pgrl1137AH, the flvB mutants accumulated lower amounts of TAGs 449 

under N deficiency, and no difference in TAG was observed in the pgrl1 flvB double 450 

mutants, consisting again with the profile in photosynthetic performance and with 451 

their antagonistic roles. The flvB mutants accumulated higher amount of starch under 452 

N sufficient condition though. To conclude, this work further points to the importance 453 

of the role redox management on carbon allocation and storage, and that this effect 454 

is dependent on many factors including the genetic background, the trophic style, as 455 

well as the nutrient status. 456 

 457 

Materials and methods 458 

Growth conditions and strains 459 

The pgrl1137AH (from the background 137AH) with its complementing strain 460 

(pgrl1::PGRL1-2), flvB mutants from the background CC-4533 and the pgrl1 flvB  461 

double mutants were previously described (20, 31, 32). pgrl1CC125 mutants were 462 

generated in the CC125 background using CRISPR-Cas9 (see Supplemental 463 

Materials and Methods). All the information about the strains used are reported in 464 

Supplemental Table 1. Cells were routinely cultivated in an incubation shaker 465 

(INFORS Multitron pro) maintained at 25°C, with 120 rpm shaking and constant 466 

illumination at 50 µmol m−2 s−1. Fluorescent tubes delivering white light enriched in 467 

red wavelength supplied lightings in the INFORS. All experiments were performed 468 

under photoautotrophic condition with minimum medium with or without nitrogen 469 

source (MM and MM-N) buffered with 20 mM MOPS at pH 7.2 in air enriched with 1% 470 

CO2. Due to cell aggregation in the 137AH background (notably the pgrl1 mutant) 471 

that prevent accurate cell counting, total cellular volume was measured using a 472 

Multisizer 4 Coulter counter (Beckman Coulter) and the different strains were diluted 473 

to reach a similar cellular concentration before N deficiency experiments. 474 

 475 
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Measurement of chlorophyll fluorescence using a Pulse Amplitude Modulation 476 

(PAM) 477 

Chlorophyll fluorescence was measured using a PAM fluorimeter (Dual-PAM 100, 478 

Walz GmbH, Effeltrich, Germany) on the MIMS chamber as described in (49) using 479 

green actinic light (1250 µmol photon m-2 s -1, green LEDs). Red saturating flashes 480 

(8,000 µmol photons m−2 s −1, 600 ms) were delivered to measure the maximum 481 

fluorescence (FM) every 30 s (before and upon actinic light exposure). The maximum 482 

PSII quantum yield was calculated as Fv/Fm= (Fm-Fo)/Fm where F0 is the basal 483 

fluorescence obtained with the measuring light and Fm the fluorescence emitted after 484 

saturating pulse (77). PSII operating yield (ΦPSII) was calculated as ΦPSII= (FM’-Fs)/ 485 

FM’ with FM’ the fluorescence value after saturating pulse, Fs the stationary 486 

fluorescence during actinic light exposure.  487 

 488 

O2 exchange measurement using Membrane Inlet Mass Spectrometry (MIMS) 489 

O2 exchanges were measured in the presence of [18O]-enriched O2 using a water-490 

jacketed, thermoregulated (25°C) reaction vessel coupled to a mass spectrometer 491 

(model Prima ΔB; Thermo Electronics) through a membrane inlet system (78). The 492 

cell suspension (1.5 mL) was placed in the reaction vessel and bicarbonate (10 mM 493 

final concentration) was added to reach a saturating CO2 concentration. One hundred 494 

microliters of [18O]-enriched O2 (99% 18O2 isotope content; Euriso-Top) was bubbled 495 

at the top of the suspension just before vessel closure and gas exchange 496 

measurements. O2 exchanges were measured during a 3-min period in the dark, then 497 

the suspension was illuminated at 1250 μmol photons m−2 s−1 for 5 min using green 498 

LEDs followed by 3-min in the dark. Isotopic O2 species [18O18O] (m/e = 36), [18O16O] 499 

(m/e = 34), and [16O16O] (m/e = 32) were monitored, and O2 exchange rates were 500 

determined (78). Argon gas was used to correct O2 exchange measured by the 501 

spectrometer as described in (78). 502 

 503 

Redox state measurements of P700  504 

The PSI primary electron donor, were obtained from optical signals (705 nm – 740 505 

nm) using a Joliot-type spectrophotometer (JTS-150, Spectrologix USA), described in 506 

detail elsewhere (23, 79, 80). Harvested cells (2 min, 4000 rpm, 22°C) were 507 

resuspended in cuvettes to comparable densities in growth medium containing 20% 508 

Ficol (w/v). Samples were subjected to 2.5-s alterations of dark/light (490 µmol 509 

photon m-2 s-1, 630-nm LEDs), leading to a partial P700 pre-oxidation during the light 510 

period (donor side limitation). Additional fractions of photo-oxidizable P700 (PSI yield) 511 

were obtained by a 25 ms saturating pulse before the dark period, revealing non-512 

oxidizable P700 (acceptor side limitation) after comparison to fully oxidized P700 513 

when measured in the presence of 20 µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea 514 

(DCMU). 515 

 516 

All other methods are described in SI Materials and Methods.  517 
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 537 

Figures 538 

Figure 1. pgrl1 showed sustained photosynthesis after 2 d of N deficiency. 539 

A-B, Chlorophyll fluorescence was measured using a Dual-PAM during the dark-540 

light-dark transition from N-replete (A) and N-deficient (B) conditions.  541 

C-D, O2 exchange rates were measured using a MIMS during the dark-light-dark 542 

transition from N-replete (C) and N-deficient (D) conditions. Net O2 evolution (green) 543 

was calculated as gross O2 evolution (blue) – gross O2 uptake (red).  544 

E, PSII quantum yield before and after 2 d of N deficiency measured using green 545 

actinic light (1250 µmol photon m-2 s -1, green LEDs) and calculated as ΦPSII= (FM’-546 

Fs)/ FM’ with FM’ the fluorescence value after saturating pulse, Fs the stationary 547 

fluorescence during actinic light exposure.  548 

F, The Net O2 evolution before and after 2 d of N deficiency in the wild-type 137AH, 549 

pgrl1137AH and the complemented line pgrl1::PGRL1-2.  550 

G, Immunoblot analysis of PGRL1 accumulation in the wild-type 137AH, pgrl1 and 551 

the complemented line. L30 antibody was used as a positive control. Coomassie blue 552 

staining was used as the loading control. Protein samples were obtained from 2 d N-553 

starved cells.  554 

N-replete wild-type 137AH, pgrl1137AH, and pgrl1::PGRL1-2 cells cultivated 555 

photoautotrophically with 1% CO2 in air under continuous light (50 μmol photons m−2 556 

s−1) were transferred into N-free media for 2 d prior to measurements. Shown are an 557 

average of at least three biological replicates ± SD. Asterisks represent statistically 558 

significant differences compared to the control 137AH (* p<0.05, ** p<0.01 and *** 559 

p<0.001) using one-way ANOVA. 560 

 561 

Figure 2. PSI oxidation is facilitated by PGRL1 under N deficiency 562 

The influence of PGRL1 on the redox state of the primary PSI donor, P700, was 563 

monitored in the genetic background 137AH (A-B) and CC125 (Supplemental Fig. 564 

S4). Panel A shows raw kinetics (red/yellow/black bars: 490/3000/0 μmol photons 565 

m−2 s−1) in the presence and absence of PSII inhibitor DCMU (means ± SD of 4 566 

biological replicates). Panel B quantifies the corresponding P700 pools at the end of 567 

the 2.5-s light period (letters indicate parameter-specific significances using one-way 568 

ANOVA/Fisher-LSD, p<0.05). At the time of quantification, P700 remained photo-569 

oxidizable by a saturating pulse (PSI yield), was redox inactive (no acceptors) or was 570 

pre-oxidized (no donors). N-replete cells of wild-type 137AH and pgrl1137AH were 571 

cultivated photoautotrophically with 1% CO2 in air under continuous light (50 μmol 572 

photons m−2 s−1), and then transferred into N-free media for 24 h prior to 573 

measurements. 574 

 575 
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Figure 3. The photosynthesis in pgrl1 is driven by FLV-mediated O2 576 

photoreduction under N deficiency. 577 

A, Light-dependent O2 uptake attributed to FLV activity and calculated as the 578 

difference between the O2 uptake during the 1st min of illumination and dark O2 579 

uptake as shown by the Supplemental Figure 2.  580 

B, Gross O2 uptake measured between 5-7min as shown by the Supplemental 581 

Figure 2.  582 

C, Gross O2 evolution measured between 5-7min as shown by the Supplemental 583 

Figure 2.  584 

D, Net O2 evolution measured between 5-7min as shown by the Supplemental 585 

Figure 2. 586 

O2 exchange rates were measured using a MIMS in the presence of [18O]-enriched 587 

O2. Net O2 evolution (green) was calculated as gross O2 evolution (blue) – gross O2 588 

uptake (red). Total proteins were extracted from N-replete and 2 days N-deprived 589 

cells and samples were loaded at equal total proteins amounts as shown on 590 

Coomassie blue staining. Cells cultivated photoautotrophically with 1% CO2 in air 591 

under continuous light of 50 μmol photons m−2 s−1 were transferred into N-free media 592 

for 2 days prior to measurements or sampling for immunoblot. Shown are an average 593 

of at least three biological replicates ± SD. Asterisks represent statistically significant 594 

difference compared to the wild-type strains (* p<0.05, ** p<0.01, *** p<0.001 and 595 

**** p<0.0001) using one-way ANOVA. 596 

 597 

Figure 4. pgrl1 accumulated more cytochrome Cyt b6f and PsaD during N 598 

deficiency. 599 

A-C, Immunodetection of photosynthetic proteins in the pgrl1137AH, flvB-21 and pgrl1 600 

flvB-3 as compared to their controls during N deficiency. Cells were harvested at 0, 8, 601 

22, 30 and 50 hours of N deficiency. Samples were loaded at equal total protein 602 

amounts as shown by Coomassie blue staining. Shown are representative images of 603 

three biological replicates. The α-tubulin was used as housekeeping protein whereas 604 

ATG8 and the chloroplast 50S ribosomal large subunit L30 are controls of N 605 

depletion (81, 82). 606 

D-F, Histogrammes showing the abundance Cyt f, PsaD and ATG8 proteins in the 607 

pgrl1137AH, flvB-21 and pgrl1 flvB-3during N deficiency in the wild-type cells. Shown 608 

represent the ratio of mutants over control strains. Data are average of at least three 609 

biological replicates. 610 

 611 

Figure 5. pgrl1 over accumulated TAGs under N deficiency 612 

Starch (A-C) and TAG (D-F) quantification in N-deprived cells of pgrl1137AH, flvB and 613 

pgrl1 flvB mutants respectively. Cells were cultivated photoautotrophically with 1% 614 

CO2 in air under continuous light of 50 μmol photons m−2 s−1. For N deficiency, cells 615 

were transferred into N-free media for 2 d prior to sampling for starch and TAG. 616 

Shown are an average of at least three biological replicates ± SD. Asterisks 617 

represent statistically significant difference comparing mutants with their control 618 

strains (* p<0.05, ** p<0.01 and *** p<0.001) using one-way ANOVA. 619 

 620 
 621 
 622 

  623 
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