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19 Abstract

20 Life on earth depends on photosynthetic primary producers that exploit sunlight to fix CO2 into
21 biomass. Approximately half of global primary production is associated with microalgae living in
22 aquatic environments. Microalgae also represent a promising source of biomass to complement
23 crop cultivation, and they could contribute to the development of a more sustainable bioeconomy.
24 Photosynthetic organisms evolved multiple mechanisms involved in the regulation of
25 photosynthesis to respond to highly variable environmental conditions. While essential to avoid
26 photodamage, regulation of photosynthesis results in dissipation of absorbed light energy,
27 generating a complex trade-off between protection from stress and light-use efficiency. This work
28 investigates the impact of the xanthophyll cycle, the light-induced reversible conversion of
29  violaxanthin into zeaxanthin, on the protection from excess light and on biomass productivity in the
30 marine microalgae of the genus Nannochloropsis. Zeaxanthin is shown to have an essential role
31 in protection from excess light, contributing to the induction of Non-Photochemical Quenching and
32 scavenging of reactive oxygen species. On the other hand, the overexpression of Zeaxanthin
33 Epoxidase, enables a faster re-conversion of zeaxanthin to violaxanthin that is shown to be
34 advantageous for biomass productivity in dense cultures in photobioreactors. These results
35 demonstrate that zeaxanthin accumulation is critical to respond to strong illumination, but it may
36 lead to unnecessary energy losses in light-limiting conditions, and accelerating its re-conversion to
37 violaxanthin provides an advantage for biomass productivity in microalgae.

38 Significance Statement

39 This work investigates the impact of the xanthophyll cycle in marine microalgae on the trade-off
40 between photoprotection and light-use efficiency. Our results demonstrate that whilst zeaxanthin is
41 essential for photoprotection upon exposure to strong illumination, it leads to unnecessary energy
42 losses in light-limiting conditions and thus accelerating its re-conversion to violaxanthin provides
43 an advantage for biomass productivity in microalgae.
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44 Introduction

45

46 Photosynthetic organisms are the main primary producers on our planet, supporting the metabolism
47 of most life forms, thanks to their ability to exploit sunlight to drive the fixation of COz into biomass.
48  Approximately half of global primary production is associated with aquatic environments and
49 depends on microalgae, making these organisms essential to sustain life in natural ecosystems
50 (2). Investigating the regulation of photosynthesis is essential both to understand the dynamics of
51 primary productivity in natural ecosystems as well as to pave the way to improve light-to-biomass
52 conversion efficiency and increase crop productivity to respond to an ever-increasing demand for
53 food (2).

54 In the natural environment, light absorbed by photosynthetic pigments, such as Chlorophyll (Chl),
55 can easily become excessive with respect to the metabolic capacity of the cell, driving the over-
56  reduction of the photosynthetic electron transport chain and consequently the generation of toxic
57 reactive oxygen species (ROS). Photosynthetic organisms evolved several mechanisms regulating
58 light-use efficiency and photosynthetic electron transport to reduce the probability of over-reduction
59 and cell damage (3, 4). Among these mechanisms, Non-Photochemical Quenching (NPQ) drives
60 the dissipation of excited states of Chl (i.e. Chl singlets) as heat, thus reducing the probability of
61 generating ROS. In eukaryotes, NPQ depends both on the generation of a ApH across the thylakoid
62 membrane and the presence of specific molecular activators, namely PsbS and/or LHCSR/LHCX,
63 depending on the species (5, 6).

64 In most eukaryotic organisms, a second major regulatory mechanism of photosynthesis is the
65 xanthophyll cycle. Upon exposure to excess irradiation, the decrease in pH of the thylakoid lumen
66  induces the activation of Violaxanthin De-Epoxidase (VDE) that catalyses the conversion of
67 violaxanthin into zeaxanthin (7, 8). Zeaxanthin contributes to photoprotection both by enhancing
68  NPQ and directly scavenging Chl triplets and ROS (9). In limiting light conditions, zeaxanthin is
69  converted back to violaxanthin by Zeaxanthin Epoxidase (ZEP). The two reactions of the cycle
70 have different kinetics and, while zeaxanthin accumulates in a few minutes after exposure to strong
71 illumination, it takes tens of minutes for ZEP to convert it back to violaxanthin. This slower rate of
72 re-conversion has been suggested to provide more effective photoprotection in nature in case of
73 repeated peaks of excess irradiation due to rapidly changing weather conditions (10).

74 NPQ and the xanthophyll cycle are important to protect the photosynthetic apparatus from excess
75 irradiation, and they have been shown to contribute to the fithess of photosynthetic organisms in
76 dynamic natural conditions (11). On the other hand, their activity results in the dissipation of a
77  fraction of absorbed energy (12), reducing light-to-biomass conversion efficiency. If constitutively
78  active, thus, they can negatively impact biomass productivity in light-limiting conditions (13). The
79 energy losses due to photosynthesis regulatory mechanisms can be particularly impactful in the
80 case of light fluctuations, when NPQ and the xanthophyll cycle are activated during light peaks and
81 remain active when the illumination decreases. In plants it has been shown that accelerating the
82 kinetics of the xanthophyll cycle can lead to a remarkable increase in photosynthetic productivity in
83  the field (14, 15).

84 Unicellular algae, like all other photosynthetic organisms, are exposed to light fluctuations in nature
85 and have multiple mechanisms to modulate their photosynthetic efficiency, including NPQ and the
86  xanthophyll cycle (16, 17). Light dynamics are also highly impactful when microalgae are cultivated
87 in photobioreactors for commercial applications, where culture optical density and its mixing
88 generate additional light fluctuations, beyond the natural dynamics (18). In this work, we
89 investigated the impact of the xanthophyll cycle in the heterokont marine microalgae
90 Nannochloropsis gaditana and N. oceanica, showing the essential role of zeaxanthin in
91 photoprotection from light stress but also demonstrating that a faster re-conversion of zeaxanthin
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92 to violaxanthin improves biomass productivity in a light-limited environment, typical of dense

93  cultures of industrial systems.

94

95

96 Results

97

98 Dynamics of xanthophyll composition in Nannochloropsis

99 Nannochloropsis gaditana cultures, exposed to different light intensities, showed accumulation of
100 antheraxanthin and zeaxanthin following the increase in irradiance, with a corresponding reduction
101 in the content of violaxanthin (Figure 1a). It is worth noting that even when grown in limiting light
102 conditions (i.e. < 150 umol photons m=2 s, (19)], Nannochloropsis cells showed a small but
103 detectable presence of zeaxanthin (>2%, Figure la), different from plants or other eukaryotic
104  microalgae, where zeaxanthin is normally not detectable in low light (20). Cells exposed to high
105 light (1000 pmol photons m=2 s™1) for different time intervals showed a progressive increase in
106 antheraxanthin and zeaxanthin with a corresponding decrease in violaxanthin (Figure 1b and
107 supplementary Table S1). Vaucheriaxanthin and B-carotene, the other major carotenoids detected,
108 instead did not change in response to the treatment with excess light (Supplementary Table S1),
109 all results fully consistent with the activation of the xanthophyll cycle induced by the strong
110 illumination. Antheraxanthin content reached a maximum after 15 min, while zeaxanthin
111 accumulation continued to increase, not reaching a saturation even after 2 h of high light treatment
112 (Figure 1b).
113 Cells were also treated with extreme, non-physiological, light intensity (4000 umol photons m=2 s1
114  while also removing CO2 supply, Figure 1c), to maximize light excess. This resulted in a further
115  accumulation of zeaxanthin that reached in the most extreme case 60% of the VAZ pool (Figure
116 1c), showing that this organism has a very large reservoir of violaxanthin convertible to zeaxanthin.
117  To investigate xanthophyll cycle relaxation dynamics, Nannochloropsis gaditana cells treated with
118 1000 pmol photons m=2 s~ for 2 h to induce zeaxanthin biosynthesis, were afterwards exposed to
119 dim light (Figure 1d). Dim light was preferred to dark because the former is expected to increase
120 the amount of photosynthesis products, such as O. and NADPH, that are required by the
121 epoxidation reaction catalyzed by ZEP (21). Zeaxanthin and antheraxanthin synthesized during the
122 high light treatment were fully re-converted to violaxanthin after approximately 4 h (Figure 1d).
123
124 Impact of xanthophyll dynamics on Non-Photochemical Quenching
125 Exposure to saturating illumination also activates a photoprotection mechanism, called NPQ, that
126  can be quantified by monitoring chlorophyll fluorescence in vivo (see Materials and Methods for
127 details). In Nannochloropsis, NPQ activation reaches saturation after approx. 10 min of exposure
128 to saturating illumination (Figure 2a). In Nannochloropsis, NPQ is strongly influenced by zeaxanthin
129  synthesis, as shown by treatment with a VDE inhibitor (i.e. DTT) that causes a strong reduction of
130 its activation (Supplementary figure S1).
131 The impact of zeaxanthin on NPQ can be assessed also by performing multiple NPQ-induction
132 measurements, separated by a dark relaxation (22, 23) (Figure 2). In this protocol, most of NPQ
133 relaxes after the first illumination step, following the dissipation of ApH across the thylakoid
134 membrane. NPQ induction during the second illumination, however, is faster because some of the
135 zeaxanthin accumulated is not completely reconverted in the dark interval (Figure 2b). By changing
136  the interval between the two illumination phases it is possible to demonstrate that the pool of
137 zeaxanthin synthesized during the first 8 min of light treatment takes much longer to be completely
138 reconverted into violaxanthin, and its presence accelerates NPQ activation in a second light
139 treatment even if this is separated from the first by 90 min in the dark (Figure 2c¢). Changing instead
140  the length of light treatment confirmed that zeaxanthin active in NPQ is quickly synthesized but
141 then more slowly reconverted into violaxanthin. As example, only 2 min of illumination are sufficient
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142 to accumulate enough zeaxanthin to make NPQ faster in a second measurement after 10 min of
143 dark treatment (Figure 2d).

144

145 Generation of Nannochloropsis strains with altered xanthophyll cycle

146  To investigate the impact of the xanthophyll cycle on photoprotection mechanisms in
147 Nannochloropsis, three independent vde KO strains were isolated via homology-directed repair
148 mediated by CRISPR-Cpfl technology (24, 25) (see Materials and Methods for details). Strains
149  with impaired expression of the VDE gene (GENE ID: Nagal00041g46) were first selected by
150 phenotypic screening via PAM-Imaging, looking for isolates with reduced NPQ capacity. The
151 insertion of the resistance cassette in the expected genome locus was later validated by PCR
152 (Supplementary figure S2).

153 Three independent strains overexpressing the ZEP gene (ZEP OE) were also isolated, after
154 Nannochloropsis transformation with a modular vector for effective expression of genes of interest
155 (see supplementary Materials and Methods for details), where the full endogenous ZEP gene
156 (Gene ID: Nagal100194g2) was cloned. Transformed strains were screened phenotypically by
157 PAM-Imaging, looking for those where NPQ relaxation in the dark was faster than in WT, and RT-
158 PCR was used to validate that they indeed overexpressed the ZEP gene (Supplementary figure
159  S3).

160 These strains were compared to lhcx1 KO unable to activate NPQ (26) because of the absence of
161 LHCX1 (Gene ID: Nagal00173g12), a protein homologous to LHCX/LHCSR proteins, shown in
162 Chlamydomonas reinhardtii and Phaeodactylum tricornutum to be essential for NPQ activation (6,
163 27).

164  When all strains above were cultivated in flasks at low density and optimal light (i.e. 100 pmol
165 photons m=2 s™1) for 4 days (see Material and Methods) they showed no differences in growth with
166 respect to the parental strain (Supplementary figure S4). Both Ihcx1 and vde KO strains showed a
167  strong reduction of NPQ activation with respect to WT (Figure 3a, b) while the ZEP OE strain
168 instead showed a minor reduction in the NPQ activation capacity upon illumination, but also a faster
169 relaxation when the light was switched off with respect to the parental strain (Figure 3c).

170 In all strains, violaxanthin was the predominant xanthophyll (> 80% VAZ), whilst antheraxanthin
171 and zeaxanthin represent < 10% and < 5% of total VAZ content, respectively. Vaucheriaxanthin
172 and B-carotene were the other major carotenoids detected and they did not show any change in
173 abundance either between genotypes or in the different light conditions tested (Supplementary
174 Table S2), a result consistent with the hypothesis that the genetic modifications of these strains
175 only affected the xanthophyll cycle.

176  Whilst the ZEP OE did not show differences in the content of the three xanthophylls with respect to
177  the parental strain, Ihcx1 KO showed a reduction in the content of violaxanthin with a corresponding
178 increase of both antheraxanthin and zeaxanthin (Figure 3d, g, I), suggesting that the absence of
179  the LHCX1 protein impacts the xanthophyll cycle as well. The vde KO strain showed instead an
180 opposite trend, with an increased accumulation of violaxanthin and a corresponding reduction of
181 the content of antheraxanthin and zeaxanthin with respect to the parental strain (Figure 3d, g, |),
182 suggesting that, in WT cells, VDE in this species has a minor activation even in the relatively low
183 light used here during strain cultivation.

184  When treated with intense light (1000 pmol photons m=2 s~*for 2 h), lhcx1 KO showed activation of
185 the xanthophyll cycle but, interestingly, the accumulation of zeaxanthin and the corresponding
186 decrease of violaxanthin were higher than in the parental strain (Figure 3e, h, m), suggesting that
187  LHCX1 absence facilitates xanthophyll conversion upon excess light exposure. In vde KO, light
188 treatment did not induce any significant change in antheraxanthin and zeaxanthin (Figure 3d, g, I)
189 and, as a result, upon saturating light, the content of violaxanthin was much larger in the vde KO
190 than in the WT (Figure 3e, h, m). The ZEP OE, instead, did not show major differences in the
191 accumulation of the three xanthophylls upon excess light exposure with respect to WT. This
192 observation can be explained by the possibility that ZEP activity is inhibited under strong
193 illumination by an unknown post-translational mechanism. Alternatively, it is possible that ZEP
194  overexpression was not strong enough to overcome endogenous VDE activity upon strong
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195 illumination, and thus it did not impact the overall balance of the xanthophyll composition upon
196 prolonged exposure to saturating light (Figure 3e, h, m).

197  After treatment with saturating light, all strains were then exposed again to optimal light for 1.5 h to
198 monitor xanthophyll cycle relaxation. 1.5 h were not enough to fully relax the xanthophyll cycle in
199 the parental strain (Figure 3f, i, n), as observed before (Figure 1d and 2c). In the same time interval
200 Ihcx1l KO was instead capable to restore the xanthophyll content measured before excess light
201 exposure (Figure 3f, i, n), demonstrating that the absence of LHCX1 facilitates xanthophyll
202 conversion in both directions. In the same time, ZEP OE showed an increased accumulation of
203 violaxanthin and a parallel reduction of zeaxanthin (24% lower with respect to WT) after 1.5 h
204 recovery in optimal light, demonstrating that this strain re-converted zeaxanthin into violaxanthin
205 faster than the parental strain (Figure 3n).

206

207 Impact of xanthophyll cycle on photoprotection

208  All strains were then tested for their ability to withstand saturating illumination by exposing them for
209 14 days to 500 ymol photons m=2 s1 on agar plates. The vde KO showed a strong reduction in
210 growth with respect to the parental strain (Figure 4a, b), demonstrating a major role played by
211 zeaxanthin in photoprotection, whilst no significant differences were detected for the other two
212 strains (Figure 4a, b).

213 To assess the impact of shorter light excess treatments, similar agar plates grown in optimal light
214 (100 umol photons m2s™) for 14 days were exposed to saturating light (1000 pmol
215 photons m=2 s™1) for 2 h while monitoring photosystem Il (PSIl) guantum yield. All strains showed
216 equal photosynthetic efficiency at the start of the experiment, after growth in optimal light conditions
217  (Figure 4c). Upon exposure to saturating light, there was a strong reduction of photosynthetic
218 efficiency, because of multiple phenomena such as saturation of photosynthetic electron transport,
219  NPQ activation and damage to PSIl. Both lhcx1 and vde KO strains showed a smaller reduction
220 thanthe WT (Figure 4c), explainable by their inability to activate NPQ (Figure 3), while the ZEP OE
221 instead showed the same reduction observed in the WT (Figure 4c).

222 While reoxidation of electron transporters and NPQ relaxation takes a few minutes, PSII
223 photoinhibition takes several hours to be recovered, and this different kinetics can be exploited to
224 distinguish the different contribution to the decrease in photochemical yield observed in Figure 4c.
225 To this aim, cells were allowed to recover under dim light for 12 h, monitoring PSII quantum yield.
226 After 4 h of recovery, lhcxl KO showed a lower PSII quantum vyield than the parental strain,
227 suggesting that the mutation led to higher photoinhibition in this strain, although it recovered after
228 12 h of dim light. vde KO showed even larger differences, which were not fully recovered in the
229  time monitored, suggesting that this strain had a larger photosensitivity with respect to the others
230 (Figure 4c).

231 The importance of both NPQ and the xanthophyll cycle to preserve photosynthetic functionality in
232 over-saturating irradiances was confirmed by monitoring the photosynthetic activity of all strains
233 upon treatment with increasing irradiances (supplementary results and supplementary figure S5).
234  The lhcx1 KO and vde KO strains showed a faster decrease of gL as the light intensity increased,
235 suggesting their reactions centers were more easily saturated (Supplementary figure S5c), as well
236 as a strong reduction of oxygen evolution upon exposure to increasing light (Supplementary figure
237 S5e), highlighting the importance of NPQ and the xanthophyll cycle to preserve photosynthetic
238  functionality in cells exposed to over-saturating irradiances. ZEP OE instead showed a higher
239  photochemical activity than the parental strain at saturating light intensities (Supplementary figure
240  Sb5c), also confirmed by the slower reduction of PSII activity (Supplementary figure S5d). ZEP OE
241 also showed an increase of the photosynthetic electron transport (ETR) that also reached
242 saturation at higher light intensities than the parental strain (Supplementary figure S5b).

243

244 Impact of xanthophyll cycle on biomass productivity in photobioreactors

245 Nannochloropsis strains affected either in NPQ activation or xanthophyll cycle dynamics were
246 cultivated in lab-scale photobioreactors to investigate the impact of photoprotection mechanisms
247 on biomass productivity in industrially relevant conditions. In this setup, microalgae are cultivated
248  in fed-batch mode at high biomass concentration (i.e., 1.5 g - L1, 250 - 106 cells - ml'). Because

6
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249 of the high optical density, the first layers of the cultures are fully exposed to illumination while cells
250 deeper in the volume are in light limitation (28). Environmental complexity is further increased by
251 the culture mixing, causing cells to abruptly move from limiting illumination to full irradiation and
252 vice versa.

253 Cultures were exposed to two irradiances, namely 400 and 1200 pumol photons - m=2 - s, as
254  depicted in supplementary figure S6. Both irradiances are saturating for Nannochloropsis, and cells
255 more exposed to illumination thus experience light excess. Because of the culture optical density,
256 however, most of the cells deeper in the culture (approx. > 1 and > 2 cm out of 5 total cm for an
257 incident illumination of 400 and 1200 umoles photons - m2 - s, respectively (28)) were still light
258 limited. Cultures were diluted every other day to restore the initial biomass concentration
259  (Supplementary figure S7), and biomass concentration before and after dilution was used to
260 calculate biomass productivity for all the strains investigated (Figure 5a).

261  When exposed to higher irradiance, we observed a reduction in Chl and an increase in Car content
262 for all the strains investigated in this work, indicating activation of an acclimation response (29), but
263  without showing major differences between strains (Supplementary Table S3).

264 Maximal photosynthetic efficiency (®rsi) showed a general reduction upon cultivation at stronger
265 irradiance, likely because of some photoinhibition. Maximal photosynthetic efficiency did not show
266 major differences between the strains here investigated, with the exception of vde KO
267 (Supplementary Table S4).

268 With 400 pmol photons - m2 - s illumination, Ihcxl KO and ZEP OE showed a higher biomass
269 productivity than the WT, whilst no difference was observed for vde KO (Figure 5b). When
270 irradiance increases up to 1200 pumol photons - m=2 - s all cultures produced more biomass and
271 the difference between the ZEP OE and Ihcx1l KO with respect to the parental strain increased,
272 whilst the vde KO did not survive (Figure 5c). As shown in Figure S8, vde KO was unable to
273 maintain sufficient cell duplication rate and maintain the cell concentration of the culture upon
274 exposure to strong illumination.

275 In order to confirm the highly different impact of LHCX1 and VDE absence on biomass productivity,
276 analogous mutants impaired in NPQ activation and zeaxanthin biosynthesis (i.e. Ihcx1 KO and vde
277 KO, respectively) from another species of the same genus, N. oceanica, were similarly analyzed
278 (30). Also in this case, the vde KO strain showed strong sensitivity to high light exposure
279 (Supplementary Figure S8c), while Ihcxl KO was fully able to survive high irradiance in dense
280 cultures and showed higher biomass productivity than the WT in these conditions (Supplementary
281 Figure S8b). This confirms that the strong sensitivity of the vde KO strain was due to the biological
282 role of zeaxanthin in acclimating to saturating irradiances in Nannochloropsis.

283

284 Impact of xanthophyll cycle dynamics on the response to light fluctuations

285 One major feature of dense cultures in photobioreactors is that microalgae are exposed to
286 inhomogeneous irradiance, and they can suddenly move from excess to limiting light conditions
287 and vice versa. To assess in more detail the impact of xanthophyll cycle on response to dynamic
288 light regimes, we simulated the fluctuations of irradiance cells experience in dense cultures and
289 measured the impact on photosynthetic activity, quantified from oxygen evolution using a high
290  sensitivity instrumentation (Figure 6). Light fluctuations were designed to provide, on average, an
291 optimal number of photons for Nannochloropsis [i.e. 100 umol photons - m2 - s, (26)] but through
292 cycles of saturating and limiting illumination (i.e. 300 and 15 pmol photons - m= - s1, respectively)
293 for different time frames (i.e. 3 and 7 minutes, respectively) in order to highlight any eventual
294 difference in response to strong illumination or limiting light (Figure 6a).

295 O:2 evolution in WT cells changed following the light irradiance dynamics, as expected (Figure 6a
296 and supplementary table S5). Cells were first exposed to a constant optimal light intensity at 100
297  umol photons - m?2 - s'1 to reach a steady photosynthetic activity (9.3 £ 1.4 pmol Oz s1 106 cells).
298  When light increased to 300 umol photons - m=2 - s'1, photosynthetic activity followed, reaching a
299 new steady state after approx. 2 min (12.45 + 4.5 pmol Oz s 10°¢ cells). When light decreased to
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300 15 pmol photons - m=2 - s, photosynthetic activity decreased to reach a lower steady oxygen
301  evolution rate after approx. 4 min (1.31 + 0.17 pmol Oz s 10 cells, Supplementary table S5).
302  The same light fluctuation was then repeated 8 times covering a total of 80 minutes, followed by
303  another exposure at optimal constant light at 100 umol photons - m2 - s* (Figure 6b). The repetition
304  of light fluctuations had a clear effect on Nannochloropsis photosynthetic activity. The oxygen
305 evolution activity of the WT at steady 100 umol photons - m= - s illumination after the fluctuation
306 treatment was significantly reduced to 5.8 + 0.8 pmol O2 s'* 106 cells, 37% lower than before (Figure
307 6b). Consistently, the trace in Figure 6b suggested that also oxygen evolution activities at 300 and
308 15 umol photons - m=2 - s'1 progressively decreased with each fluctuation cycle, as confirmed when
309 these trends were analysed in detail, showing a significant linear decay (Figure 6¢c and d,
310 respectively). Clearly these data suggest that light fluctuations caused a decrease in photosynthetic
311 activity, because of the activation of photo-regulatory mechanisms and photoinhibition.

312 The reduction of photosynthetic rates observed at 15 pmol photons - m=2 - s is relatively larger
313 than the one observed at 300 umol photons - m-2 - s1 (Figure 6d and 6¢, respectively). Even more
314 importantly, at low illumination the activity became negative, meaning that in these cells
315 photosynthesis is not able to compensate for respiration (Figure 6d). These data are particularly
316 informative on the behavior of microalgae cells in dense cultures of industrial systems, where cells
317 are exposed to continuous light fluctuations and a large fraction of the culture volume is light limited
318 (18), and suggest that these cells might indeed have negative photosynthetic activity, thus curbing
319 overall photon-to-biomass conversion efficiency and biomass productivity.

320 The strains affected in photoprotection and the xanthophyll cycle were also exposed to a similar
321 light profile. At 100 pmol photons - m2 - s1 constant illumination, vde KO and ZEP OE showed the
322 same photosynthetic activity of the WT, whilst lhcx1l KO instead showed a significant reduction
323 (Supplementary Table S5). After exposure to light fluctuations, vde KO showed a significant
324 reduction of photosynthetic activity at 100 umol photons - m-2 - s1 (32%), similar to WT. On the
325  contrary, the photosynthetic activities of both Ihcxl KO and ZEP OE were not affected (Figure 7 a,
326 ¢ and e). The phenotype of Ihcx1 KO suggests that the reduction of oxygen evolution activity upon
327 exposure to light fluctuations observed in the WT is due to NPQ activation. On the other hand, vde
328 KO showed a decrease too, likely attributable to the strong photosensitivity of this strain.

329 All mutant strains showed a significant reduction of the oxygen evolution activity at 15 umol photons
330 - m2 . sTover the cycles of fluctuations, as observed in the WT (Figure 7b, d, f and supplementary
331 table S6). Both lhcx1l KO and ZEP OE showed a smaller reduction over the cycles of fluctuations
332 and oxygen evolution activity at 15 umol photons - m=2 - s’ became negative after 5 cycles, different
333 from WT and vde KO where negative values were reached only after 3 cycles of fluctuation (Figure
334 7c, f and i). After the treatment, oxygen evolution at 15 pmol photons - m=2 - s was -0.44 + 0.37
335  pmol Oz s 10 cells for Ihcx1 KO and -0.95 + 1.35 pmol Oz s 106 cells for ZEP OE, while -1.81
336 +1.7 pmol O2 s 10% cells for WT and -2.9 + 0.9 pmol Oz s 10 cells for vde KO (Figure 7).

337

338

339 Discussion

340

341 Biological role of zeaxanthin in Nannochloropsis

342 Nannochloropsis gaditana cells upon exposure to excess light show the ability to convert
343 violaxanthin into zeaxanthin (Figure 1), as in many other photosynthetic eukaryotes (17).
344 Nannochloropsis has a peculiar pigment composition with violaxanthin being the most abundant
345 carotenoid in this species, accounting for approx. 50% of the total (31-33). Likely because of this
346 large reservoir of substrate, in contrast to plants and other microalgae (34, 35), zeaxanthin
347  synthesis in Nannochloropsis continues even upon prolonged exposure to extreme irradiances with
348 no visible saturation (Figure 1). Considering the light intensities tested in this work, which went well
349 beyond physiologically relevant conditions, our results also suggest that zeaxanthin synthesis is
350 unlikely to ever reach saturation in the natural environment, meaning that Nannochloropsis cells
351 are capable of additional zeaxanthin synthesis whenever needed even if they have already been
352 exposed to strong illumination.
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353  The large capacity of zeaxanthin synthesis is accompanied by a strong impact of this pigment on
354  the protection of the photosynthetic apparatus. The phenotype of both vde KO and WT cells treated
355  with the VDE inhibitor DTT demonstrate that zeaxanthin synthesis has a major impact on NPQ in
356 Nannochloropsis (Figure 3b and supplementary figure S1), as also observed in (30).

357  Zeaxanthin synthesis impacts NPQ from the first few seconds of illumination (Figure 2), while HPLC
358 analysis shows that a few minutes of illumination are needed before detecting a significant
359 accumulation of molecules (Figure 1). This observation suggests that a small number of zeaxanthin
360 molecules can activate NPQ in a few seconds after an increase of illumination, likely by associating
361 to specific binding sites in light-harvesting complexes. Considering that also Ihcx1 KO strain shows
362 a major decrease in NPQ capacity, and that its full activation requires the presence of both
363 zeaxanthin and LHCX1, it is likely that zeaxanthin activity in NPQ requires its association to the
364 LHCX1 protein in N. gaditana, as previously suggested for N. oceanica (30). Similarly, in diatoms
365 NPQ is provided by a concerted action between LHCX proteins and diatoxanthin (36), a xanthophyll
366  molecule part of the diadinoxanthin-diatoxanthin cycle, which is analogous to the VAZ cycle
367 observed in Nannochloropsis (37). LHCX1 is the main NPQ effector also in diatoms, although
368 additional LHCX proteins, namely LHCX2 and LHCX3, are involved when cells are exposed to
369 prolonged high light, providing flexibility of quenching site but most likely with a similar mechanism
370 (36, 38, 39).

371 Pigment data of the lhcx1 KO strain also show that the absence of LHCX1 has a measurable impact
372 on the xanthophyll cycle dynamics with a larger accumulation of zeaxanthin than in WT, but also a
373 faster conversion back to violaxanthin. This can be explained knowing that a large fraction of
374  violaxanthin is bound to antenna proteins and it needs to be released into the thylakoid membrane
375  tobe converted into zeaxanthin. This exchange from antenna proteins limits the rate of xanthophyll
376 conversion, as demonstrated in plants (40). Ihcx1 KO is depleted of one of the most abundant
377  antenna proteins in Nannochloropsis (41), and this is likely to accelerate zeaxanthin synthesis and
378 degradation because of a larger presence of carotenoids not bound to antenna proteins, but free
379 in the thylakoid membranes and thus more available to VDE.

380 In N. gaditana, even though NPQ slowly continues to increase after 10 min induction, suggesting
381 the presence of a gZ-type contribution associated with the progressive accumulation of zeaxanthin,
382 the largest fraction of NPQ capacity reaches saturation in this time frame (Figure 2). Since
383 zeaxanthin synthesis continues much longer without showing signs of saturation (Figure 1), this
384 suggests that it is rather the influence of zeaxanthin molecules on NPQ that is slowing down, likely
385 because of saturation of the potential binding sites for zeaxanthin in LHCX1. A second pool of
386 zeaxanthin molecules continues to be synthesized upon prolonged exposure to strong light, but it
387 does not contribute to NPQ and likely plays other roles in photoprotection such as direct scavenging
388  of Chl triplets and ROS (9).

389  While the zeaxanthin molecules active in NPQ are quickly synthesised, their impact on NPQ
390 remains for a prolonged time. This is evidenced by the fact that NPQ induction kinetics are faster if
391 cells have already been exposed to a previous light treatment (Figure 2). This effect is already
392  visible after exposing cells to light for 2 min and it is still detectable after a 90-min dark relaxation,
393 demonstrating that this time is not sufficient to re-convert all zeaxanthin synthesized in 8 min
394 illumination (Figure 2). This effect can be modulated by overexpressing ZEP since cells are faster
395 in re-converting zeaxanthin into violaxanthin during the 90-min dark relaxation, as demonstrated
396 by the reduction in NPQ induction during the second kinetic with respect to the parental strain
397 (Supplementary figure S9), supporting the HPLC data of Figure 3.

398

399  Zeaxanthin plays an essential photoprotective role in Nannochloropsis, beyond NPQ

400 Both vde KO and lhxcl KO strains show sensitivity to saturating illumination, supporting the role of
401 NPQ on protection of Nannochloropsis from light stress (Figure 4). When cells are cultivated in
402 dense cultures, however, the results between the two genotypes are very different. In this context
403 some cells are exposed to full illumination, while the others, because of shading, are in limiting light
404  or even dark (28). In the experimental system employed here, approx. 60% of incident radiation is
405 absorbed by the 1st cm of culture depth (18). If the culture is exposed to a strong external
406 illumination (1200 pmol photons - m?2 - s1), vde KO cells show a clear decrease in maximum
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407 guantum yield of PSIl (Supplementary Table S4), suggesting that more exposed cells are
408 extensively damaged by illumination. This damage cannot even be counterbalanced by cells
409 deeper in the culture volume and eventually it impairs the growth of the whole culture under strong
410 illumination (Supplementary figure S8).

411 The inability of the vde KO strain to grow at higher illumination depends on its stronger
412 photosensitivity as a consequence of the absence of both the NPQ response and the activation of
413 the xanthophyll cycle upon exposure to saturating irradiance, as demonstrated in Figures 3, 4 and
414 5. While both vde KO and Ihcx1l KO strains are similarly defective in NPQ (Figure 3), the latter
415 retains growth under strong illumination, clearly demonstrating that the impact of zeaxanthin
416 biosynthesis on photoprotection goes well beyond its role in enhancing NPQ and that its ability to
417 increase scavenging of Chl triplets and ROS (9, 42) is essential even in dense cultures.

418

419 Xanthophyll cycle dynamics has a major impact on microalgae biomass productivity in
420 photobioreactor

421 Microalgae at industrial scale are cultivated at high concentration to maximize biomass productivity.
422 Such dense cultures are also continuously mixed to maximize the exposure of cells to incident light
423 and avoid nutrient and carbon limitation, causing cells to suddenly move between limiting and
424 excess illumination, further increasing the complexity of the light environment. In these
425 environmental conditions, more exposed cells need photoprotection mechanisms to withstand
426  strong illumination, but the same mechanisms become detrimental for productivity once the cells
427 move to light limitation of deeper layers. The trade-off between photoprotection and photochemical
428 efficiency, which must be balanced by all photosynthetic organisms (3), is thus particularly
429  challenging in such a complex and dynamic environmental context. It is not surprising that
430  strategies for the optimization of photosynthetic productivity have generated mixed results so far
431 (43, 44), with the only reasonable conclusion being that the complexity of the natural and artificial
432 changes experienced by microalgae during industrial cultivation has a major influence on
433 productivity that cannot be underestimated (45).

434 Strains with altered xanthophyll cycle analysed in this work demonstrate that an efficient
435 photoprotection is essential for microalgae fithess in dense cultures to ensure growth under full
436 sunlight, as shown by the strong photosensitivity of vde KO. On the other hand, we observed that
437 Ihxcl KO in dense cultures shows a positive impact on biomass productivity. This strain differs from
438 WT because of its reduction in NPQ activation, but these cells also have a reduced PSII antenna
439  size and Chl content per cell (46) and a higher zeaxanthin content, observed in this work.
440 Mathematical models suggest that the reduction in Chl content per cell should have the largest
441 impact in improving biomass productivity (46), but it is also possible that the higher zeaxanthin
442 content observed in lhcxl KO can compensate for any eventual extra damage due to NPQ
443 inactivation.

444 Energy losses due to natural kinetics of photoprotection can be detrimental for productivity, and
445 accelerating zeaxanthin conversion to violaxanthin can be advantageous in this context. In this
446  work we also simulated the light fluctuation experienced by microalgae in dense cultures of
447 industrial systems (Figure 6b) as a consequence of mixing and observed that WT cells showed a
448  substantial reduction of photosynthetic functionality in light limitation after only a few fluctuation
449 cycles (Figure 6d). This decrease could be due to multiple phenomena, such as the activation of
450 photoprotection or photoinhibition. The lhcx1 KO strain does not show the same reduction of WT,
451 suggesting that NPQ is the major factor responsible for the loss of activity observed in the parental
452 strain in dense cultures. On the other hand, the vde KO strain showed an even larger reduction of
453 photosynthetic functionality in light limitation (Figure 7f), suggesting that photoinhibition can also
454 play a major role.

455 In the case of the ZEP OE, cells maintain the ability to activate NPQ but also have faster recovery,
456  suggesting that increasing the rate of violaxanthin biosynthesis alone has a beneficial effect on
457 productivity. This is achieved because cells still maintain the ability to synthesize zeaxanthin when
458 needed for photoprotection (Figure 3), but they also have a faster re-conversion rate to violaxanthin
459  when light becomes limiting. This likely provides an advantage when cells move from external to
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460 internal, light-limited positions in the dense culture where they remove zeaxanthin faster and can
461 therefore channel more energy towards photochemistry.

462 It is also worth noting that light-limited layers represent the major fraction of the volume in dense
463 cultures of industrial systems (18), suggesting that an improved photochemical activity in these
464 layers is likely to provide the greatest impact on productivity. This is consistent with the observation
465 that lhcxl KO and ZEP OE, the two strains that show the smaller reduction in photosynthetic activity
466 upon exposure to light fluctuations, also showed an increase in biomass productivity in dense
467 cultures (Figure 5). This suggests the optimization of the xanthophyll cycle is a valuable strategy in
468 photosynthesis engineering, yet a fine tuning is preferable to an indiscriminate activation, likely
469 because in the latter case the improvement in cell fithess cannot fully compensate the metabolic
470 burden of a hyper-active xanthophyll cycle.

471

472  Optimization of xanthophyll dynamics in microalgae vs plants

473 The genetic modification of NPQ and xanthophyll cycle has already been demonstrated to be
474 effective to improve biomass productivity in crop plants in the field (14, 15). In our current work,
475 effects are observed in Nannochloropsis by overexpressing only ZEP. It is in fact worth mentioning
476 that VDE activity remains strong in the ZEP OE strain, such that it is still fully capable of producing
477 zeaxanthin upon excess light exposure. This is likely also connected with a high violaxanthin
478 content of N. gaditana with respect to plants, suggesting that this organism likely also has high
479 endogenous VDE activity.

480 However, when metabolic engineering is applied to photosynthesis, the complexity of the
481 environmental conditions of the intended cultivation system should also be considered, as well as
482  the physiology of the species targeted for improvement. For instance, in plants of Nicotiana
483 benthamiana, Arabidopsis thaliana and Solanum tuberosum, VDE, ZEP and PSBS overexpression
484 did not show the same effects (47, 48), indicating that species-specific physiological or
485 morphological features are highly influential on the homeostasis of the photosynthetic metabolism.
486 In the environment of photobioreactors, most of the culture is light limited, while only a small layer
487 of cells is exposed to full sunlight. The design of photobioreactors, as well as operational conditions
488 (e.g. culture concentration) strongly affect the percentage of cells that are in light-limiting conditions
489 or excess light, affecting the optimal balance between photoprotection and photochemical
490 efficiency. Culture mixing is also expected to play a major role on this balance. It is then worth
491 noting that the complexity of the natural and artificial changes experienced by microalgae in dense
492 cultures of industrial systems is likely to prevent the identification of ideal strains more productive
493 in all operational conditions, suggesting that photosynthesis optimization efforts should be tuned to
494  the specific operational conditions in use.
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495 Materials and Methods

496

497 Isolation of vde KO strain in Nannochloropsis

498 Nannochloropsis vde KO mutant strain was isolated via homology directed repair mediated by
499 CRISPR-Cpfl technology, using recombinant ribonucleoproteins (RNPs). The construct to drive
500 homology repair was designed to contain a cassette conferring resistance to Zeocin (49), flanked
501 on both sides by 1.5 kb genomic regions homologous to the 5 and 3’ of the VDE gene of
502 Nannochloropsis (Gene ID: Nagal00041g46). The homology repair cassette was then excised
503 from the holding vector and used to transform Nannochloropsis according to (49). Prior to
504  transformation, 4 pul of three synthetic RNPs, assembled using recombinant Cpfl and synthetic
505 sgRNAs (IDT Technologies, USA) in an equimolar ratio (6 uM), at RT for 20 min, were added to
506 the sample to drive three independent events of site-directed double-strand cleavage in the VDE
507 gene. sgRNAs sequences used in this work from 5’-3: 1. gaccaccgcgcgggtgacggcegg; 2.
508 cgtgcagggcgaccggctctacg; 3. gcgaggtcgecgggtttctggtt.

509

510 Strains, cultivation conditions and growth monitoring

511 Strains. In this work we used two species: Nannochloropsis gaditana and Nannochloropsis
512 oceanica. All strains used in this work are summarized in Table 1.

513 N. gaditana, strain CCAP 849/5 was purchased from the Culture Collection of Algae and Protozoa
514 (CCAP). N. gaditana lhcx1l KO was previously obtained by insertional mutagenesis (26, 49). N.
515 gaditana strains vde KO and the ZEP over-expressor were generated in this work, the former via
516 CRISPR-Cpfl whilst the latter after transformation with a cassette conferring resistance to zeocin
517 (49) flanking another one expressing the coding sequence of the endogenous ZEP gene (Gene ID:
518 Nagal00194g2).

519  N.oceanica strain CCMP 1779 was purchased from the Culture Collection of Marine Phytoplankton
520 (CCMP) and both vde KO and Ihcx1 KO strains were previously generated (30).

521 Cultivation conditions. All microalgae strains of this work were maintained in F/2 solid media, with
522 32 g/L sea salts (Sigma Aldrich), 40 mM Tris-HCI (pH 8), Guillard's (F/2) marine water enrichment
523 solution (Sigma Aldrich), 1% agar (Duchefa Biochemie). Cells were pre-cultured in sterile F/2 liquid
524 media in Erlenmeyer flasks irradiated with 100 pumol photons m-2s1, 100 rpm agitation, at 22 + 1
525 °C in a growth chamber.

526 In order to investigate xanthophyll accumulation dynamics in N. gaditana, cells were grown in a
527 Multicultivator MC 1000-OD system (Photon Systems Instruments, Czech Republic) in liquid F/2
528  starting from 10-108 cells/ml, where constant air bubbling provides mixing and additional CO-.
529  Temperature was kept at 22 £ 1 °C and different light intensities were provided using an array of
530  white LEDs.

531 Liquid cultures for phenotypic characterization and monitoring of photosynthetic functionality of the
532 strains investigated in this work started from pre-cultures grown in conditions described above.
533 Cells were washed twice in fresh F/2 before starting growth curves from 5-10°¢ cells/ml in F/2
534  supplemented with 10 mM NaHCOs to avoid carbon limitation, in Erlenmeyer flasks irradiated with
535 100 pmol photons m2s1, 100 rpm agitation, at 22 + 1 °C in a growth chamber.

536 Semi-continuous growth was performed at 22 + 1 °C in 5-cm Drechsel bottles, illuminated from one
537  side, with 250 ml working volume. Mixing and carbon source was provided through the insufflation
538 of air enriched with 5% CO2 (v/v) at 1 L h'. In this case, F/2 growth media was enriched with added
539  nitrogen, phosphate and iron sources (0.75 g L1 NaNOs, 0.05 g L' NaH2PO4 and 0.0063 g L
540 FeClz - 6H20 final concentrations). Light was provided through cool white fluorescent lamps.
541 lllumination rate was determined using the LI-250A photometer (Heinz-Walz, Effeltrich, Germany).
542 Cultures were maintained in a semi-continuous mode diluting the culture every other day, as
543 described in (28). Cell concentrations was monitored before and after dilution with an automatic
544  cell counter (Cellometer Auto X4, Cell Counter, Nexcelom). All experiments were conducted
545 maintaining cell concentration at 250 - 108 cells - mI't (~ 1.5 g L) and exposing cultures to different
546 light conditions: 400 and 1200 umol photons m-2 st (Supplementary figure S1).
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547 Biomass productivity. Biomass productivity of semi-continuous cultures was estimated monitoring
548  the dry weight of the culture in semi-continuous mode before and after dilution. Cultures were
549  filtered using 0.45 um filters, dried at 60 °C for 24 h and weighed (28).

550 High light treatment. High light treatments were performed using a LED Light Source SL 3500
551 (Photon Systems Instruments, Brno, Czech Republic). Cells were mixed in a thin cylinder placed
552 in a water bath in order to get a homogeneous irradiance and a constant temperature.

553

554 Pigment extraction

555 Total pigments were extracted in the dark using 1:1 ratio of 100% N, N-dimethylformamide (Sigma
556  Aldrich), for at least 24 h in the dark at 4 °C (50). Absorption spectra were registered between 350
557 and 750 nm using Cary 100 spectrophotometer (Agilent Technologies) to determine pigment
558 concentration using specific extinction coefficients (50). Absorption values at 664 and 480 nm were
559  used to calculate the concentrations of chlorophyll a and total carotenoids, respectively.

560 The content of individual carotenoids was determined after extraction with 80% acetone preceded
561 by mechanical lysis using a Mini Bead Beater (Biospec Products) in the presence of glass beads
562 (150-212 ym diameter, Sigma Aldrich), using a high-pressure liquid chromatography (HPLC) as
563 previously described (51). The HPLC system consisted of a 139 reversed-phase column (5um
564 particle size; 25x0.4 cm; 250/4 RP 18 Lichrocart, Darmstadt, Germany) and a diode-array detector
565 to record the absorbance spectra (1100 series, Agilent, 141 Waldbronn, Germany). The peaks of
566 each sample were identified through the retention time and absorption spectrum (52). The
567 vaucheriaxanthin absorption factor was estimated by correcting that of violaxanthin for their
568 different absorption at 440 nm.

569

570 Fluorescence measurements for the monitoring of NPQ and photosynthetic functionality
571  The estimation of photosynthetic parameters was performed by measuring in vivo Chl fluorescence
572 using a Dual PAM-100 fluorimeter (Heinz-Walz, Effeltrich, Germany). Samples were dark- adapted
573 for 20 min, then exposed at 850 pmol photons m-2s1 (actinic light) and dark for different time frames
574 to assess the activation and relaxation trends of NPQ in double kinetics (Figure 2), respectively.
575 For the phenotypic characterization of the strains investigated in this work, samples were instead
576 exposed to 2000 pmol photons m-2s (actinic light) for 8 min and to dark for 15 min (Figure 3).
577 Photosynthetic functionality was monitored by treating samples at increasing irradiances of actinic
578 light (Supplementary Figure S5). In all protocols, saturating pulses and measuring light were set at
579 6000 and 42 pmol photons m-2s, respectively. Maximum quantum yield of PSII (®psi)), quantum
580 vyield of PSIl in light-treated samples (®’psi), gL and NPQ were calculated according to (53, 54).
581

582 Oxygen evolution

583 Oxygen evolution was measured with a start-up O2K-Respirometer (NextGen-O2k and the PB-
584 Module from Oroboros Instruments GmbH, Austria) in 2 ml samples at a concentration of 100-106
585 cells/mlin F/2 supplemented with 5 mM NaHCOs to avoid carbon limitation, in measuring chambers
586 magnetically stirred at 750 rpm and with a frequency of 2 seconds. The light source was a blue
587 LED with an emission peak at 451 nm (Osram Oslon). Instrument calibration was performed in the
588  same medium and samples were dark adapted for 10 min to assess respiration rate before starting
589  the measurements of the oxygen flux at increasing irradiances. Respiration and photosynthesis
590 rates were measured with the software DatLab 7.4.0.4.

591

592  Statistical analysis

593 Descriptive statistical analysis was applied for all the data presented in this work. Statistical
594  significance was assessed by one-way analysis of variance (One-way ANOVA) using OriginPro
595 2018b (v. 9.55) (http://www.originlab.com/). Samples size was at least >4 for all the measurements
596 collected in this work and for biomass productivity it reached >10 data points for all strains
597 investigated.

598

599
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754 Figure 1. Dynamic of xanthophyll cycle in Nannochloropsis gaditana. Light (a) and time (b)
755 dependence of xanthophylls accumulation in Nannochloropsis gaditana previously cultivated at 100
756  umol photons m=2 s71. ¢) The same Nannochloropsis gaditana cells were also exposed to extreme
757 illumination (1000 and 4000 pmol photons m2s™) for 2 h, removing CO: to maximize
758 photosynthesis saturation. d) Time-dependent relaxation of xanthophylls after exposure at 1000
759 umol photons m=2 s71 for 2 h, as in panel b. Data are fitted with logistic functions and are expressed
760 as percentage of each xanthophyll molecule over their sum (violaxanthin, antheraxanthin and
761 zeaxanthin, VAZ). Black, violaxanthin; red, antheraxanthin; blue, zeaxanthin. Asterisks in panel ¢
762 indicate statistically significant differences in the xanthophylls content between 4000 and 1000
763 pmol photons m=2 s71 (One-way ANOVA, p-value<0.05). Data are expressed as average + SD of
764  three independent biological replicates.
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768 Figure 2. Influence of zeaxanthin on Non-Photochemical Quenching. NPQ kinetics calculated
769  from chlorophyll fluorescence upon exposure of Nannochloropsis gaditana to different light / dark
770 intervals. A) NPQ activation measured with a 30-minute treatment with saturating actinic light (800
771 pmol photons m=2 s1); Data were fitted with a logistic function in red. B) Repetition of two 8-minutes
772 (8’) light treatments followed by 10 minutes dark relaxation. C) Repetition of 8 minutes light followed
773 by 90 minutes dark. D) Repetition of two 2-minutes light treatment followed by 10 minutes dark
774 relaxation. Yellow and black boxes indicate light and dark intervals, respectively. In B-D, Asterisks
775 indicate statistically significant differences in NPQ activation during the second light treatment with
776 respect to the first light exposure (tested in the second point after light is switched on, One-way
777  ANOVA, p-value<0.05). Data are expressed as average + SD of three independent biological
778  replicates.

779

780

781

19


https://doi.org/10.1101/2022.08.16.504082
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.16.504082; this version posted August 16, 2022. 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.

i e— ie—— | ]
22 —=—wT 22 ——wr 22
20 ——Thex1 KO 20 vde KO 20 il - LA
8 18 “ i
I
ok o i |||"””
14 £ s "
L Z 02 g Ul ||||||
10 10 Z 1o Bl il il
o8 08 o LI
06 06 PPSE
04 0 aald___ -
02 02 w2lF == £ S 251
o% 200 40 60 500 1000 1200 1400 1600 P03 2 a0 w0 o0 1000 1200 1400 1600 L S rag e e e PN
S Tme) ...... e M () e Time ()
i I
i I5
I
i
i
d) d i e) d f) e 4
(o b * f 100 * 100 & %*
a i c
- - B ‘N wl a
2 T i EHCPAN
i £ = A pe fg i:g” +
H H L £
: g 60 i § 60 *y : £ o
' ' - ' o
{8 s 1B s I8 s
= =] -]
HE= HE ) T
ey e P =
2 f B PR
WT  Ihex1 KO vdeKO  ZEP OE EE WT  ihex1KO vdeKO  ZEPOE D WI  Ihexi KO vdoKO  ZEP OF
H
i
a) . h) i)
! i
iy i ¥ a b,c f.g %
15 b I ) S w
EpE £ 25 I-ﬁ‘ % £ 25
P £ * £ = £
: § 15 f £ 15 E 151 q
H x
H g 10 a 3 d € 0 d g 10 ] e
L s * " 2 * £ 3| *
€ b = .
P ° < ¢ <
PR = E]
WI Ihex1KO vdoKO  ZEPOE :: e o e : W ihex1KO  vdeKO  ZEPOE
I i
I) i m) i n)
i b,c i ‘
" i 1
351 b " 35 * " 3, =
H * g
! 3 30 g 30 " E 304 h
1 2 = 25 . <
L g a d £ a glh £ f *
i § 0 g g o £
V€ s . * = £ s
- k] s *
o L x 15 - e x
- @ H
] N * N
HIN ® 8 =®
H
¢ [
WI hod KO vdeKO ZEBOE WT  lhex1KO vdeKO ZEPOE

WT  IhextKO vdeKO ZEPOE

782 AN ;
783 Figure 3. Phenotypic characterization of Nannochloropsis strains with altered NPQ
784 response and xanthophyll cycle. NPQ activation and relaxation kinetics for the WT
785 Nannochloropsis strain (black squares) upon exposure to saturating light (yellow box) and dark
786 (black box), respectively, compared to the Ihcxl KO (blue diamond, a), the vde KO (green
787  downward triangle, b) and the ZEP overexpressing strain (red circles, c). The two arrows in panel
788  c¢) indicate when the NPQ fully relaxes in the two strains. Xanthophylls content after cultivation for
789 4 days in liquid medium at optimal light (i.e. 100 ymol photons m=2 s1) (d,g,l), upon treatment with
790  saturating light (1000 umol photons m=2 s™1) for 2 h (e,h,m) and after recovery in optimal light for
791 1.5 h (f,i,n) for the WT Nannochloropsis strain (black), the Ihcx1 KO (blue), the vde KO (green) and
792 the ZEP overexpressing strain (red). Data are expressed as percentage of each xanthophyll
793 molecule over their sum [violaxanthin, (d,e,f); antheraxanthin, (g,h,i) and zeaxanthin (I,m,n); VAZ].
794 Data are expressed as average + SD of four independent biological replicates. Asterisks indicate
795 statistically significant differences between each of the mutants and parental strain, in every panel
796 of the figure. Statistically significant differences in the content of each xanthophyll within the same
797  strain, in different conditions (e.g., panels d, e and f) are indicated by the same alphabet letter
798 (One-way ANOVA, p-value<0.05).
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800
801 Figure 4. Impact of the xanthophyll cycle on photoprotection. a) Agar plate with spots starting

802 from the same cell concentration for all the strains with different degrees of alteration of the
803 xanthophyll cycle used in this work. Plate was supplemented with 10 mM NaHCOs to avoid carbon
804 limitation and it was grown for 14 days at 500 umol photons m=2 s~1, Strain ID is indicated on the
805 bottom, whilst dilution factor on the left.

806 b) Quantification of the intensity of the spots was performed with the software ImageJ (v. 1.52;
807 https://imagej.nih.gov/ij/index.html) and it is here presented for the 1:10 dilution of panel a).

808 ¢) Photosynthetic efficiency of all the strains used in this work after treatment with saturating light
809 (1000 uymol photons m2 s™1) for 2 h (yellow box) and upon recovery in dim light (pale yellow box)
810 for 12 h. WT Nannochloropsis strain, black squares; Ihcx1 KO, blue diamonds; vde KO, green
811 downward triangles; ZEP overexpressing strain, red circles. Data are expressed as average + SD
812 of three independent biological replicates. Asterisks indicate statistically significant differences
813 between mutants and parental strain (One-way ANOVA, p-value<0.05).
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816 Figure 5. Biomass productivity of Nannochloropsis semi-continuous cultures. a) Operational
817  scheme for Nannochloropsis semi-continuous cultures. Data were collected before and after
818 dilution to restore the initial biomass concentration of 1.5 g L1, for both WT (black squares) and
819  ZEP over-expressor (red circles). Biomass productivity of N. gaditana strains investigated in this
820  work, upon exposure to 400 (b) and 1200 umol photons - m2 - s1 (c). Asterisks indicate statistically
821 significant differences between the different strains and the WT (One-way ANOVA, * p-value <
822 0.05; ** p-value < 0.01; *** p-value < 0.001). All strains show a greater biomass productivity at 1200
823 than at 400 pumol photons - m-2 - s'1 (One-way ANOVA, p-value < 0.01). Part of the semi-continuous
824 data used to calculate biomass productivity values in b and c are reported in supplementary figure
825 S7.
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827 # Cycle
828 Figure 6. Photosynthetic functionality of WT Nannochloropsis in fluctuating light. Oxygen

829  evolution of the WT Nannochloropsis strain was measured in 2 ml-samples at a concentration of
830 100-1068 cells/ml (see Materials and Methods for details). a) we designed a method to treat cells
831  with a light fluctuation protocol where they were first exposed to optimal light at 100 umol photons
832 - m=2 . s (yellow box) until a steady photosynthetic activity was reached, then to 300 umos photons
833 - m?2 - s (dark yellow box) and 15 pmol photons - m2 - s1 (light yellow box) for 3 and 7 minutes,
834 respectively. Irradiance and time of exposure were set so to provide cells with an optimal number
835 of photons, corresponding to 100 pmol photons - m?2 - s, b) the two phases at 300 and 15 pmol
836 photons - m2 - st were repeated 8 times and after cells were returned to an optimal irradiance of
837 100 pmol photons - m= - s'1, Black and red dot lines indicate the oxygen flux at 100 umol photons
838 - m?2 . st before (pre) and after (post) light fluctuation, respectively. Grey dashed lines instead
839 indicate the trend of oxygen flux over the fluctuation cycles. The oxygen evolution activity pre- and
840 post-light fluctuation were compared to measure the impact of light fluctuation on photosynthetic
841  activity (right plot in panel b). The same alphabet letter indicates statically significant differences
842 between oxygen evolution values at 100 umol photons - m2 - s'1, before and after light fluctuation
843 (One-way ANOVA, p-value<0.05). Oxygen evolution activity of WT cells at 300 umol photons - m-2
844 - s'1 ¢) and 15 pumol photons - m=2 - s'1(d) over the number of fluctuation cycles. Data at a specific
845 light intensity come from the average oxygen evolution rate measured over 20 seconds of the trace
846 in @). In d) the area where oxygen consumption via respiration is higher than oxygen evolved via
847 photosynthesis is highlighted by a red box. At both irradiances, photosynthetic activity significantly
848 drops (slope is significantly different from zero, one-way ANOVA, p-value < 0.05) over the
849 fluctuation cycles, according to the following linear functions: y = (15.07 = 0.35) — (0.59 £ 0.06) x,
850 Pearson’s R: -0.97, R-Square: 0.94 (c); y = (1.82 £ 0.045) — (0.5 + 0.01) x, Pearson’s R: -0.99, R-
851 Square: 0.99 (d). Data are expressed as average + SD of four independent biological replicates.
852
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853

854 Figure 7. Photosynthetic functionality of strains affected in NPQ and xanthophylls cycle
855 dynamics in fluctuating light. Photosynthetic functionality is expressed as oxygen evolution
856  activity and was measured in the conditions described in Figure 6. Oxygen evolution activity of
857 Ihex1 KO (a), vde KO (c) and ZEP OE (e) before (pre) and after (post) the light fluctuation treatment
858 of Figure 6, compared to the WT. The same alphabet letter indicates statically significant
859 differences between oxygen evolution values at 100 pmol photons - m?2 - s'1, before and after light
860 fluctuation within the same strain, whilst asterisks indicate statistically significant differences
861 between mutants and WT (One-way ANOVA, p-value<0.05).

862 Oxygen evolution activity for lhcx1 KO (blue diamonds, b), vde KO (green downward triangles, d)
863 and ZEP OE (red circles, f) cells at 15 pmol photons - m2 - s (light yellow box) over the number
864  of fluctuation cycles compared to the WT (black squares). The area where oxygen consumption via
865 respiration is higher than oxygen evolved via photosynthesis is highlighted by a red box.

866  The linear oxygen evolution trend over the cycles of fluctuation has been mathematically described
867 by the functions reported in Supplementary table S6. Data are expressed as average + SD of four
868 independent biological replicates.
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870  Table 1. Nannochloropsis strains used in this work.

871
Species Strain Reference
WT CCAP
) Ihcx1 KO (26, 49)
N. gaditana ,
ZEP OE This work
vde KO This work
WT CCMP
N. oceanica Ihcx1 KO (30)
vde KO (30)
872
873
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