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Abstract
In this work, we applied online chlorophyll a fluorescence measurements to monitor the changes in the photochemical parameters both in nitrate-deplete and nitrate-replete cultures of Nannochloropsis oceanica, in addition to biochemical parameters such as growth, lipid, fatty acid, and pigment contents. Under nitrate-replete conditions, growth was promoted along with pigment content, while total lipid content and fatty acid saturation level diminished. Under nitrate-deplete conditions, cultures showed an increased de-epoxidation state of the xanthophyll cycle pigments. Fast transients revealed a poor processing efficiency for electron transfer beyond QA, which was in line with the low electron transport rate due to nitrate depletion. Lipid content and the de-epoxidation state were the first biochemical parameters triggered by the change in nutrient status, which coincided with a 20% drop in the online effective quantum yield of PSII (ΔF/Fm'), and a raise in the Vj measurements. A good correlation was found between the changes in ΔF/Fm' and lipid content (r=-0.96, p<0.01). The results confirm the reliability and applicability of online fluorescence measurements to monitor lipid induction in N. oceanica.

Keywords
Nannochloropsis, photosynthesis, online chlorophyll a fluorescence, nutrient stress

1. Introduction
Under the ongoing expansion of microalgae applications in a great variety of commercial sectors (e.g., food, feed, nutraceuticals, pharmaceuticals, biofuels, biomaterials, and bioremediation), biomass supply has to be ensured to fulfill this continuously growing demand. Hence, microalgal mass cultivation should be carried out under optimum conditions to achieve stable productivity. To address a number of critical abiotic stressors affecting their productivity, such as nutrient, light, and temperature, microalgae have evolved diverse adaptation and protection strategies. The activation of these strategies can trigger desired induction and/or inhibition of metabolic pathways that alter cellular content (Carneiro et al., 2020; Hulatt et al., 2017; Ördög et al., 2012; Otero & Fábregas, 1997; Rodolfi et al., 2009). However, these shifts are preceded by changes in chlorophyll a fluorescence quenching (Murata et al., 2007). Previous studies have linked specific fluorescence changes to certain stressors in distinct photosynthetic organisms, such as plants and microalgae (Beardall et al., 2001; Kalaji et al., 2014, 2016; Lichtenthaler & Miehé, 1997; Torzillo et al., 1996; White et al., 2011). A more specific application encompasses monitoring fluorescence signals to gain insight into the cell's nutritional status. Nutrient deficiency such as of N, P, or Fe can severely impact the light-harvesting system, energy transduction, and cellular metabolism, which in turn affects the photochemical efficiency of photosystem II (PSII) (Beardall et al., 2001). Several studies have focused on this topic in different algal strains, including Dunaliella tertiolecta (Berges et al., 1996; Geider et al., 1998; Greene et al., 1992; Kolber et al., 1988; Pereira & Otero, 2019; Sosik & Mitchell, 1991), Phaeodactylum tricornutum ( Geider et al., 1993; Greene et al., 1992), Scenedesmus acuminatus (Zhang et al., 2019), Chlorella spp. (Malapascua et al., 2014; Plyusnina et al., 2019, 2020; Qiao et al., 2015; White et al., 2011), Porphyridium cruentum (Zhao et al., 2017), Tetraselmis subcordiformis (Yao et al., 2012), Thalassiosira weissflogii (Berges et al., 1996; Kolber et al., 1988), Nannochloropsis (Li et al., 2020; Liang et al., 2019; Liu et al., 2018), and others (Beardall et al., 2001). Moreover, several studies have attempted to correlate fluorescence signals with the accumulation of lipids induced by nutrient starvation, which could act as a proxy and fast-track determination of the harvesting time (Li et al., 2020; Qiao et al., 2015). Although fluorescence measurements are relatively fast, only online measurements can provide timely information on the changes of the photosynthetic apparatus in cultures exposed to stress. Just a few studies have employed online fluorescence measurements in controlled microalgae cultivations (non-natural environments) (Antal et al., 2019; Cao et al., 2019; Červený et al., 2009; Faraloni et al., 2011; Jerez et al., 2016; Ma et al., 2018; Masojídek et al., 1999, 2009, 2011; Nedbal et al., 2008; Solovchenko et al., 2014; Torzillo et al., 1996, 1998; Touloupakis et al., 2015). Even fewer have dwelled on the monitoring of chlorophyll a fluorescence signals to ascertain the culture’s nutritional status resorting to fast fluorescence in Chlorella vulgaris (Plyusnina et al., 2019, 2020) and Chlamydomonas reinhardtii (Antal et al., 2019), and slow fluorescence in C. reinhardtii (Faraloni et al., 2011) and Nannochloropsis oceanica (Liu et al., 2018).
Under nitrogen deprivation, biosynthesis pathways of the light-harvesting complex and D1 subunit of PSII proteins are blocked, leading to a down-regulation of photosynthesis and carbon fixation, while metabolic fluxes lead to lipid and carbohydrate accumulation (Beardall et al., 2001; Tran et al., 2016). This behavior is typical in the genus Nannochloropsis, for which nitrogen deprivation results in increased lipid content (Benvenuti et al., 2015; Ma et al., 2016; Simionato et al., 2013; Solovchenko et al., 2014; Tran et al., 2016). These metabolic changes should be synched with chlorophyll a fluorescence. Our goal was to look for triggering fluorescence signals that indicated the shift of the cells from a basal physiological state to the stressed one characterized by the start of lipid accumulation. Therefore, biochemical changes of N. oceanica at the beginning of nitrate depletion and replenishment and fluorescence changes on- and offline (for validation) were simultaneously measured.

2. Material and methods 
2.1. Microorganism and culture conditions
A N. oceanica strain was kindly provided by Prof. Avigad Vonshak (Institute for Desert Research, Ben-Gurion University, Israel). Cells were pre-cultured in a glass cultivation column (0.4 L working volume; i.d. = 5 cm), placed in a thermostatic bath at 25 ºC, and bubbled with a mixture of air and CO2 (97/3 v/v). Light intensity was increased gradually from 80 μmol photons m−2 s−1 to 600 μmol photons m−2 s−1. Cells were acclimated for three days to this condition before the experiments began. Saltwater was prepared with 33 g L-1 Tropic Marin Zoo Mix (Tropic Marin® SEA SALT) and supplemented with a modified F medium, with pH correction to 7.5 prior to sterilization (Guillard & Ryther, 1962). The medium was enriched with NaHCO3 (6 mM) and 10-fold the values of NaNO3 (17.7 mM) and NaH2PO4 (0.84 mM) of the original recipe. The culture was allowed to grow until the beginning of the stationary phase, thus reaching nutrient limitation before the experiment was initiated. 

2.2. Photobioreactor (PBR)
The photobioreactor consisted of a 1-L roux type bottle with a flat cross-section (12 × 5 cm width) and a flat bottom with five ports at the top (Touloupakis et al., 2015) (Figure 1A). Mixing was achieved with a specially designed rotating impeller driven magnetically by a stirrer at the bottom of the bottle (Giannelli et al., 2009). A cooling finger, connected to an external thermostat (MPM Instruments—Italy), maintained the culture's temperature at 25.0 ºC. A pH sensor connected to a controller (Chemitec, Scandicci, Italy) kept pH at the pre-set value of 7.5 by automatic addition of CO2. The fourth port was used for the filtered air and CO2 inlet pumped through 0.2 μm filters (Whatman, UK). The culture was illuminated from one side with 600 μmol photons m−2 s−1 provided by cool white neon tubes (Dulux L, 55W/840, Osram, Italy).
For the online chlorophyll a fluorescence measurements, the optical fiber of the fluorometer (PAM-2100 with DA-2000 as the data acquisition software, Heinz Walz GmbH) was set on the lateral wall of the PBR to avoid signal interference with aeration bubbles (Figure 1B). Monitored data included the effective quantum yield of PSII (ΔF/Fm'), determined as  ΔF/Fm' = [Fm' – F'] / Fm', where Fm’ and F' are the maximum and basal fluorescence yield in the light, respectively, and the coefficient of non-photochemical fluorescence quenching (qN) determined by qN = [Fm-Fm']/[Fm-Fo'], where Fm is the maximum fluorescence yield in the dark, and Fo’ the minimum fluorescence yield in the light. A moving average was plotted on top of the individual data points collected by the fluorometer every 15 minutes to highlight the culture's trend.

2.3. Experimental set-up
The inoculum of N. oceanica, previously grown in bubble columns up to a dry weight (DW) of 3-4 g L-1, was centrifuged at low speed and resuspended in saline water to wash the cells before resuspending them in fresh medium. In one condition (NO3-replete, i.e., control), cells were resuspended in complete medium, while in the other condition (NO3-deplete), nitrate was omitted. Experiments started with a biomass concentration of ca. 0.37 g DW L-1 and growth took place for four days under continuous light (24h light period) in a batch cultivation mode. 
Sampling was carried out at 0, 1, 3, and 5 hours after the experiments began to follow the initial acclimation of cells to the new conditions. Afterward, sampling was done at 09:00 and again at 16:00.

2.4. Measurements
2.4.1. Growth 
Growth was assessed through changes in biomass DW. A sample of 5 mL of culture was filtered through pre-weighed 47-mm diameter glass microfiber filter membranes (Whatman GF/F, Maidstone, England). The pellets on the filters were rapidly washed twice with distilled water and oven-dried afterward at 105 ºC until constant weight (Zittelli et al., 2000). Measurements were performed in triplicate.

2.4.2. Fluorescence measurements
Offline chlorophyll a fluorescence measurement was carried out with a pulse-amplitude-modulation fluorimeter (PAM-2100, H. Walz, Effeltrich, Germany), operated with PamWin (version 2.00f) PC software. Triplicate samples were incubated for 15 min in the dark prior to the Fv/Fm measurement. For this purpose, a weak light (0.5 µmol photons m-2 s-1) was applied to measure the minimum fluorescence in the dark-adapted state (Fo). Afterward, a strong saturating pulse (6000 µmol photons m-2 s-1) was supplied to close all reaction centers (RC) and reach the maximum fluorescence yield (Fm). The maximum photochemical quantum yield of PSII (Fv/Fm) was then calculated as the ratio between variable fluorescence (Fv = [Fm − Fo]/ Fm) and Fm (Butler, 1978). 
[bookmark: _Hlk71132425]The average chlorophyll specific optical absorption cross-section (a*) of the cells (m2 µg chlorophyll−1) was determined from the in vivo absorption spectra (range 400–750 nm; Varian Cary50 UV–visible spectrophotometer; Kromkamp & Limbeek, 1993). The irradiance on the surface and behind the culture was measured with a flat quantum radio-photometer (LI-250A, LI-COR), and the difference was used to determine the absorbed photon flux density by the culture (PAR) and incorporated in the electron transport rate (ETR) equation. The ETR expressed in µmol of photons µg chlorophyll−1 s−1 was determined according to Kromkamp & Forster (2003), by the product of ΔF/Fm' from online measurements, a*, PAR and 0.5 (assuming that the proportion of energy directed to PSII is 50% of the total); hence, one obtained ETR = ΔF/Fm‘ × PAR × 0.5 × a*.
OJIP fluorescence induction kinetics were recorded using the Handy Plant Efficiency Analyser (PEA; Hansatech Instruments). Samples were also dark-adapted for 15 min and then illuminated with continuous saturating light. The fluorescence transients were determined according to Strasser et al. (2000). All measurements were conducted in triplicate.

2.4.3. Pigments
For pigment extraction, triplicate samples of 2 mL were collected and centrifuged at 2650 g for 10 min. The supernatant was discarded, and glass beads were added to the pellet – which was then resuspended in 3 mL of acetone (90% v/v). The samples were vortexed for 5 min and centrifuged. The supernatant was transferred into a clean tube, and the pellet was subjected to two additional extractions with 2 mL of acetone and a final centrifugation. Absorbance measurements were taken at 663 (A663) and 750 nm (A750; to correct for turbidity). Total chlorophyll was determined based on the equation by SCOR-UNESCO, (1966):
Chlorophyll (µg mL-1) = 11.64 (A663 – A750);						        (1)
Total carotenoids were determined by the equation of Jaspars (1965): 
Carotenoids (µg mL-1) = 4.1 × A450 - 0.0435 × Chlorophyll a;				        (2)
Both equations were truncated since this genus is known to possess only chlorophyll a [13]. 
Individual carotenoids were assessed using a reversed-phase Beckman System Gold HPLC (module 125 solvent) equipped with a diode array detector, model 168 Nouveau (Beckman Instruments, CA, USA), with a column Luna, C8 (Phenomenex), according to Van Heukelem & Thomas (2001).
All reagents were HPLC grade, except for tetrabutylammonium acetate salt solution (pH 6.5), which was prepared with distilled water and filtered. Eluent solutions were: solvent A, 80:20 (v/v) methanol, 28 mM tetrabutylammonium acetate; solvent B, 100% methanol. For the elution, with a flow rate of 0.8 mL/min, a linear gradient was used as follows: starting with 100% solvent A, 100% of solvent B was reached in 25 minutes, which was maintained for 2 minutes, then 100% of solvent A was reached in 3 minutes.

2.4.4. Lipid content
The lipid content was measured in triplicate on 5 mL culture samples centrifuged at 2650 g for 10 min. Lipids were extracted according to Bligh & Dyer (1959) and quantified, according to Marsh & Weinstein (1966). The pellets were previously washed with a solution of sodium chloride (9 g L-1). For extraction, a mixture of chloroform:methanol (1:2 v/v) was used, along with bead-beating for 5 min and sample heating in a thermoblock at 60 ºC for 3 min. Following extraction, the organic phase was collected and dried. Extracts were resuspended in a known volume of chloroform and distributed in duplicate. The samples were heated in sulfuric acid at 200 ºC for 15 min, along with the prepared standard of tripalmitine (Sigma-Aldrich, USA). After the samples were cooled and distilled water duly added, the absorbance was read at 375 nm. Measurements are expressed in lipid percentage of DW.

2.4.5. Fatty acid analysis
Extraction and conversion of samples to fatty acid methyl esters (FAME) were carried out following a protocol by Folch et al. (1957) and Lepage & Roy (1984), with modifications as described by Pereira et al. (2012). Briefly, freeze-dried biomass samples were mixed in a reaction vessel with a methanol:acetyl chloride solution (20:1 v/v) and then homogenized with an IKA Ultra-Turrax T18 (IKA-Werke GmbH & Co. KG, Staufen, Germany) disperser set at 23000 rpm for 1.5 min. After adding n-hexane, the mixture was subjected to derivatization at 70°C for 1 hour. The lipidic phase was separated by vortexing the samples with distilled water and hexane, followed by centrifugation (this step was repeated three times). The residual water of the organic phase was removed via the addition of anhydrous sodium sulfate. Extracts were filtered, dried under a nitrogen gas flow, and resuspended in GC grade hexane. Analysis was performed in a Bruker gas chromatograph, coupled to an MS detector (Bruker SCION 456/GC, SCION TQ MS) equipped with a ZB-5MS capillary column (30 m × 0.25 mm internal diameter, 0.25 μm film thickness, Phenomenex), and using helium as the carrier gas. The GC oven temperature profile was set to 60 ºC (1 min), 30 °C min−1 to 120 ºC, 5 °C min−1 to 250 ºC, and 20 ºC min−1 to 300 ºC (2 min). The commercial standard, Supelco® 37 Component FAME Mix (Sigma-Aldrich, Sintra, Portugal), was used to prepare the required calibration curves. Results are expressed as percentage of total fatty acid content.

2.5. Data analysis
For the online measurements made every 15 min, a non-parametric regression – locally estimated scatterplot smoothing (LOESS) – was applied to clarify the trend of the measurements. 
Pearson’s correlation coefficient was used to check for linear correlations between fluorescence signals and biomass biochemical characteristics. Only coefficients above 0.8 or below -0.8, bearing a significance of p<0.01 were considered. Outliers were removed based on the interquartile range (IQR) criterion. 

3. Results & Discussion
3.1. Growth 
In this study, N. oceanica cultures were subjected to nitrate depletion (NO3-deplete) or replenishment (NO3-replete) in 1-L flat plate photobioreactors (Figure 1). The cultures started with 0.37 g DW L-1 and reached 3.12 ± 0.08 g DW L-1 after 92 hours in the NO3-replete culture, whereas the one grown without nitrate reached a maximum of 1.01 ± 0.07 g DW L-1 after 40 hours of cultivation and remained stable during the following 20 hours of cultivation (Figure 2). 
The NO3-replete N. oceanica culture exhibited a specific growth rate (µ) of 0.578 d-1 and a mean productivity of 0.724 g L-1 d-1, while the culture under NO3-deplete conditions reached 0.302 d-1 and 0.197 g L-1 d-1, respectively. The slight growth achieved by the NO3-limited culture, particularly during the first 40 hours, could be explained by remaining intracellular N reserves and the presence of NaHCO3 in the medium, together with the CO2 supplied via air bubbling. The latter can support growth and lipid accumulation, which served as a sink for the excess of reducing power (see below) (Nunez & Quigg, 2016; White et al., 2013). Analogous behavior was also observed in N. oceanica under similar conditions (NO3-deplete) but with lower light (Liu et al., 2018).

3.2. Lipids
The changes in lipid content were followed throughout the experiment and are depicted in Figure 3. Lipid content decreased in the control (NO3-replete culture) up to 20.1 ± 0.5 % of DW. Conversely, it increased in the NO3-deplete culture, reaching a maximum of 45.9 ± 2.1 % of DW, with a clear increase within 6 hours of nitrogen starvation. Lipid content in the control is in agreement with previous results found in Nannochloropsis spp. (Guerra et al., 2021; San Pedro et al., 2013, 2016).
The initial acclimation of the NO3-replete culture of about 20 hours was characterized by a reduction of storage lipids due to nitrate replenishment followed by a lipid accumulation between 20 and 44 hours from the beginning, most likely due to the strong light (Alboresi et al., 2016). After two days of cultivation, light availability decreased in the control culture due to the increase in biomass (Figure 2), and a reduction in lipid content was observed. Previous reports have mentioned the reduction of lipid content during dark respiration in Nannochloropsis, which can also be applied to high-density cultures, characterized by high self-shading (Carneiro et al., 2020; Fábregas et al., 2002). 

3.3. Fatty acids
The fatty acid profile shown in Figure 4 reveals the effect of nitrate depletion upon the cultures of N. oceanica. Saturated fatty acids (SFA) ranged within 42-61% and were composed of myristic (C14:0), palmitic (C16:0), and stearic (C18:0) acids; whereas monounsaturated fatty acids (MUFA) varied between 28-35% and included palmitoleic (C16:1) and oleic (C18:1) acids; finally, polyunsaturated fatty acids (PUFA), composed of linoleic (C18:2), arachidonic (C20:4) and eicosapentaenoic (EPA; C20:5) acids, varied between 6-28% of total fatty acids (TFA). The most abundant fatty acids in all cases were palmitic, followed by palmitoleic acid. These results are consistent with those found elsewhere for this genus (Carneiro et al., 2020; Ma et al., 2014; San Pedro et al., 2013; Sukenik & Carmeli, 1989; Van Wagenen et al., 2012).
In the control (NO3-replete), an increase of PUFA was observed after two days of cultivation, primarily due to EPA but also arachidonic acid, mainly at the expense of SFA, while MUFA's remained stable. This high added-value PUFA, commonly found in Nannochloropsis, peaked (20.1±0.4% of TFA) by four days of cultivation. Since EPA serves as a structural component within the cells, its production is necessary to sustain growth, as was the case in the culture grown with nitrate (Sukenik, 1991). The increase of cell self-shading also contributed to the rise of fatty acid's unsaturation beyond 44 hours, thus decreasing SFA (Fábregas et al., 2004). Palmitic and oleic TFA contents were reduced in the NO3-replete culture since the synthesis of non-polar storage lipids was no longer necessary in the presence of nitrate (Guschina & Harwood, 2006; Solovchenko et al., 2014; Thompson, 1996).
On the other hand, when under nitrate depletion, MUFA increased slightly, this time at the expense of PUFA. Under NO3-deplete conditions, SFA and MUFA were the primary components of TFA since they can generate more energy than carbohydrates upon oxidation, as previously reported under similar stress (Hoffmann et al., 2010; Rodolfi et al., 2009; Roessler, 1990). Catabolism of EPA decreased its content to a plateau of 4% of TFA, while palmitoleic increased to 28% of TFA. A similar pattern where EPA decreased in microalgal cells at lower nitrate concentrations was reported previously (Ferreira et al., 2009; Hoffmann et al., 2010).

3.4. Pigments
Changes in the chlorophyll content recorded in both NO3-replete and NO3-deplete cultures are depicted in Figure 5A. At the end of the experiment, chlorophyll content reached 2.33 ± 0.31 and 0.33 ± 0.04 % of DW for the cultures grown with and without nitrate, respectively. At the same time, total carotenoid content (Figure 5B) reached 0.63% of DW for NO3-replete and 0.21% of DW for NO3-deplete cultures. The ratio between chlorophyll and carotenoids was approximately constant for the NO3-replete culture (ratio of 3.7). However, it decreased in the culture under nitrate depletion (ratio of 1.6) mainly due to the decrease in chlorophyll. The initial decrease in chlorophyll in both cultures was probably due to the acclimation process of the photosynthetic apparatus to high light when cells were transferred to the PBR since the NO3-replete cultures were also negatively affected. Although cultures were pre-acclimated to 600 µmol m-2 s-1, an approximate 10-fold dilution of the inoculum was applied, which increased the available photons per cell. Both chlorophyll and carotenoid started to increase when the number of available photons per cell decreased when the control culture surpassed 1 g DW L-1 after less than two days. Previous studies have reported the negative impact of nitrate depletion and high light on chlorophyll and carotenoid content (Alboresi et al., 2016; Dong et al., 2013; Pal et al., 2011; Steinbrenner & Linden, 2003). 
The most abundant carotenoid found in both cultures was the light-harvesting xanthophyll violaxanthin. This carotenoid reached 0.38% of DW in NO3-replete and 0.09% of DW in NO3-deplete, followed by the combination of vaucheriaxanthin in ester and free form, reaching 0.16 and 0.07 % of DW in NO3-replete and NO3-deplete conditions, respectively, by the end of the experiments. The xanthophyll cycle pigments also showed substantial differences between the two cultivation conditions (Figure 5C). The ratio between the sum of antheraxanthin and zeaxanthin (A+Z), and the total xanthophyll cycle pool, namely violaxanthin (V), antheraxanthin (A), and zeaxanthin (Z), expresses the de-epoxidation state of the xanthophyll cycle pigments (A+Z/V+A+Z) which increased continuously in the NO3-deplete culture. While in the NO3-replete culture, the de-epoxidation state increased during the first 20 hours of cultivation and decreased thereafter. The increase of the de-epoxidation state in the NO3-deplete culture indicated an increasing need to dissipate light energy by the cells (Masojídek et al., 2004). On the other hand, in the NO3-replete culture, the decrease of the de-epoxidation state should be an outcome of the reduced light irradiance to which the single cells were exposed due to self-shading (Niyogi, 1999). Since the light was not limiting for the NO3-deplete culture (data not shown), this culture was more exposed to light stress than the control and consequently to de-epoxidation mechanisms, which increased both zeaxanthin and antheraxanthin (Supplementary Figure S1), in agreement with previous studies on Nannochloropsis gaditana (Lubián & Montero, 1998). A previous report on C. reinhardtii under sulfur starvation also indicated an increase in zeaxanthin and the xanthophyll pool as a mechanism to promote photoprotection of the PSII from photoinhibition (Faraloni et al., 2011).

3.5. Fluorescence parameters
Both culture behaviors were monitored using on- and offline chlorophyll a fluorescence. The time course of the online measurements of the effective quantum yield of PSII (ΔF/Fm') is shown in Figure 6A. Online measurements reveal a clear drop in the PSII photochemistry's efficiency of the NO3-deplete culture after 5 hours of exposure to nitrate deprivation (insert in Figure 6A). The decrease steadily continued during the following 27 hours, after which stress became evident due to the lack of growth, increase in lipid content, and decrease of chlorophyll content and unsaturation of fatty acids, mainly PUFA. On the other hand, the NO3-replete culture presented a logarithmic growth mirrored by an increased value of the ΔF/Fm' that stabilized near 0.6 after approximately 40 hours. This rise in the effective quantum yield is readily explained by the increasing level of photo limitation caused by the higher cell density in the NO3-replete culture. Vice versa, limited growth and promoted photoinhibition of PSII were observed in the NO3-deplete culture. A decrease of ΔF/Fm' under nitrate deficiency has been previously reported in N. oceanica and began after intracellular nitrogen dropped below 5% of wet weight (Liu et al., 2018). A drop in the effective quantum yield of C. reinhardtii was also observed under sulfur starvation (Faraloni et al., 2011). 
Online measurements further included the qN coefficient (Figure 6B), which responded within the first 6 hours. The NO3-replete culture dropped swiftly near zero before 24 hours had passed, while the qN of the NO3-deplete culture rose to 1 (maximum value recorded by the instrument for qN) within 10 hours. This result falls within the expected behavior since a rise in de-epoxidation of the NO3-deplete culture (Figure 5C) was observed as well. The qN response seems to be slightly preceded by the decrease of the de-epoxidation state of the xanthophylls which could be a mechanism to reduce light capture and exciton transfer to PSII RC in order to reduce the need for energy dissipation in the form of non-photochemical quenching (Lubián & Montero, 1998). The relationship between carotenoid content, fluorescence quenching, and photoprotection has been previously established (Goodwin, 1980). 
The results for the offline measurements of the maximum quantum yield of PSII (Fv/Fm) shown in Figure 7A reveal a similar trend to the online measurements reported for the ΔF/Fm' in Figure 6A. The initial values of the Fv/Fm ratio were close to 0.6 and decreased during the following 10 hours as a consequence of the strong dilution of the cultures. Thereafter, the Fv/Fm ratio recovered in the nutrient-replete culture while it continued to decline in the nutrient-deplete one due to the inability of the cells to repair photodamage under nitrogen stress (Marshall et al., 2000). 
The maximum ETR achieved was 16.2 and 5.8 µmol µg chl-1 s-1 for the control and NO3-deplete cultures, respectively. The initial acclimation mechanisms of the control culture revealed a high light absorption efficiency due to the growing ETR activity. However, after two days, the high cell density of the control culture also downregulated the activity of the ETR (Figure 7B), very likely due to acclimation of the cells to low light (Kromkamp et al., 2009). The culture grown without nitrate exhibited a much lower ETR, which was mimicked by oxygen evolution measurements (data not shown). With the ETR compromised, the increase of zeaxanthin and antheraxanthin pigments (Supplementary Figure S1) points to the prevention of lipid peroxidation to avoid the production of oxygen radicals (Sarry et al., 1994). However, the decrease of the main target of lipid peroxidation, i.e. PUFAs (Figure 4), in NO3-deplete cultures, suggests an inability to cope with lipid peroxidation, thus leading to damage of the D1 protein (Chan et al., 2012). Low values of maximum relative ETR were also observed for Chlorella sp. in nitrate deficient media (White et al., 2011).

3.6. Transient curves
Specific parameters of the transient curves were determined, normalized, and plotted for a better understanding of the PSII acclimation mechanism to nitrate stress in N. oceanica (Figure 8). The first inflection point of the curve (J) has been previously referred to as a "warning" for nitrate deprivation (Malapascua et al., 2014), as was also the case in this study. This is perceptible in Figure 8 when looking at the rise of Vj in NO3-deplete cultures. The polyphasic transients O-J-I-P at 0, 3, 5, 20, and 44 hours are provided in Supplementary Figure S2, where a delayed rise and more pronounced J inflection are visible over time, suggesting a metabolic incapacity of the culture under nitrate deprivation. The Vj parameter represents the fraction of closed RCs relative to the total RCs that can be closed (Goltsev et al., 2016). This increase is due to the higher J inflection and a lower P as time elapses and translates into a lower efficiency in electron transport under nitrate depletion. The active RC per cross-section was also affected by nitrate depletion both at O (RC/CSo) and P (RC/CSm), showing a decrease of active RC density that was more pronounced for RC/CSm. The energy absorbed (ABS/CSm), as well as the trapping (TRo/CSm) and dissipation (DIo/CSm) per excited cross-section, increased under nitrate depletion. Unlike these phenomenological fluxes, electron transport per excited cross-section (ETo/CSm) decreased. This could be explained by a hindered electron transport beyond QA, shown by the J-I-P steps' slow rise. The behavior of the performance index of PSII functional activity normalized to the absorbed energy (PIABS) was similar to that of Fv/Fm. The results reveal a high electron absorption but with very low processing efficiency for electron transfer beyond QA. In addition, the Vj parameter, together with ETo/CSm, seem to be the most sensitive to nitrate depletion in the first hours. In fact, OJIP parameters are quite similar in the first 3 hours, starting to diverge at 5 hours and markedly so after 20 hours and forward.
In a previous study using Chlorella vulgaris, changes in OJIP parameters began after intracellular nitrate dropped below 3 ng NO3 per cell (Plyusnina et al., 2020). In the same study, a drop in the maximum quantum yield was observed in C. vulgaris exposed to nitrogen depletion (Plyusnina et al., 2020).

3.7. Relationship between photochemical and biochemical parameters 
According to the results reported in this study, the first triggering signal indicating lipid accumulation was the drop in the ΔF/Fm' recorded after 5 hours of cultivation accompanied by an increase in the de-epoxidation state of the xanthophylls, with differently affected values in nitrate-replete and deplete conditions. Pearson’s correlation was sought among these first biochemical and fluorescence signals (Figure 9). A negative linear relationship was established between the online ΔF/Fm' measurements and lipid content (Figure 9A; r (14) = -0.96, p<0.01). In N. oceanica, nitrate depletion leads to lipid accumulation (Figure 3) while concomitantly affecting the photosynthetic apparatus (Figure 6), which is reflected in the fluorescence signal. Interestingly, changes in the lipid content of 5% of DW could be translated into changes of the online signal ΔF/Fm' in the order of 0.94. A correlation of offline measurements of ΔF/Fm' with intracellular nitrogen in N. oceanica under 140 μmol m-2 s-1 with light-dark periods has been previously reported (Liu et al., 2018). 
A positive linear relationship was also found for the Vj parameter from the OJIP measurements and the de-epoxidation state of the xanthophyll cycle (Figure 9B; r(12) = 0.94, p<0.05). The increase in the de-epoxidation state with Vj indicates a slowdown of electron transport (Ranglová et al., 2019), along with the activation of photoprotection mechanisms from the xanthophyll cycle. However, the small slope of the correlation produces a small change in Vj over large changes in the de-epoxidation state. As a result, the most suitable relation would be between online ΔF/Fm' measurements and lipid content. Therefore, online fluorescence monitoring could provide an immediate response regarding nitrate status, valid for nutrient replenishment or lipid induction needs. 

4. Conclusions
Online monitoring of nitrate-deplete and replete cultures of N. oceanica using chlorophyll a fluorescence measurements successfully provided reliable data according to both metabolic shifts and offline measurements. The triggering signal for the metabolic shift from nitrate-replete to nitrate-deplete cultures became apparent after 5 hours by a sudden drop in the effective quantum yield measured online.  Nitrate-replete cultures recovered their growth, pigment, and PUFA contents, and effective and maximum quantum yield of PSII while lowering lipid content, as opposed to N. oceanica cultures led to nitrogen depletion. 
In conclusion, the use of online chlorophyll a fluorescence in Nannochloropsis cultures under nitrogen stress permits the detection of changes in the photosynthetic apparatus and provides timely information on the start of lipid accumulation.
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Figure legends
Figure 1. General view of the experimental set up used in this study. It was composed by a fully controlled 1-L photobioreactor illuminated from one side.: Online chlorophyll fluorescence was monitored with a PAM-2100 with the optical fiber directly attached on the lateral face of the flat photobioreactors. Nutrient replete culture (control) (A), and nutrient deplete culture (B), after 48 hours of culture. The arrows indicate the positioning of the optical fiber connected to the PAM-2100.
Figure 2. Variations of dry weight (DW; in g L-1) over time (hours) of the Nannochloropsis oceanica culture grown in nitrate replete (blue circles with solid line) and nitrate deplete (yellow triangles with dashed line) conditions in 1-L flat photobioreactors (n=1). Error bars represent standard deviation.
Figure 3. Variations of lipid content (% of DW) over time (hours) of Nannochloropsis oceanica grown in nitrate replete (blue circles with solid line) and nitrate deplete (yellow triangles with dashed line) conditions in 1-L flat photobioreactor (n=1). Error bars represent standard deviation.
Figure 4. Variation of the fatty acid profile as percentage of total fatty acids (% of TFA) over time (hours) of Nannochloropsis oceanica grown in nitrate replete (left plots in blue tones) and nitrate deplete (right plots in yellow tones) conditions in 1-L flat photobioreactor (n=1). The fatty acid order in the legends is the same as the plot regarding each polyunsaturated fatty acid (PUFA), monounsaturated fatty acid (MUFA), and saturated fatty acid (SFA). Error bars represent standard deviation.
Figure 5. Variation of chlorophyll (% of dry weight [DW]; A), carotenoid (% of DW; B), and of the xanthophyll cycle de-epoxidation state expressed as the sum of antheraxanthin and zeaxanthin (AZ) on the total xanthophyll cycle pool pigments (VAZ); C) over time (hours) of Nannochloropsis oceanica grown in nitrate replete (blue circles with solid line) and deplete (yellow triangles with dashed line) conditions in 1-L flat photobioreactor (n=1). Error bars represent standard deviation.
Figure 6. The effective quantum yield of PSII (ΔF/Fm'; A) and non-photochemical fluorescence quenching coefficient (qN; B) over time (hours) showing the individual data points (semi-transparent points) and the corresponding locally weighted smoothing (LOESS; thick lines) measured with an online pulse-amplitude-modulation (PAM) fluorometer of Nannochloropsis oceanica grown in nitrate replete (blue dots) and nitrate deplete (yellow triangles) conditions in 1-L flat plate photobioreactor (n=1). Inset in 5A shows amplification of the plot during the first 15 hours.
Figure 67. Variation of maximum quantum yield of PSII (Fv/Fm; A) measured offline and electron transport rate (ETR; B) from online ΔF/Fm’ measurements over time (hours) with a pulse-amplitude-modulation (PAM) fluorometer of Nannochloropsis oceanica grown in nitrate replete (blue circles and solid line) and nitrate deplete (yellow triangles and dashed line) conditions in 1-L flat photobioreactor (n=1). Error bars represent standard deviation.
Figure 8. Normalized parameters from transient curves (OJIP) after 0, 3, 5, 20, and 44 hours of Nannochloropsis oceanica grown in nitrate replete (blue area with dots) and nitrate deplete (yellow area with triangles) conditions in 1-L flat photobioreactor (n=1).
Figure 9. Correlations between online effective quantum yield of PSII (ΔF/Fm') and lipid content (% of dry weight [DW]; A), and between Vj and the de-epoxidation state (AZ/VAZ; B) of Nannochloropsis oceanica grown in nitrate replete (blue circles) and nitrate deplete (yellow triangles) conditions in 1-L flat plate photobioreactor. Significant (p <0.01) Pearson’s correlations (r) are displayed in each respective plot (grey line).
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