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44  Abstract (250 words)

45

46 Nitrogen (N) deficiency is a frequently encountered situation that constrains global biomass
47 productivity. In response to N deficiency, cell division stops and photosynthetic electron transfer are
48 downregulated, while carbon storage is enhanced. However, the molecular mechanism
49  downregulating photosynthesis during N deficiency and its relationship with carbon storage are not
50 fully understood. The Proton Gradient Regulator-like 1 (PGRL1)-involved in cyclic electron flow (CEF)
51 and Flavodiiron proteins involved in pseudo-(CEF) are major players in the acclimation of
52 photosynthesis. To determine the role of PGRL1 or FLV in photosynthesis under N deficiency, we
53 measured photosynthetic electron transfer, oxygen gas exchange and carbon storage in the knockout
54 of Chlamydomonas pgrll and flvB mutants. Under N deficiency, pgrll maintains higher net
55  photosynthesis and O, photoreduction rates, while flvB shows similar responses compared to control
56  strains. The amount of cytochrome bef was maintained at a higher level in pgrll. The photosynthetic
57  activity of pgrll flvB double mutants decreases in response to N deficiency similar to the control
58  strains. Furthermore, the triacylglycerol content of pgrll was twice higher than the controls under N
59  deficiency. Taken together, our results suggest that in the absence of PGRL1, FLV-mediated O,
60  photoreduction through PCEF maintains net photosynthesis at a high level, resulting in increased
61 triacylglycerol biosynthesis. This study reveals that PGRL1 and FLV play antagonistic roles during N
62  deficiency. It further illustrates how nutrient status can affect the regulation of photosynthetic energy
63 production in relation to carbon storage and provides new strategies for improving lipid productivity in
64  algae.

65

66  Significance statement

67 Nitrogen (N) deficiency, an often-encountered phenomenon in nature, triggers growth arrest and
68 massive lipid accumulation in microalgae. The downregulation of photosynthesis is necessary to
69  ensure cell viability. We demonstrate that a well-conserved protein in chlorophytes, the Proton
70  Gradient Regulator-like 1 (PGRL1) is a key (down) regulator of photosynthesis. In its absence, cells
71  exhibited sustained photosynthesis and over-accumulated lipids thanks to the Flavodiiron (FLV)
72 protein. We propose that both PGRL1 and FLV, by having antagonistic roles in N deficiency, manage
73 the redox landscape, carbon storage and biomass production. Our work revolves around the current
74  paradigm of photosynthesis regulation during N deficiency and provides a new framework for
75 improving lipid accumulation in microalgae for biotechnological purposes.
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88 Introduction

89 Nitrogen (N) deficiency is one of the most harsh environmental situation that constrains global primary
90  biomass productivity in all ecosystems (1-3). Under N deficiency, cell division and photosynthetic CO,
91 assimilation are downregulated, the carbon and energy are used to synthesize starch and
92  triacylglycerols (TAGSs) (4-7). The downregulation of electron transfer reactions, together with a re-
93 routing of the excess of reducing power towards carbon storage, prevents over-production of reactive
94  oxygen species, thus ensuring cell fithess (8—12).

95 Due to the variability in their natural habitat, microalgae must constantly adjust the production
96  of energy by photosynthesis to match the metabolic demand and have therefore developed a set of
97 regulatory mechanisms to fine-tune electron transfer reactions. During photosynthesis, energy in the
98  form of ATP and NADPH is mostly produced by the linear electron flow (LEF) (13). The balance of
99  ATP and NADPH is essential for optimal CO, capture and metabolism to which cyclic electron flow
100 (CEF) and pseudo-cyclic electron flow (PCEF) play a critical role (14-17). Two pathways of CEF
101  around PSI have been described in the green microalga Chlamydomonas reinhardtii (Chlamydomonas
102 hereafter), one involving the type Il NADPH dehydrogenase (NDA2) (18), and the other the proton
103  gradient regulator 5 (PGR5)/PGR-like 1 (PGRL1) proteins (19). Both CEF pathways reduce the
104  plastoquinone (PQ) pool by using either NADPH or ferredoxin (Fd) as electron donor respectively (18,
105 20). CEF has been shown to take part in the acidification of thylakoid lumen through generating an
106  extra proton motive force (pmf) in addition to the one produced by LEF (18, 19, 21, 22). PCEF
107 mediated by Flavodiiron proteins (FLVs), by transferring electrons from Fd toward O, also contributes
108 to the establishment of the pmf and therefore to the lumen acidification (23-25). The pmf is used to
109  either (1) produce ATP (26), (2) trigger light energy quenching via a low lumenal pH (27-29) or (3)
110 repress electron transfer at the level the cytochrome bgf complex through the photosynthetic control
111 triggered by the low lumenal pH (21, 30-32). Both CEF and PCEF have been shown to be critical
112 under various conditions of light, CO, availability or sulfur deficiency, where both mechanisms have
113 been found to play a synergistic role (14, 24, 25, 33, 34).

114 Despite the importance of CEF and PCEF in response to dynamic environments, little is
115 known about their role during N deficiency. The role of NDA2-involved CEF have been recently
116  addressed during CO,-limiting photoautotrophic N deficiency and the lack of NDA2 was shown to
117 impair the establishment of non-photochemical quenching (22). The role of PGRL1-PGR5 pathway
118 has been investigated under mixotrophic N deficiency and the lack of PGRL1 was shown to decrease
119 the rate of CEF and consequently TAG production (35). However, the role of PGRL1 during
120  photoautotrophic N deficiency and the possible existence of interactions between carbon/energy sinks
121 (TAG and starch) and (P)CEF pathways has not been explored so far. The latter appears particularly
122 important considering that massive carbon reallocation occur under N deficiency (4). Fully
123 understanding the role of these regulatory pathways and how they affect reserve formation is also
124  needed towards engineering photosynthesis and improving lipid production in conditions of nutrient
125  deficiency.

126 Here, we evaluated the contribution of PGRL1-mediated CEF in the regulation of
127 photosynthesis during N deficiency and its interaction with carbon reserve accumulation in
128 Chlamydomonas cells grown in photoautotrophic conditions in non-limiting CO, concentrations (using
129 CO,-enriched air), conditions which favor the accumulation of carbon reserves (7, 36, 37). By
130  monitoring photosynthetic activity based on chlorophyll fluorescence and O, exchange rates
131 measurements, we observed a continuous and high net and gross photosynthetic activity, elevated O,
132 uptake and hyper-accumulation of TAGs in a PGRL1-deficient strain under N deficiency compared to
133  the control strains. By characterizing mutants deficient in either PGRL1, FLVs or both we showed that
134 FLVs, by maintaining a strong PCEF in the pgrll mutant, allows maintaining high photosynthetic rates
135 and high TAG accumulation. Finally, we discuss how modulating photosynthetic electron flow could
136  constitute an efficient strategy to boost TAG production under nutrient deficiency.

138 Results

139 A PGRL1-deficient mutant showed sustained photosynthetic activity under N deficiency

140 To first assess the role of PGRL1 in the regulation of photosynthesis during photoautotrophic N
141  deficiency, we simultaneously monitored chlorophyll fluorescence and O, exchange following a dark-
142 light-dark transition in N-replete and N-deprived cells. We compared the photosynthesis efficiency of
143  the PGRL1-deficient strain (pgrll hereafter) with its control wild-type strain (137AH) and two
144  complemented lines (19) (Fig. 1 and Supplemental Fig. S1 and S2). Under N replete condition, both
145  chlorophyll fluorescence and net O, evolution patterns were mostly similar in pgrll and control cells
146  (Fig. 1 A, B, E and F). pgrll exhibited higher O, uptake and gross O, production rates in the light as
147  compared to control lines (Fig. 1B and F), as previously reported (14, 25). After 2 days of N
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148  deficiency, the PSII operating yield measured in the light decreased by about 75% in the WT and only
149 by 35% in pgrll (Fig. 1 C, D, E and F; Supplemental Fig. S1C). As previously reported (5, 38) the
150  dark respiration rate was stimulated in the WT under N deficiency, this effect being reduced in pgrll
151  (Supplemental Fig. S2 and S4). Conversely, pgrll showed twice higher net O, evolution and light-
152 dependent O, uptake as compared to the WT (Fig. 1 D and F). By using pgrll complemented lines
153  (19) we observed full recovery in the pgrll::PGRL1-2 and a partial recovery in pgrll:PGRL1-1
154  (Supplemental Fig. S1 and S2). The preservation of photosynthetic activity in pgrll suggests that
155 CEF contributes to repressing the activity of photosynthetic electron transfer under photoautotrophic
156 N-deficiency.

157

158 Cyt bef, PsaD and FLVs accumulate to higher levels in pgrll as compared to its control under N
159 deficiency

160  The amount of photosynthetic proteins drops when Chlamydomonas cells undergo N deficiency under
161  mixotrophic conditions (5, 39). However, this effect strongly depends on growth conditions, as the
162  amount of photosynthetic proteins is maintained at high level when cells are grown under CO,-limiting
163 photoautotrophic conditions (22). By loading similar protein amounts, we observed detectable amount
164  of PGRL1, NDA2, FLVA and FLVB proteins up to 48h of N deficiency although FLVs were found at
165 lower amount compared to N-replete conditions (Fig. 2 A and B). A strong reduction in the amounts of
166  Cytf, PsbD, PsaC and PsaD subunits were observed when N deficiency was performed in non-limiting
167 CO; photoautotrophic, thus indicating a reduction in the amounts of Cyt bef, PSIl and PSI complexes
168 (Fig. 2 A and B). We conclude from these analyses that N-limitation induces a strong decrease in
169 most proteins involved in photosynthetic electron transport with the exception of the CEF proteins
170  PGRL1 and NDA2.

171 To gain insights into the mechanisms behind the high photosynthetic activity in pgrll during N
172  deficiency, we compared the relative abundance of major proteins involved in photosynthetic
173  complexes and in CEF and PCEF in the pgrll and the WT during N deficiency (Fig. 2 C and D).
174 Interestingly, we observed a higher accumulation of the PSI subunit PsaD and reduced degradation of
175 Cyt f in pgrll compared to the WT (Fig. 2 C and D). FLVA amount was found more abundant after 2 d
176  of N deficiency despite a reduced level in N-replete in pgrl1 compared to the WT (Fig. 2 C and D). It is
177  worth noting that the hallmark of autophagy i.e. ATG8 was barely detectable in the mutant whereas it
178  was highly induced in the WT under N deficiency (Fig. 2 C and D). All the other proteins tested
179  accumulated to a similar amount in pgril and WT (Fig. 2 C and D). We conclude from this experiment
180 that pgrll mutant keeps a higher photosynthetic activity during N deficiency than the WT thanks to a
181 lower decrease of the Cyt bsf amount and higher accumulation of PSI and FLVs proteins.

182

183 FLV-mediated O, photoreduction drives photosynthesis in pgrl1 under N deficiency

184  The above data (Fig. 1 and 2) suggest that PGRL1 is involved in the downregulation of PET, and that
185 alight-dependent O, uptake mechanism is activated in pgrll during N deficiency. We then questioned
186  the nature of molecular actors involved in the increased O, uptake. As FLVs have been reported to be
187  the main O, uptake mechanism in the light (24, 25, 40), we evaluated steady-state O, exchange rate
188 in pgrll, flvB as well as in the pgrll flvB double mutants (Fig. 3). In N-deficiency, the light-dependent
189 O, uptake, was highly increased in pgrll but strongly impaired in flvB and pgril flvB mutants
190 (supplemental Fig. S3 and S4B) which mirrors what has been reported for N-replete conditions (24,
191  25). Interestingly, while both O, uptake in the light and net O, production measured during steady-
192  state photosynthesis remained high in pgrl1, no marked difference in gross or net O, exchange were
193  detected between flvB, pgrll flvB and their respective control lines (Figure 3 A-C and supplemental
194 Fig. S2 and S3). Immunoblot analyses showed similar accumulation of NDA2, Cyt f, PsaD, and ATG8
195 proteins in the prgll flvB compared to controls under N replete and deficiency (Fig. 3D). Taken
196  together, these data show that the absence of FLV-mediated PCEF in the pgrll background restores
197 the effect of N limitation observed in control strains. We conclude that FLV-mediated PCEF by
198 maintaining photosynthetic electron transfer reactions in pgrll allows net photosynthesis to be
199 maintained at a high level during N deficiency.

200

201  pgrll over accumulates TAGs under N deficiency

202 Emerging literature suggests that alterations of energy management pathways affect not only biomass
203 production but also its composition (16, 17, 36, 41). Starch and TAGs are major forms of carbon
204  storage in Chlamydomonas during N deficiency. Since pgrll mutant shows stronger net photosynthetic
205 rate, we measured its ability to accumulate storage compounds. Starch accumulation was similar in
206  pgrll and control lines under both N replete and deficiency (Fig. 4A; Supplemental Fig. S5, S7 A and
207 B). In contrast, thin-layer chromatography (TLC) revealed twice more TAG accumulation in pgrll
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208  compared to the control lines under N deficiency whereas no difference was observed under N-replete
209  condition (Fig. 4B; Supplemental Fig. S5 and S7 C and D). Lipid droplet imaging confirmed the
210 observation of TAG quantification by TLC (Fig. 4C). To determine whether the increase in TAG is due
211  to membrane lipid remodeling or to an improved de novo fatty acid biosynthesis in the chloroplast, we
212  quantified total fatty acids by gas chromatography coupled to a mass spectrometer (GC-MS). We
213 observed a net increase in total fatty acids in pgrll, suggesting an increase in de novo fatty acid
214 biosynthesis (Supplemental Fig. S6).

215 We then evaluated whether the changes in photosynthesis and TAG amount affect biomass
216  accumulation, we followed changes in cell volume for 6 d during N deficiency. Cell volume is used
217 here as a proxy for biomass accumulation. The cell volume increased twice faster in the pgril
218  compared to the control lines (Supplemental Fig. 5A). We conclude from above experiments that the
219 higher photosynthetic activity in pgrll results in increased biomass and TAG productivity under N
220  deficiency.

221 We then analyzed starch and TAG amount in flvB as well as pgrll flvB double mutants before
222 and under N deficiency (Supplemental Fig. S7). Similar to the observations on photosynthetic activity,
223 the pgrll flvB double mutant accumulated similar amounts of TAG and starch as compared to control
224  strains either in N replete or N limited conditions (Supplemental Fig. S7I-L). Intriguingly, under
225  optimal growth but not under N deficiency, the flvB single mutants accumulated much higher amount
226  of starch than WT (Supplemental Fig. S7E) and accumulated lower amounts of TAG under N
227  deficiency (Supplemental Fig. S7H). These data indicate that modifying regulatory mechanisms of
228 photosynthetic electron transfer reactions strongly affects carbon storage in both quality and quantity
229 (Fig. 1 and 2).

230 We conclude that during phototrophic N-deficiency, photosynthetic electron flow mediated by
231 FLVs allows to drive photosynthetic TAG accumulation while PGRL1 tends to constrain it, likely via an
232 activation of photosynthetic control. We propose that both PGRL1 and FLVs, by having an
233 antagonistic role in N-deprivation, manage the redox landscape, carbon storage and biomass
234 production.

235

236 Discussion

237  The ability of microalgae to coordinate their energy production to meet the metabolic demand is crucial
238  for their survival in a constantly fluctuating environment. Mechanisms involved in photosynthesis
239 regulations have been abundantly studied in response to light or CO, levels, but not much is known
240  during nutrient deficiency when a massive re-orientation of metabolic pathways occur. In the absence
241  of N, the major cellular energy sinks (cell division, protein biosynthesis and photosynthetic CO,
242 fixation) are restricted whereas the carbon and energy are stored as TAGs or starch. Moreover, the
243 photosynthetic electron transfer (PET) is downregulated to match the demand and maintain cell
244  viability. In this study, we demonstrated that PGRL1 is involved in the downregulation of PET during N
245  deficiency. This down-regulation likely operates via the photosynthetic control mechanism (see below
246  for details). Lack of PGRL1 resulted in sustained efficient photosynthetic activity after 2 d of N
247  deficiency. We have further shown that the release of photosynthetic control in pgrll mutants resulted
248 in higher FLVs-mediated PCEF. By channeling excess electrons toward O,, PCEF prevents PSI
249  acceptor side-limitation, allows maintaining PET at high level and favors high TAG accumulation. A
250 schematic diagram explaining the role of PGRL1 in the downregulation of photosynthesis and
251  metabolic consequences of its absence during N deficiency is presented in Fig. 5.

252 PGRL1-involved CEF contributes to photosynthetic control during N deficiency

253 Unlike in higher plants (21, 42—-44), the photosynthetic control mechanism has been poorly studied in
254  microalgae. The term ‘photosynthetic control’ refers to mechanisms that restrict the reactions of PET
255  during the steady-state photosynthesis mostly occur in response to environmental fluctuations (31,
256  44). The Cyt bef is considered as the central hub for controlling PET between PSII to PSI and prevents
257  the over reduction of P700 (44, 45). This is achieved either by slowing down the turnover rate
258 (conductance) of the Cyt bef triggered by the acidification of the thylakoid lumen (44) followed (or not)
259 by the selective autophagy of Cyt bef (39). In addition to Cyt bsf, the PGRL1-PGR5-dependent CEF
260 was shown to contribute to the photosynthetic control in higher plants (21, 43, 46) and lately in
261  microalgae (19, 47-50). However, a recent work in Chlamydomonas reported that PGRL1 only slightly
262  contribute to the lumenal proton generation and that the pgrll displayed similar proton gradient to the
263  WT during photoautotrophic N deficiency under CO, limiting conditions (22). Our work shows that
264  impairing the accumulation of the PGRL1 removes a bottleneck of photosynthetic electron flow during
265 N deficiency under non-limiting CO, conditions (Fig. 1 and 3; Supplemental Fig. S1 and S2). Similar
266  observations were reported under sulphur deprivation where deletion of PGRL1 or PGR5 resulted in
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267  sustained linear electron flow toward H, production in Chlamydomonas (19, 49). The contribution of
268 PGRL1 in the photosynthetic control is likely through the acidification of lumen that will exert a
269 backpressure on Cyt bef conductance, slowing down the electron transfer toward plastocyanin.
270 However, further works will be required to shed light on the exact participation of PGR5/PGRLL1 in the
271  photosynthetic control. Recently, PGR5 (which interacts with PGRL1 during the CEF (43) was shown
272  to be required for efficient Q cycle through the reduction of the heme-c; in the bef using reduced
273  ferredoxin (50). The operation of the Q cycle is crucial for lumen acidification to trigger the onset of
274  photosynthetic control (51-53). By doing so, PGRL1-PGR5 connects the stromal redox poise to the
275 bef-dependent photosynthetic control.

276

277  FLVs become predominant in the absence of PGRL1-mediated cyclic electron flow

278 So far, a few studies reported a compensation mechanism between PGRL1 and FLVs during algal
279  adaptation to high light or low-CO, conditions (14, 25). Under high light or low-CO, conditions, the
280 increased activity of FLVs in the PGRL1-deficient strain had no significant improvement on the net
281  photosynthesis but rather FLVs serve either as a safety valve of excess electrons or to balance
282  ATP/NAD(P)H by generating more pmf (14, 25). Similar compensation has also been observed in
283 higher plants where orthologous expression of FLVs rescues the pgr5 mutants phenotype without
284  further improvement photosynthesis (46, 54) although some level of increased biomass where
285 measured in WT Arabidopsis expressing FLVs under light fluctuations thanks the protective role of
286 FLVs in these conditions (55). In contrast, our results suggest that under N deficiency, FLVs and
287 PGRL1 have an antagonistic role. Indeed, the increased activity of FLVs in the PGRL1-deficient strain
288 resulted in higher net photosynthesis and TAG accumulation than in the WT (Fig. 3D and 4B), which
289  shows that rather than compensating each other, PGRL1 is indirectly controlling the activity of FLVs by
290  limiting the electron flow. Our observation of the sustained accumulation of Cyt bsf and increased
291  accumulation of PSI in the PGRL1-deficient strain under N deficiency (Fig. 2C) could be explained by
292  the strong activity of FLVs draining electrons from the photosynthetic chain thereby releasing the over-
293 reduction pressure and preventing PSI from damage. However, we were expecting that removal of
294  both PGRL1 and FLVs should have more severe consequences on cell physiology and metabolism.
295 Instead, we observed similar photosynthetic activity and TAG biosynthesis in the pgrll flvB double
296  mutants as their control strains (Fig. 3 and supplemental Fig. S7), i.e. the additional removal of FLVs
297  suppressed the phenotype of PGRL1-deficient strain. The WT-like phenotype of pgrll flvB double
298 mutants further supports our conclusion that PGRL1 and FLV are antagonist during N deficiency. A
299  third pathway taking over could explain this WT-like phenotype of the double mutant pgrll flvB. The
300 NDA2 pathway or chloroplast-mitochondria electron flow (CMEF) could be good candidates. NDA2
301 protein level was shown to increase during air photoautotrophic N deficiency and also the CEF rate in
302 Chlamydomonas was decreased by 50% in nda2 mutants (22). However, we observed a similar
303 protein level of NDA2 in the pgrll flvB as their control lines (Fig. 3C and Supplemental Fig. S4D).
304 Nevertheless, the protein level might not always correlate with the activity and other regulatory
305 mechanisms (e.g., phosphorylation or redox regulation) can modulate enzyme activity. However, the
306  high rates of respiration in the dark in N-deprived WT and pgrll flvB double mutants (Fig. 1 and
307 Supplemental Fig. S3 and S4A) is a good indication that mitochondria is strongly active and likely
308 reflects a strong CMEF, which would take over CEF and PCEF in N-deprived conditions. Altogether,
309 we conclude that FLVs act as a major driving force leading to the increased net photosynthesis in
310  pgrll under N deficiency (Fig. 3).

311

312 Relationship between cellular redox landscape and carbon storage

313 A major biotechnological challenge in algal domestication for biofuel is the low lipid productivity. In
314  Chlamydomonas and many other microalgae, starch and TAG massively accumulate but mostly under
315  stress conditions in particular N deficiency when cell division stops and productivity is impaired.
316 Considerable efforts have focused on the study of the molecular mechanisms behind the onset of
317 reserve accumulation by monitoring omics responses to a stress (5, 56-59), or focused on specific
318 steps of fatty acid and TAG biosynthesis, which have resulted in some limited improvement in
319 productivity (60, 61). Improving productivity requires a better understanding of the crosstalk between
320 photosynthetic carbon fixation, environmental signals and the redox balance, which all govern reserve
321  accumulation (62-64). Here by studying mutants affected in CEF and PCEF, we explored the
322  relationships between the cellular redox status and carbon storage. The increased accumulation of
323  TAG but not starch observed in the PGRL1-deficient strain under N deficiency (Fig. 4 A and B) is due
324  to an increase in de novo biosynthesis in the chloroplast as evidenced by the observed increase in
325  total fatty acids (Supplemental Fig. S6). The increase in TAG amount is a consequence of the
326  continuous production of NADPH and ATP through PCEF in the PGRL1-deficient strain under nitrogen


https://doi.org/10.1101/2023.01.18.524499
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.18.524499; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

327  deficiency. By alleviating the limitation of the acceptor side of PSI, PCEF released the over-reduction
328 pressure of the photosynthetic chain, thereby sustaining the PET reactions. In line with our finding, the
329 Chlamydomonas pgd1l mutants (e.g. Plastid galactoglycerolipid degradation 1) with reduced LEF rate
330  are shown to produce less TAG under N starvation (11, 65). The report that the pgrll mutant made
331 less TAG than WT under mixotrophic conditions (66) is not surprising. It is well known that the
332 bioenergetics of Chlamydomonas under photoautotrophic conditions differ from mixotrophic conditions
333 (67-69). The presence of acetate can drastically affect cellular bioenergetics level i.e. its uptake
334  consumes ATP and its metabolism produces NADH, therefore further favoring oil synthesis (67, 68,
335 70, 71).

336 Moreover, in addition to higher TAG amount, we also observed higher biomass (cell volume) in the
337 PGRL1-deficient strain during N deficiency (Supplemental Fig. 5A). This high biomass can be
338 interpreted by the combined increased of photosynthetic activity (Fig. 1), TAG biosynthesis (Fig. 4)
339 and reduced autophagy as indicated by the amount of ATG8 (Fig. 2).
340 Here we show that removing the photosynthetic control mediated by PGRL1 allows the FLVs-
341 mediated PCEF to massively take part in the energization of the de novo fatty acid biosynthesis
342 pathway resulting in improved TAG biosynthesis and double TAG productivity. Taken together, our
343  data highlight the importance of energetic balance on carbon reserve formation for biomass production
344  and for altering biomass composition. Rewiring the alternative photosynthetic electron flows opens
345 new possibilities in fine tuning algal productivity and the organic compounds they are producing.

346

347 Materials and methods

348 Growth conditions and strains

349 The pgrll from the background 137AH, its two complementing strains, flvB mutants from the
350 background CC-4533 and the double mutants pgrll flvB were previously described (19, 24, 25). Cells
351  were routinely cultivated in an incubation shaker (INFORS Multrtron pro) maintained at 25°C, with 120
352 rom shaking and constant illumination at 50 pmol m . Fluorescent tubes delivering white light
353  enriched in red wavelength supplied lightings in the INFORS. All experiments were performed under
354  photoautotrophic condition with minimum medium with or without nitrogen source (MM and MM-N)
355 buffered with 20 uM MOPS at pH 7.2 in air enriched with 1% CO,. Due to cell aggregation (pgrl1) that
356  prevent accurate cell counting, total cellular volume was measured using a Multisizer 4 Coulter
357 counter (Beckman Coulter) and the different strains were diluted to reach a similar cellular
358  concentration before N deficiency experiments.

359

360 Measurement of chlorophyll fluorescence using a Pulse Amplitude Modulation (PAM)

361  Chlorophyll fluorescence was measured using a PAM fluorimeter (Dual-PAM 100, Walz GmbH,
362 Effeltrich, Germany) on the MIMS chamber as described in (40) using green actrnrc Ilght (1250 umol
363 photon m? s ™, green LEDs). Red saturating flashes (8,000 pmol photons m™ , 600 ms) were
364 delivered to measure the maximum fluorescence (FM) every 30 s (before and upon actinic light
365  exposure). The maximum PSIl quantum yield was calculated as Fv/Fm= (Fm-Fo)/Fm where F is the
366 basal fluorescence obtained with the measuring light and Fm the fluorescence emitted after saturating
367 pulse (72). PSIl operating yield (®PSIl) was calculated as ®PSIl= (Fy,-Fs)/ Fy' with Fy' the
368 fluorescence value after saturating pulse, Fs the stationary fluorescence during actinic light exposure.

369

370 0O, exchange measurement using Membrane Inlet Mass Spectrometry (MIMS)

371 O, exchanges were measured in the presence of [* O] -enriched O, using a water-jacketed,
372  thermoregulated (25°C) reaction vessel coupled to a mass spectrometer (model Prima AB; Thermo
373 Electronics) through a membrane inlet system (73). The cell suspension (1.5 mL) was placed in the
374  reaction vessel and bicarbonate (10 mM flnal concentration) was added to reach a saturating CO,
375  concentration. One hundred microliters of [**OJ-enriched O, (99% *°0, isotope content; Euriso-Top)
376 was bubbled at the top of the suspension just before vessel closure and gas exchange
377 measurements. O, exchanges were measured during a 3-min period in the dark, then the suspension
378 was illuminated at 1250 pmol photons m”™ 2 5™ for 5 min using green LEDs followed by 3-min in the
379  dark. Isotopic O, species [*0'®0] (m/e = 36), [°0™0] (m/e = 34), and [**0™0] (m/e = 32) were
380 monitored, and O, exchange rates were determined (73). Argon gas was used to correct O, exchange
381 measured by the spectrometer as described in (73).

382

383  All others methods are described in SI Materials and Methods.

384
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392 Figures

393 Figure 1. pgrll showed sustained photosynthesis after 2 d of N deficiency.

394  A-C, Chlorophyll fluorescence was measured using a Dual-PAM during the dark-light-dark transition
395  from N-replete (A) and N-deficient (B) conditions.

396 D-F, O, exchange rates were measured using a MIMS in the presence of [**0]-enriched O,. Net O,
397  evolution (green) was calculated as gross O, production (blue) — gross O, uptake (red).

398 E, PSII quantum yield before and after 2 d of N deficiency. PSII (Y) was measured using green actinic
399  light (1250 umol photon m? s ™, green LEDs) and calculated as ®PSli= (Fy'-Fs)/ Fy' with Fy' the
400 fluorescence value after saturating pulse, Fs the stationary fluorescence during actinic light exposure.
401  Asterisks represent statistically significant differences compared to the control 137AH (* p<0.05, **
402 p<0.01 and *** p<0.001) using one-way ANOVA.

403 F, The Net O2 production before and after 2 d of N deficiency in the wild-type 137AH, pgrll and the
404  complemented lines pgrll::PGRL1-1 and pgrll::PGRL1-2.

405 G, Immunoblot analysis of PGRL1 accumulation in the wild-type 137AH, pgrll and the complemented
406 lines. L30 antibody was used as a positive control. Coomassie blue staining was used as the loading
407  control. Protein samples were obtained from 2 d N-starved cells.

408 Wild type 137AH, porll, pgrll:PGRL1-1 and pgrll::PGRL1-2 N-replete cells cultivated
409 photoautotrophically with 1% CO, in air under continuous light (50 umol photons m™? s™) were
410 transferred into N-free media for 2 d prior to measurements. Shown are an average of at least three
411  biological replicates + SD.

412

413 Figure 2. pgrl1 accumulated more cytochrome Cyt bgf and PSI during N deficiency.

414 A, Immunodetection of photosynthetic proteins in the wild-type 137AH during N deficiency. Cells were
415 harvested at 0, 16, 24, 40 and 48 of N deficiency. Total proteins were extracted from the same cell
416  number (20 million of cells) to quantitatively follow changes in specific protein amounts. Shown are
417 representative images of three biological replicates. We validated our quantitative analysis by showing
418 unchanged accumulation of the housekeeping a-tubulin protein and the timely induction of ATG8
419  autophagy protein despite the gradual degradation of total cellular proteins as shown by Coomassie
420  staining during N deficiency.

421 B, Heatmap showing the abundance of proteins during N deficiency in the WT cells. The time 0 (N
422 replete) was used for normalization. The color scale is shown in the right. Data are average of at least
423  two biological replicates.

424  C, Immunodetection of photosynthetic proteins in the wild-type 137AH and pgrll during N deficiency.
425  Total proteins were extracted from cells harvested at 0, 8, 22, 30 and 50 h of N deficiency. Samples
426  were loaded at equal total protein amounts as shown by Coomassie blue staining. Shown are
427 representative images of three biological replicates.

428 D, Heatmap showing the proteins abundance during N deficiency in the pgrll cells. The data from
429  different time points were normalized to the WT protein amount. The color scale is shown in the right.
430 Data are average of at least two biological replicates.

431

432 Figure 3. The photosynthesis in pgrll is driven by FLV-mediated O, photoreduction under N
433  deficiency.

434 A, Gross O, uptake measured between 5-7min as shown by the supplemental figure 3B.

435 B, Gross O, production measured between 5-7min as shown by the supplemental figure 3B

436  C, Net O, production measured between 5-7min as shown by the supplemental figure 3B

437 D, Immunodetection of photosynthetic protein in pgrll flvB and their control lines.

438 O, exchange rates were measured using a MIMS in the presence of [*°OJ-enriched O,. Net O,
439  evolution (green) was calculated as gross O, production (blue) — gross O, uptake (red). Total proteins
440  were extracted from N-replete and 2 days N-deprived cells and samples were loaded at equal total
441  proteins amounts as shown on Coomassie blue staining. Cells cultivated photoautotrophically with 1%
442 CO; in air under continuous light of 50 pmol photons m~2 s were transferred into N-free media for 2
443 days prior to measurements or sampling for immunoblot. Shown are an average of at least three
444  biological replicates + SD. Asterisks represent statistically significant difference compared to the WTs
445  (* p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001) using one-way ANOVA.
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446

447 Figure 4. pgrll over accumulated TAGs under N deficiency

448 A, Starch amount.

449 B, TAG amount.

450  C, representative images of confocal microscopy observation of lipid droplet stained with Bodipy dye.
451 Pseudo-colors were used: BODIPY-stained LDs in yellow, chlorophyll autofluorescence in red. DIC:
452  differential interference contrast. Scale bar = 5 pm.

453 Cells cultivated photoautotrophically with 1% CO in the air under continuous light of 50 pymol photons
454  m™ s were transferred into N-free media for 2 d prior to sampling for starch and TAG or confocal
455 imaging. Asterisks represent statistically significant difference compared to the control 137AH (*
456  p<0.05, ** p<0.01 and *** p<0.001) using one-way ANOVA.

457

458 Figure 5. Schematic diagram on the role of PGRL1 in the downregulation of photosynthesis
459  and metabolic consequences of its absence during N deficiency

460  We proposed that PGRL1-mediated CEF is involved in the downregulation of photosynthesis during N
461  deficiency through the Cyt b6f-dependent photosynthetic control (black arrow). In the absence of
462 PGRL1, FLVs-mediated PCEF is strongly induced to drive the photosynthetic electron transfer. As a
463 result, excess photosynthetic electrons are diverted toward fatty acid and triacylglycerol biosynthesis (*
464  out of the chloroplast). The red arrows show the pathways upregulated in the PGRL1-deficient strain
465  compared to the WT (gray arrows).

466
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