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Abstract :   
 
The domesticated marine microalga Diacronema lutheri is of great interest for producing various highly 

valuable molecules like lipids, particularly long‐chain polyunsaturated fatty acids (LC‐PUFA). In this study, 
we investigated the impact of phosphorus (P) and nitrogen (N) starvation on growth, carbon fixation 
(photosynthetic activity) and partitioning, and membrane lipid remodeling in this alga during batch culture. 
Our results show that the photosynthetic machinery was similarly affected by P and N stress. Under N 
starvation, we observed a much lower photosynthetic rate and biomass productivity. The degradation and 

re‐use of cellular N‐containing compounds contributed to triacylglycerol (TAG) accumulation. On the other 

hand, P‐starved cells maintained pigment content and a carbon partitioning pattern more similar to the 

control, ensuring a high biomass. Betaine lipids constitute the major compounds of non‐plastidial 
membranes, which are rich in eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids. Under P and 
N starvations, EPA was transferred from the recycling of membrane polar lipids, most likely contributing 
to TAG accumulation. 
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Abstract

The domesticated marine microalga Diacronema lutheri is of great interest for producing various 

highly valuable molecules like lipids, particularly long-chain polyunsaturated fatty acids (LC-PUFA). 

In this study, we investigated the impact of phosphorus (P) and nitrogen (N) starvation on growth, 

carbon fixation (photosynthetic activity) and partitioning, and membrane lipid remodeling in this alga 

during batch culture. Our results show that the photosynthetic machinery was similarly affected by P 

and N stress. Under N starvation, we observed a much lower photosynthetic rate and biomass 

productivity. The degradation and re-use of cellular N-containing compounds contributed to 

triacylglycerol (TAG) accumulation. On the other hand, P-starved cells maintained pigment content 

and a carbon partitioning pattern more similar to the control, ensuring a high biomass. Betaine lipids 

constitute the major compounds of non-plastidial membranes, which are rich in eicosapentaenoic 

(EPA) and docosahexaenoic (DHA) acids. Under P and N starvations, EPA was transferred from the 

recycling of membrane polar lipids, most likely contributing to TAG accumulation. 

Key Index words:

carbon partitioning; Diacronema lutheri; nitrogen; phosphorus; polyunsaturated fatty acid

Abbreviations:

FA, fatty acid; LC-PUFA, long-chain polyunsaturated fatty acid; EPA, eicosapentaenoic acid; DHA, 

docosahexaenoic acid; TAG, triacylglycerol;  PL, phospholipid; 

GL, glycolipid; BL, betaine lipid; PC, phosphatidylcholine;  PI, phosphatidylinositol;  

PS, phosphatidylserine; PG, Phosphatidylglycerol; DPG, diphosphatidylglycerol; 

MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; 

SQDG, sulfoquinovosyldiacylglycerol; DGCC, diacylglycerol-3-carboxymethyl-choline; DGTA, 

diacylglycerol hydroxymethyl-N,N,N-trimethyl-β-alanine; DGGA, diacylglycerylglucuronide; FAME, 

fatty acid methyl ester; µ, specific growth rate; 

F0, minimum Chl fluorescence yield;  Fm, maximum fluorescence yield;  Fv/Fm, the maximum 
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quantum yield; ΦII, PSII operating efficiency;  NPQ, non-photochemical quenching; SIMPER, 

similarity percentage analysis;  ANOSIM, one-way analysis of similarities.
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Introduction
In the last decade, microalgae have been cultured around the world for different applications in 

aquaculture, food-processing, biofuel production, cosmetics, and pharmaceutics (Cadoret et al. 2008, 

Hu et al. 2008, Mimouni et al. 2012, Koller et al. 2014). They are a promising source for the 

production of a number of highly valuable compounds, such as pigments, antioxidants and lipids, 

particularly long-chain polyunsaturated fatty acids (LC-PUFA). 

The Haptophyte Diacronema lutheri, previously named Pavlova lutheri, is a marine microalga 

widely used as a feed in aquaculture hatcheries (Brown et al. 1997, Ponis et al. 2008). This species is 

rich in omega-3 LC-PUFAs, notably eicosapentaenoic (EPA, C20:5n-3) and docosahexaenoic (DHA, 

C22:6n-3) acids (Brown et al. 1993, Meireles et al. 2003), which are known for their potential health 

benefits (Doughman et al. 2007, Mimouni et al. 2012). In microalgae, LC-PUFAs are mainly present 

in polar lipids constituting the membranes, whereas D. lutheri is able to partition omega-3 LC-PUFAs 

into triacylglycerols (TAG; Tonon et al. 2002, Guihéneuf and Stengel 2013). Moreover, D. lutheri is 

also a high producer of phytosterols, which are well known for their ability to reduce low density 

lipoprotein cholesterol (Ahmed et al. 2015). A previous study showed that lipid extracts from D. 

lutheri can effectively inhibit lipopolysaccharide-stimulated inflammatory pathway in human 

macrophages, suggesting an anti-inflammatory effect in the prevention of chronic inflammation-

linked metabolic illnesses such as cardiovascular diseases (Robertson et al. 2015). 

Previous studies have shown that physicochemical factors, such as irradiance, temperature or 

carbon source, play an important role in the growth and biochemical composition of Diacronema 

lutheri (Tatsuzawa and Takizawa 1995, Carvalho and Malcata 2003, Carvalho et al. 2009, Guihéneuf 

et al. 2009, 2011, Guedes et al. 2010, Guihéneuf and Stengel 2017). Moreover, nutrient limitation can 

directly or indirectly affect the fixation (photosynthesis), partitioning and storage of carbon in the 

cells, thus the molecules of interest (Carvalho and Malcata 2000, Carvalho et al. 2006, Guschina and 

Harwood 2009, Zhu et al. 2016). 

Nitrogen (N) and phosphorus (P) are the most limiting or co-limiting macro-elements in 

natural conditions (Moore et al. 2013). Both elements are involved in the composition of essential 

molecules for all organisms, and closely connected to carbon metabolism (Geider and La Roche 

2002). The influence of N on the reorientation of carbon flux has been intensively studied, and N has A
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been considered as the main nutrient triggering the accumulation of neutral lipids (Sharma et al. 2012, 

Guihéneuf and Stengel 2013). Indeed, the degradation of nitrogenous cellular compounds such as 

proteins, amino acids and chlorophylls, could offer both reducing agents and carbon skeletons for the 

de novo synthesis of fatty acids (Ge et al. 2014). Furthermore, many studies indicate that thylakoid 

membrane degradation results in TAG synthesis and that plasma membrane remodeling contributes 

substantially to the accumulation of neutral lipids (Simionato et al. 2013, Yang et al. 2013, Martin et 

al. 2014, Tan et al. 2016). Nevertheless, N limitation in microalgae is often accompanied by a 

decrease in photosynthetic capacity due to reduction of structural components (Young and Beardall 

2003); as a consequence, lipid productivity rapidly decreases because of the lowering of energy intake 

(Klok et al. 2013, Benvenuti et al. 2015). 

In contrast to N limitation, the effect of P limitation in microalgae is mostly species-specific. 

Some studies show that the integrity of the thylakoid membranes is largely maintained (Iwai et al. 

2014), and photosynthetic parameters are not modified in the absence of P (Kamalanathan et al. 2015). 

The influence of P limitation on the reorientation of carbon flux and cellular energy has been studied 

in some species (Falkowski and Raven 2007, Lin et al. 2016, Brembu et al. 2017). P limitation 

triggers TAG increase in several model algae such as Chlamydomonas reinhardtii (Iwai et al. 2014), 

Phaeodactylum tricornutum (Alipanah et al. 2018, Abida et al. 2015, Huang et al. 2019a), 

Nannochloropsis oceanic (Mühlroth et al. 2017) and Tisochrysis lutea (Huang et al. 2019b). Some 

microalgae demonstrate a specific process of polar lipid remodeling, characterized by a substitution of 

phospholipids (PL) with glycolipids (GL) and/or betaine lipids (BL; Khozin-Goldberg and Cohen 

2006, Van Mooy et al. 2009, Martin et al. 2011, Lu et al. 2013, Iwai et al. 2014, Abida et al. 2015, 

Shemi et al. 2016, Cañavate et al. 2017a, Mühlroth et al. 2017, Alipanah et al. 2018, Hunter et al. 

2018, Huang et al. 2019a). Conversely, in some other microalgae with intrinsically low PL levels, the 

BL content is often independent of P availability (e.g., T. lutea, Isochrysis galbana and Diacronema 

vlkianum; Cañavate et al. 2017a,b, Huang et al. 2019b). 

To our knowledge, the plasma membrane of Diacronema lutheri does not contain PL 

(Eichenberger and Gribi 1997), which could mean it requires little P and is adapted to low P 

conditions (Cañavate et al. 2017a,b). Carvalho et al. (2006) compared the effects of N and P on the 

production of biomass, EPA and DHA by D. lutheri. These authors suggested a trend between A
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decreasing N concentration and increasing yield of EPA at high P level, while the effect of P 

limitation is remained unclear. 

In this study we focused on the effect of P stress in Diacronema lutheri on carbon fixation and 

orientation, and lipid remodeling, particularly with respect to fatty acid partitioning. For this purpose, 

the impact of P starvation was compared with N-starvation and non-stressing media. Photosynthetic 

activity and different biochemical responses of D. lutheri were measured during batch cultivation 

under continuous light.

Materials and methods
Microalgal strain and growth conditions

Axenic Diacronema lutheri CCAP 931/6 was obtained from the Culture Centre of Algae and Protozoa 

(Oban, Scotland) and maintained in natural seawater (Saint-Malo, France) enriched with Walne 

solution (Walne 1966). Several precautions were taken during the preparation of the inocula: 

Microalgae were pre-cultivated in Walne-enriched seawater until the exponential growth phase was 

reached; cells were then transferred into natural seawater for 3 d. This 3-d period was necessary to 

lower the cellular P and N quotas and to minimize dissolved inorganic N and P inputs in the 

subsequent cultures. 

Pre-cultivated cells were inoculated with an initial density of 105 cells · mL-1 in 1.5 L of 

medium prepared with seawater enriched with original Walne (control) or modified Walne (P-limited 

or N-limited) solutions. The modified or non-modified Walne solution provided nutrient 

concentrations of 1176 µM NO3
- and 128 µM PO4

3- (N:P = 9.18) in the control medium, 500 µM 

NO3
- and 4 µM PO4

3- (N:P = 125) in the P-limited medium, and 125 µM NO3
- and 125 µM PO4

3-, 

(N:P = 1) in the N-limited medium. These concentrations were chosen according to Bougaran (2014). 

Culture was conducted in batch mode at 16 ± 2°C, under continuous fluorescent light (Osram 54W 

cool daylight) with a photon flux density of 120 µmol photons · m-2 · s-1 (Guihéneuf, 2008) and 

sterile-filtered air bubbling over a total period of 11 days. Three biological replicates of each of the 

above treatments were studied. Cell density was determined on samples fixed with Lugol (iodine 

solution) using optical microscopy, assessed with a Neubauer hemocytometer twice a day. Specific 
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growth rate (µ) was calculated according to the equation: µ = (ln Nt2 – ln Nt1)/ (t2-t1), where Nt2 and 

Nt1 are the number of cells on two subsequent culture days (t2 and t1). 

Nutrient analyses

Defined culture volumes containing about 30 106 cells were filtered on GF/C glass fiber filters ×  

(Whatman, Fisher Scientific, Illkirch, France) and residual PO4
3- (including HPO4

2- and H2PO4
-) and 

NO3
- concentrations in the media were measured in the filtrates. PO4

3- was estimated by visible 

spectrophotometry (Murphy and Riley 1958), and NO3
- was determined by ultraviolet 

spectrophotometry (American Public Health Association 1992). Cells on filters were washed twice 

with 10 mL 0.516 M NaCl, dried overnight at 60°C, and stored at -20°C. Levels of particulate C and 

N in cells were determined with a FLASH 2000 NC analyzer (Thermo Fisher Scientific, Villebon-sur-

Yvette, France). 

Photosynthesis and chlorophyll a fluorescence yield measurements

Photosynthesis was measured by the rate of oxygen evolution (Nguyen-Deroche et al. 2012), using a 

luminescent oxygen indicator (PyroScience FireSting O2, Aachen, Germany). Net photosynthesis was 

recorded under an actinic irradiance of 120 μmol photons · m−2 · s−1 (Intralux 4000-1, Schlieren, 

Switzerland) at 16°C. 

Chlorophyll a fluorescence yield measurements were taken as described by Roháček et al. 

(2014) at 16°C, using a FMS1-modulated fluorimeter (Hansatech, Cergy, France). After a dark-

adaptation period (15 min), the minimum Chl fluorescence yield (F0) was recorded under a weak 

modulated light (0.1 μmol photons · m−2 · s−1). Next, a saturation pulse (more than 1200 μmol 

photons · m−2 · s−1) was applied to determine maximum fluorescence yield (Fm). The maximum 

quantum yield (Fv/Fm) was calculated according to the equation: Fv/Fm = (Fm-F0) / Fm. PSII operating 

efficiency (ΦII), photochemical and non-photochemical quenching (NPQ) were determined following 

a 7-min non-saturating white actinic irradiation (120 μmol photons · m−2 · s−1) according to Roháček 

et al. (2008, 2014). For quenching components analysis, a higher actinic irradiance (1000 µmol 

photons · m−2 · s−1) was applied, and dark relaxation of Chl fluorescence yield was recorded (Roháček 

et al. 2014).A
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Protein, carbohydrate, neutral lipid, and pigments assays

For proximate protein and carbohydrate assays, about 30 106 cells were harvested by centrifugation ×

(3000 g, 10 min), washed with 0.516 M NaCl, resuspended in 2 mL ultrapure water and homogenized. 

The homogenate was centrifuged at 4°C, 16100g for 20 min, protein and carbohydrate dosages were 

then measured on the same cell lysate. Soluble protein content was quantified using the Bradford 

method (Bradford 1976), and soluble carbohydrate content by the phenol-sulfuric acid method 

(Dubois et al. 1951).

Cellular neutral lipid accumulation was estimated by Nile red (Sigma-Aldrich, Saint-Quentin-

Fallavier, France) fluorescence. Briefly, 3 mL of culture containing about 3 106 cells were stained ×

directly with 3 µL Nile red solution (1 mg · mL-1 in acetone). The fluorescence was measured at 

excitation/emission wavelengths of 530/580 nm respectively (Perkin Elmer LS-55, Villebon-sur-

Yvette, France).

The pigments Chl a, Chl c, and fucoxanthin were extracted from the cell pellet with 100% 

acetone and quantified spectrophotometrically (Perkin Elmer Lambda-25, Villebon-sur-Yvette, France) 

as described in Heydarizadeh et al. (2017).

Lipid extraction and identification and fatty acid analysis

For lipid analysis, about 300 106 cells were collected at days 4, 7, and 11 on a GF/C glass fiber ×  

filter (Whatman, Fisher Scientific, Illkirch, France). Total lipids were extracted in a 

chloroform/methanol/0.28% NaCl (1/2/0.2, v/v/v) mixture according to Bligh and Dyer (1959). The 

solvent was then removed by evaporating under partial vacuum using a rotary evaporator (Heidolph 

94200, Fisher Scientific, Illkirch, France), and the dry extracts were dissolved in 2 mL pure 

chloroform and stored at -20°C under nitrogen (N2). Total lipid content was quantified by 

carbonization (Marsh and Weinstein 1966) using triacylglycerol (TAG) as a standard (Sigma Aldrich, 

Saint-Quentin-Fallavier, France).

Lipid extracts from about 7.5 106 cells were separated using thin layer chromatography ×

(TLC) on 20 20 cm silica gel 60 plates (Merck, Fontenay-sous-Bois, France). Three separation ×  

solvents were successively used: (1) methyl acetate/ isopropanol/ chloroform/ methanol/ 0.25% KCl A
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(25/25/25/10/9, v/v/v/v/v), (2) methyl acetate/ isopropanol/ chloroform/ methanol/ 0.25% KCl 

(5/5/5/2/1, v/v/v/v/v) and (3) hexane/ diethyl ether/ glacial acetic acid (40/10/1, v/v/v). Lipid spots 

were visualized under UV light (366nm) after spraying with primuline (Sigma-Aldrich, Saint-

Quentin-Fallavier, France; White et al. 1998). Quantification was made with a digit image system 

(Versadoc 3000 Bio-Rad, Marnes-la-Coquette, France) combined with the Quantity One program 

(Bio-Rad, Hercules, CA, USA) and a range of lipid standards. For phospholipids, plates were sprayed 

with Zinzadze reagent (Molybdenum Blue Spray, Sigma-Aldrich, Saint-Quentin-Fallavier, France; 

Dittmer and Lester 1964). All the lipid standards used for TLC analyses were obtained from Sigma-

Aldrich (Saint-Quentin-Fallavier, France) or Advanti Polar Lipids (Alabaster, AL, USA).

Lipid fractions were separated using a column of 500 mg silica gel 60 (normal-phase, 0.063–

0.200 mm, Merck, Fontenay-sous-Bois, France). The column was preconditioned with pure 

chloroform and subsequently loaded with concentrated crude lipid extract. Neutral lipids were eluted 

using 20 mL chloroform/acetone (9/1, v/v), glycolipids with 4 mL chloroform/ methanol (5/2, v/v) 

and 6 mL acetone/ methanol (9/2, v/v), and finally phospholipids and betaine lipids with 20 mL 

methanol/ H2O (9/1, v/v). The fractions were evaporated to dryness and dissolved in 2 mL pure 

chloroform for gas-chromatography analyses.

Fatty acid methyl esters (FAMEs) from each lipid fraction were obtained according to Slover 

and Lanza (1979). FAMEs were analyzed by a Focus gas-chromatograph (Thermo Electron 

Corporation, Les Ulis, France) equipped with a capillary column CP Sil-88 25 m  0.25 mm (Varian, ×

Les Ulis, France), coupled with flame-ionization detection. Nitrogen was used as the mobile phase 

with a constant flow rate of 1 mL/min. Injection was performed in the split mode at 250°C. The 

analyses were carried out from 120°C to 220°C: 120°C for 4 min, 120–220°C with 6°C · min-1, and 

held at 220°C for 5 min. FAMEs were identified from authentic FAME standards (Sigma-Aldrich, 

Saint-Quentin-Fallavier, France), analyzed with the Azur V4 program (Datlys, Les Ulis, France), and 

expressed as molar percent of total fatty acids.

Statistical analysis

The normalization of concentration data to cell C made it possible to follow carbon partitioning 

between cell components. The data were analyzed statistically using a one-way repeated measures A
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ANOVA followed by a Fisher’s LSD post-hoc test (level of significance: p ≤ 0.05). Unless otherwise 

specified, the SIGMAPLOT software package was used for all statistical calculations. All the results 

were expressed as means ± standard errors.

Principal components analyses (PCA) were carried out using R (Multivariate exploratory data 

analysis and data mining, version 1.41; Husson et al. 2018) to study and visualize  correlations 

between variables. The data were scaled to unit variance. Hierarchical clustering was performed using 

the Ward’s criterion on the PCA results.

Membrane lipid and fatty acid (FA) data were analyzed with a similarity percentage analysis 

(SIMPER), performed on the relative percentage data to demonstrate the dissimilarity in membrane 

lipid and FA composition. SIMPER identified the compounds that contributed the most to the 

variance between tested conditions. The membrane lipids and FAs, which together contributed up 

to >80% of the dissimilarities, were selected to identify the differences between culture conditions. 

Data on the relative percentage were logarithmically (log[x+1]) transformed and converted into a 

Bray-Curtis similarity matrix. A one-way analysis of similarities (ANOSIM) was used to statistically 

test the overall difference by calculating a global R statistic that weights the differences between 

groups of sampling units. An R value close to 1 indicates high separation of the clusters, while a value 

of 0 represents the null hypothesis (Chapman and Underwood 1999). SIMPER and ANOSIM analyses 

were performed using R (Community Ecology Package, version 2.4-6) (Oksanen et al. 2018).

Results and Discussion
Cell growth 

Cell growth of Diacronema lutheri was monitored over 11 days in batch cultures. The P-stressed (P-) 

culture showed a similar cell density evolution to the control (NP) and N-stressed (N-) cultures until 

day 6. The specific growth rate reached its maximum (max = 0.8~0.9 · d-1) on day 4 under the three 

cultivation conditions, without any significant difference (Fig.  1a). 

The N-starved cells entered stationary phase on day 7, after about 2 days of NO3
- deprivation 

(NO3
- concentration below the detection limit) in the medium, with a cell density of 3×106 cells · mL-1 

(Fig.  1b). The P-starved cells reached stationary phase on day 10~11, after about 6 days of PO4
3- 

deprivation (PO4
3- concentration below the detection limit) in the medium, with a cell density of A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

8×106 cells · mL-1 (Fig.  1c). These results corroborate the findings of Carvalho et al. (2006), 

suggesting a good adaptation to P scarcity in this species.  Despite the high N:P enrichment ratio used 

(N:P = 125), it was noted that the P-limited medium also became deprived of NO3
- about 2 days 

before the cells entered stationary phase. With regard to the level of P and N depletion, their duration 

and the cell density, we could not distinguish whether it was P or N starvation that caused cell 

division to stop. Therefore, these data will not be used as a basis for drawing conclusions about P 

starvation, but are included for context. In the control culture, NO3
- deprivation was observed around 

day 9, while PO4
3- remained available (Fig.  1d).

According to the growth rate and residual PO4
3- and NO3

- concentrations in culture media, 

days 4 (exponential growth phase), 7 (2~3 days after P or N depletion in limited cultures) and 11 (6~7 

days after P or N depletion in limited cultures) were chosen for comparisons in the subsequent 

experiments.

The growth rate of microalgae depends on the quota of the limiting element according to 

Droop's model (Droop 1973). In the present study, we compared the cellular quota of N (N/C, 

normalized to cell C) in the three culture conditions (Fig.  1e). The same increase in N quota 

supporting cell division and growth was observed during the exponential growth phase under the three 

culture conditions. After N depletion in the medium (day 5), the N quota was greatly reduced in N-

starved cultures and remained very low during the stationary phase. In P-starved cells, from day 6 

until day 8, the N quota was also reduced compared with control cells, despite ambient N still being 

available. This result suggests that N assimilation ability was restricted by P limitation, as previously 

described (Pahlow and Oschlies 2009, Bougaran et al. 2010): the low N assimilation could be related 

to the need for ATP to achieve active N uptake. Following the depletion of NO3
- in the medium (after 

day 8), the N quota quickly dropped to the same level as in N-limited conditions when the cells 

entered stationary phase (Fig.  1e), suggesting a potential N deficiency. Conversely, in the control 

culture, the N quota remained high whereas the growth rate was reduced from day 4 onwards. Based 

on earlier information, and given the high cell density, the reduced growth rate might be due to light 

or CO2 limitation that could decrease photosynthesis and subsequently carbon metabolism (Brembu et 

al. 2017).  
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Photosynthetic activity and pigment content

The maximum quantum yield (Fv/Fm), which quantifies the maximum photochemical efficiency of 

PSII (Roháček et al. 2008), was roughly constant (around 0.71) in control culture until NO3
- 

deprivation occurred in the medium (day 9). Fv/Fm decreased significantly in N- and P-starved 

cultures (Fv/Fm = 0.64 and 0.65 on day 7, respectively) (Fig. 2a), suggesting a reduced photosynthetic 

capacity of PSII reaction centers under both N and P stress. Similar Fv/Fm decreases in response to N 

or P deficiency were also reported in other species (Liu et al. 2011, Abida et al. 2015, Alipanah et al. 

2018), which might be strongly related to the reorganization of thylakoid membranes. 

Similarly, PSII operating efficiency (ΦII) remained high in control cells until NO3
- deprivation 

in the medium. ΦII decreased dramatically in N- and P-starved cultures from day 4 onwards, and 

much lower in P-starved cultures (Fig. 2b). This decline in ΦII might be due to delayed electron 

transfer modulated by the rate of CO2 fixation (Chylla and Whitmarsh 1989, Wykoff et al. 1998), 

particularly because of the depletion of phosphorylated intermediates (Brooks 1986, Jacob and 

Lawlor 1993).

Non-photochemical quenching (NPQ) is an important mechanism that allows dissipation of 

excess light energy as heat, thus maintaining the balance between the photon energy absorbed and 

energy utilized (Müller et al. 2001). In the present study, NPQ started to increase in both N- and P-

stressed cultures from day 4 onwards (Fig. 2c). The increase of NPQ might be related to xanthophyll 

de-epoxidation through the xanthophyll cycle (Roháček et al. 2014). The lower values in P-starved 

cultures compared with N- could be due to the more persistant growth, which largely consumes light 

energy and thus reduces energy imbalance at the cellular level. According to Roháček et al. (2014), 

complementary measurements of fluorescence parameters were performed during the relaxation 

period. A significant increase of the slow component of the dark-relaxation kinetics was observed in 

both P- and N-starved cultures (Fig S1 in the Supporting Information), suggesting an enhanced 

photoinhibition of PSII.

Overall, Chl a fluorescence parameters show that the photosynthetic machinery was similarly 

affected by P and N starvations in D. lutheri. However, cellular pigment contents, normalized to cell 

C, evolved differently depending on the type of nutrient stress (Fig. 3, a-c). Pigment contents were 

strongly reduced in N-starved cells after NO3
- deprivation in the medium, as N is required for the A
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biosynthesis of chlorophyll (Ge et al. 2014). This decline of the light-harvesting pigments could lead 

directly to a lower photosynthetic rate (Fig. 3d) and biomass productivity. Nonetheless, an increase in 

the ratio of fucoxanthin/chlorophyll was observed (Fig. 3c), similar to results obtained in a previous 

study (Huang et al. 2019b). Fucoxanthin is also an effective fluorescence quencher that could prevent 

or reduce potential oxidative damage to the photosynthetic apparatus (Young and Britton 1990, Di 

Valentin et al. 2012).

In stark contrast, the pigment contents continued increasing in P-starved cells until NO3
- 

deprivation in the medium (day 8). The pigments might be less sensitive to P starvation. They were 

still lower compared with control cells on day 7, which might be due to the lack of ATP and NADPH 

needed for pigment synthesis (Roopnarain et al. 2014). Maintenance of pigment content levels could 

play an important role in maintaining a moderate photosynthetic rate in P-starved cells (Fig. 3d), 

which would ensure continued growth. 

Carbon partitioning

Cellular soluble proteins, carbohydrates, and lipids were measured and expressed on the basis of 

cellular C quota. Principal components analysis (PCA) ordination of samples from different culture 

stages, using the major classes of cellular compounds as descriptor variables, reflected the carbon 

partitioning according to the nutrient stress. Fig. 4a shows the projection of the variables into the 

plane spanned by the first two principal components. The first principal component (Dim1) accounted 

for 71.6% of total variation and positively correlated to content of soluble proteins, carbohydrates and 

polar lipids: (i.e., phospholipids [PL], betaine lipids [BL] and glycolipids [GL]), while negatively 

correlated with the neutral lipid content (mainly TAG) as well as total lipid content. The hierarchical 

clustering allowed two main clusters to be discriminated, well separated on the first two principal 

components (Fig. 4b). The largest cluster included the samples from the control (NP) cultures, 4-d and 

7-d P-stressed cultures and 4-d N-stressed cultures. The second cluster included 11-day P-starved 

cultures, 7-d and 11-d N-starved cultures. The clusters were mainly characterized by GL (η2 = 0.78, p 

= 9.75e-10), neutral lipid (η2 = 0.76, p = 2.75e-9) and soluble protein (η2 = 0.66, p = 2.44e-7) contents, 

followed by PL (η2 = 0.55, p = 1.08e-5) and BL (η2 = 0.37, p = 8.26e-4). The clusters were highly 

related to growth phase and nutrient status (χ2 test, p = 2.03e-7), while less related to the type of A
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nutrient stress (χ2 test, p = 1.11e-2). Thus, in the following, we refer to cluster 1 as “replete or early 

stress” and cluster 2 as “starvation”.

In the replete or early stress cluster, the flow of carbon and energy were directed towards a 

high growth rate. One of the main carbon sinks was proteins, which are essential for cell growth. In 

the starvation cluster, on the contrary, cell division eventually halted, and the synthesis of proteins 

was strongly inhibited (Fig. 5a). The rate of protein loss was greater than the rate of cell division (data 

not shown), suggesting protein degradation. This reduced protein content under N-starved conditions 

has also been reported in earlier studies (Harrison et al. 1990, Brown et al. 1993, Da Costa et al. 2017). 

The products of amino acid decarboxylation could provide both the reducing power (NADH) and the 

precursor of acetyl-CoA for further fatty acid biosynthesis (Ge et al. 2014). 

The content of soluble carbohydrates was only weakly related to the clusters (Fig. 5b). Given 

the low content measured, the soluble carbohydrates (especially chrysolaminarin) do not appear to be 

the major reservoir of carbon in this species. However, carbohydrate and fatty acid synthesis could 

still compete for the use of precursors (Wang et al. 2014). Orientation of the carbon flux towards the 

synthesis of soluble carbohydrates was strongly inhibited under N deficiency (in 11-day P-staved 

cultures and 11-day N-starved cultures) in the starvation cluster. The high loss rate of carbohydrates 

under N starvation suggested that carbohydrates could be partially used and converted into neutral 

lipids (Garnier et al. 2014).  

TAG have been reported as the major lipid constituents in Diacronema lutheri, representing 

about 40-56% of the total lipids (Tatsuzawa and Takizawa 1995, Eichenberger and Gribi 1997, 

Meireles et al. 2003). In our study, TAG and membrane polar lipids behaved differently between the 

two clusters. Overall, in the replete or early stress cluster the cellular TAG content remained low (Fig. 

5c), whereas actively dividing cells synthesized considerable amounts of polar lipids to generate 

membranes for daughter cells (Fig. 5, d-f). On day 7, PL content in P-starved cells was notably lower 

than in control cells (Fig. 5d), suggesting an inhibition of their formation. P would thereby be 

available for other essential cellular processes and ensure cell growth in low-P conditions (Raven 

2013, Lin et al. 2016). Otherwise, the TAG content was much higher in P-starved cells compared with 

control cells on day 7 (Fig. 5c), suggesting TAG accumulation. Indeed, TAG production rate reached 
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a high level after about 3 days of P depletion in the medium, while ambient N was still available (Fig 

S2 in the Supporting Information). 

In the starvation cluster, membrane polar lipid content was much lower (Fig. 5, d-f). The rate 

of GL loss was greater than the rate of cell division (data not shown), suggesting their degradation and 

inter-conversion. Thus, the fatty acid recycling from these membrane lipids could constitute an 

important source for TAG assembly (Guarnieri et al. 2011, Simionato et al. 2013, Martin et al. 2014, 

Garnier et al. 2016). The partitioning of carbon was reoriented towards neutral lipid accumulation. 

TAG content was more than twice that found in the replete or early stress cluster (Fig. 5c). This high 

accumulation of neutral lipids can be interpreted as a means of channeling excess carbon, energy and 

reductive power (NADPH) during the metabolic imbalance, when the relative growth rate is weak or 

null (Lacour et al. 2012, Valenzuela et al. 2012). 

Lipid remodeling

Not only did nutrient stress affect the lipid content, but they might also modify the lipid composition, 

as reported in other species (Khozin-Goldberg and Cohen 2006, Li et al. 2014, Abida et al. 2015, 

Shemi et al. 2016, Cañavate et al. 2017a,b, Mühlroth et al. 2017, Huang et al. 2019a,b). In the present 

study, we analyzed lipid profiles to examine the lipid remodeling modes in Diacronema lutheri in 

response to P or N deprivation.

The two BLs found by TLC were diacylglycerol-3-carboxymethyl-choline (DGCC) and 

diacylglycerol hydroxymethyl-N,N,N-trimethyl-β-alanine (DGTA; Kato et al. 1995, Eichenberger and 

Gribi 1997). Phosphatidylglycerol (PG) was only detected in small quantities, and the absence of 

phosphatidylcholine (PC), phosphatidylinositol (PI) and phosphatidylserine (PS) was confirmed by 

our results (Eichenberger and Gribi 1997, Meireles et al. 2003). With our current one-dimensional 

TLC, we did not separate diphosphatidylglycerols (DPG), which might be co-eluted with PG. Five 

different GLs were separated: monogalactosyldiacylglycerol (MGDG), digalactosyl-diacylglycerol 

(DGDG) and sulfoquinovosyldiacylglycerol (SQDG) as the main compounds. One unidentified GL 

(GLx1) was assumed to be an acylated steryl glucoside as reported in previous studies (Meireles et al. 

2003, Guihéneuf et al. 2015). In addition, one unidentified lipid was assumed to be 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

diacylglycerylglucuronide (DGGA) (Eichenberger and Gribi 1997), detected in a very small quantity, 

whereas further identification is still necessary. (Fig S3 in the Supporting Information).

BL constitute the major compounds of non-plastidial membranes in Diacronema lutheri, with 

DGCC being the main molecular species, accounting for 63–78% of the total extraplastidial lipids in 

all experimental conditions (Fig. 6a). The non-plastidial membrane composition was less affected by 

nutrient starvation. On day 7, it showed 3.7% dissimilarity under N starvation and 2.7% dissimilarity 

under P starvation, with no difference (R = 0.0741, p = 0.002 in N- and R = -0.1111, p = 0.006 in P-, 

respectively) compared with the control.

In the BL fraction, the major fatty acids (FA) were palmitic (C16:0), oleic (C18:1n-9), 

eicosapentaenoic (EPA, C20:5n-3) and docosahexaenoic (DHA, C22:6n-3) acids, accounting for 84–

90% under all experimental conditions (Fig. 7a). The last two LC-PUFAs represented large 

proportions. Tatsuzawa and Takizawa (1995) have suggested that EPA and DHA are at maximum 

levels in BL, and play a major role in acclimation to low temperatures. In the present study, the FA 

composition of BL varied little under nutritional starvation conditions on day 7 compared with 

controls (R = 0.1852, p = 0.003 in N-; R = -0.03704, p = 0.005 in P-). However, there was a tendency 

for a decrease in the relative proportion of EPA, especially under N starvation, which might be related 

to the transfer of EPA between the lipid fractions (Guihéneuf and Stengel 2017). Eichenberger and 

Gribi (1997) studied the incorporation of [1-14C] oleate into lipids of D. lutheri and found that DGCC 

is involved in the transfer of FA from cytoplasm to chloroplasts. Indeed, DGCC is considered to be a 

primary acyl carrier for other lipids in D. lutheri (Kato et al. 1995), whereas DGTA is a final acceptor 

of C22 fatty acids (Eichenberger and Gribi 1997). Our results showed that C18:1n-9 and DHA did not 

follow the same tendency of EPA, suggesting that these acyl groups might be transferred 

independently (Eichenberger and Gribi 1997). 

In chloroplasts, thylakoid membranes are mainly composed by MGDG, DGDG, SQDG, and 

PG (Li-Beisson et al. 2010). MGDG and DGDG are uncharged GL, constituting most of the thylakoid 

lipid bilayer (Demé et al. 2014), while SQDG may be related to the maintenance of an anionic charge 

on the surface of the thylakoid membrane (Kobayashi et al. 2016). PG is the main PL in chloroplasts 

and constitutes an essential component in PSII centers (Boudière et al. 2014, Li-Beisson et al. 2016). 

Even though the GL content was highly reduced in the second cluster due to N deficiency as A
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mentioned above, the polar lipid composition seemed to be little affected (Fig. 6b). On day 7, the 

thylakoid membrane composition of N-starved cells showed 5.5% dissimilarity with no difference (R 

= 0.1481, p = 0.004) compared with the control. The maintenance of lipid composition in thylakoid 

membranes might play an important role in homeostasis under N shortage despite the massive 

degradation. Following P deprivation, thylakoid membrane composition was relatively more affected 

(6.6% dissimilarity with a moderated overall difference, R = 0.6296, p = 0.001) compared with the 

control (Fig. 6b). This increased overall difference was mainly due to the decrease in PG proportion 

and increase in SQDG proportion. Similar results have also been reported in previous studies in other 

species (Abida et al. 2015, Shemi et al. 2016, Cañavate et al. 2017b, Hunter et al. 2018, Huang et al. 

2019a). The increase of SQDG could partly compensate the lack of PG in plastids (Jouhet et al. 2009), 

although there was no significant difference in SQDG content compared with control cells on day 7 

(data not shown). Otherwise, MGDG/DGDG ratio was reduced in both P and N-starved cells 

compared with control cells on day 7. The reduced MGDG/DGDG ratio often signifies impaired 

photosynthesis, reflecting senescence of thylakoid membranes (Boudière et al. 2014, Abida et al. 

2015, Huang et al. 2019a). 

The FA composition of GL in Diacronema lutheri on day 7 is given in Fig. 7b.  The C16:0, 

palmitoleic acid (C16:1n-7), C18:1n-9, and EPA accounted for 70–76% of total FA in GL under all 

experimental conditions. According to the literature, the major FA of MGDG and DGDG are EPA 

and stearidonic acid (C18:4n-3), whereas SQDG mainly contains C16:0 and myristic acid (C14:0; 

Kalisch et al. 2016). DHA was particularly present in DGGA, but difficult to detect in MGDG, 

DGDG or SQDG (Kalisch et al. 2016). 

The FA composition of GL was little affected by N deficiency: 7% dissimilarity with no 

difference (R = -0.03704, p = 0.005) compared with the control on day 7. Nevertheless, the 

proportions of EPA and C18:4n-3 tended to decrease. These two FA could contribute to the 

constitution of other lipid fractions (Guihéneuf and Stengel 2017). Following P deprivation, on the 

one hand, the proportions of LC-PUFAs such as EPA and C18:4n-3 tended to decrease; on the other 

hand, the proportions of the newly synthesized FA species: C14:0, C16:0 and C16:1n-7 tended to 

increase. Given the continuous growth, GL synthesis in daughter cells might be strongly affected by 
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de novo FA synthesis in chloroplasts. The FA composition showed 11% dissimilarity with a large 

overall difference (R = 0.8148, p = 0.001), compared with control one on day 7. 

The most notable changes in FA composition upon nutritional starvation occurred in the 

fraction of neutral lipids. The major FA of neutral lipids were C16:0, C16:1n-7, C18:1n-9 and linoleic 

acid (C18:2n-6), accounting for 70–78% under all experimental conditions (Fig. 7c). The proportions 

of EPA and DHA remained low in this fraction. P and N starvations on day 7 caused 36% and 45% 

dissimilarity respectively, with a strong overall difference (ANOSIM R = 1, p = 0.001) compared 

with the control. The main changes in FA profile were associated with C14:0, C16:0 and C16:1n-7 

increase and concomitant C18:1n-9 and C18:2n-6 decrease. C14:0, C16:0 and C16:1n-7 are normally 

newly synthesized FA species. Their increase suggests that the accumulation of TAG was mainly 

from the de novo FA synthesis pathway (Simionato et al. 2013, Martin et al. 2014, Abida et al. 2015, 

Huang et al. 2019a). However, the decrease of C18 proportions suggested a relatively low FA 

elongation outside chloroplasts (Guihéneuf et al. 2011). Otherwise, the proportion of EPA in neutral 

lipids increased 2.1 and 2.9-fold on day 7 under P- and N-starved conditions, respectively, which 

might mainly arise from the recycling of membrane polar lipids as mentioned before. Conversely, the 

proportion of DHA remained relatively stable. This result suggests that the accumulation of EPA and 

DHA in neutral lipids could be regulated by two different mechanisms (Boelen et al. 2017).

Overall, omega-3 LC-PUFAs content in neutral lipids was significantly higher under P and N 

starvations, and the omega-6/ omega-3 ratio decreased. Such a low ratio in neutral lipids in 

Diacronema lutheri makes it a good candidate for use as a dietary supplement with health benefits.

In this study, the biochemical and physiological changes triggered by N or P stress were 

observed under continuous light. This light regime generally achieves high biomass productivity 

(Jacob-Lopes et al. 2009) and is suited for biotechnological purposes. However, under natural 

conditions the photoperiodic light can modulate and trigger different physiological and biochemical 

responses. Under these natural conditions, the interpretation of our results may not be straightforward.

Conclusions
N starvation seems to be a severe stress for Diacronema lutheri, triggering arrest of cell division, 

much lower photosynthetic rate and reduced biomass productivity. The degradation and inter-A
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conversion of essential cellular compounds contributed to TAG accumulation. The photosynthetic 

machinery was also hampered by P starvation. Conversely, maintaining the pigment content 

maintained a moderate photosynthetic rate in P-starved cells. The flows of carbon and energy were 

still mainly towards high growth rate. 

The present study produced an overall lipid profile of Diacronema lutheri at different growth 

phases and under P and N stress. BL constitute the major compounds of non-plastidial membranes in 

D. lutheri. PL were reduced under both P- and N-starvations and so might not be involved in the 

regulation of P storage. However, a specific increase of SQDG proportion was observed in thylakoid 

membranes following P deprivation, which could partly compensate the lack of PG in plastids.

In Diacronema lutheri, EPA and DHA are mainly associated with BL. Under P and N 

starvations, a transfer of EPA from the recycling of membrane polar lipids was presumed, most likely 

contributing to the accumulation of TAG. Indeed, the proportion of EPA in the fraction of neutral 

lipids increased under both P- and N-starved conditions. This characteristic makes D. lutheri a good 

candidate for further investigation of low-cost, sustainable and environmentally friendly production-

extraction systems for LC-PUFAs.

In our study, the stationary phase under P starvation was accompanied by NO3
-depletion, 

leading to very similar responses to N starvation. To better understand the impact of P starvation in 

Diacronema lutheri, it would be necessary to test a much higher N:P ratio. Future work should 

address the characterization of lipid synthesis and degradation and the trafficking of FA involved in 

lipid class reshuffling. A search for genes involved in lipid metabolism in this species should also be 

undertaken.

Acknowledgements

This work was funded by the region Pays de la Loire (France) through the Atlantic MicroAlgae 

contract n° 2014-09336. The authors thank Master’s students Adrien Cadoudal and Léa Mustière for 

their technical assistance, and Helen McCombie-Boudry of the Bureau de Traduction de l’Université 

at UBO for reviewing the English. The authors declare no conflict of interest.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

References

Abida, H., Dolch, L. J., Meï, C., Villanova, V., Conte, M., Block, M.A., Finazzi, G., Bastien, O., 

Tirichine, L., Bowler, C., Rébeillé, F., Petroutsos, D., Jouhet, J. & Maréchal, E. 2015. Membrane 

glycerolipid remodeling triggered by nitrogen and phosphorus starvation in Phaeodactylum 

tricornutum. Plant Physiol. 167:118–36.

Ahmed, F., Zhou, W. & Schenk, P.M. 2015. Pavlova lutheri is a high-level producer of phytosterols. 

Algal Res. 10:210–7.

Alipanah, L., Winge, P., Rohloff, J., Najafi, J., Brembu, T. & Bones, A.M. 2018. Molecular 

adaptations to phosphorus deprivation and comparison with nitrogen deprivation responses in the 

diatom Phaeodactylum tricornutum. PLoS ONE 13:e0193335.

American Public Health Association 1992. APHA method 4500-NO3: standard methods for the 

examination of water and wastewater.

Benvenuti, G., Bosma, R., Cuaresma, M., Janssen, M., Barbosa, M.J. & Wijffels, R.H. 2015. 

Selecting microalgae with high lipid productivity and photosynthetic activity under nitrogen 

starvation. J. Appl. Phycol. 27:1425–31.

Bligh, E.G. & Dyer, W.J. 1959. A rapid method of total lipid extraction and purification. Can. J. 

Biochem. Phys. 37:911–7.

Boelen, P., Mastrigt, A. van, Bovenkamp, H.H. van de, Heeres, H.J. & Buma, A.G.J. 2017. Growth 

phase significantly decreases the DHA-to-EPA ratio in marine microalgae. Aquacult. Int. 25:577–87.

Boudière, L., Michaud, M., Petroutsos, D., Rébeillé, F., Falconet, D., Bastien, O., Roy, S., Finazzi, G., 

Rolland, N., Jouhet, J., Block, M.A. & Maréchal, E. 2014. Glycerolipids in photosynthesis: 

composition, synthesis and trafficking. BBA - Bioenergetics. 1837:470–80.

Bougaran, G. 2014. La co-limitation par l’azote et le phosphore : étude des mécanismes chez la 

microalgue Tisochrysis lutea. Ph.D. dissertation, Université de Nantes, France, 230 pp.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Bougaran, G., Bernard, O. & Sciandra, A. 2010. Modeling continuous cultures of microalgae 

colimited by nitrogen and phosphorus. J. Theor. Biol. 265:443–54.

Bradford, M.M. 1976. A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye binding. Anal. Biochem. 72:248–54.

Brembu, T., Mühlroth, A., Alipanah, L. & Bones, A.M. 2017. The effects of phosphorus limitation on 

carbon metabolism in diatoms. Philos. T. R. Soc. B. 372:20160406.

Brooks, A. 1986. Effects of phosphorus nutrition on ribulose-1,5-bisphosphate carboxylase activation, 

photosynthetic quantum yield and amounts of some calvin-cycle metabolites in spinach leaves. Funct. 

Plant Biol. 13:221–37.

Brown, M.R., Garland, C.D., Jeffrey, S.W., Jameson, I.D. & Leroi, J.M. 1993. The gross and amino 

acid compositions of batch and semi-continuous cultures of Isochrysis sp. (clone T.ISO), Pavlova 

lutheri and Nannochloropsis oculata. J. Appl. Phycol. 5:285–96.

Brown, M.R., Jeffrey, S.W., Volkman, J.K. & Dunstan, G.A. 1997. Nutritional properties of 

microalgae for mariculture. Aquaculture 151:315–31.

Cadoret, J. P., Bardor, M., Lerouge, P., Cabigliera, M., Henriquez, V. & Carlier, A. 2008. Les 

microalgues : Usines cellulaires productrices de molécules commerciales recombinantes. M/S-Med. 

Sci. 24:375–82.

Cañavate, J.P., Armada, I. & Hachero-Cruzado, I. 2017a. Interspecific variability in phosphorus-

induced lipid remodelling among marine eukaryotic phytoplankton. New Phytol. 213:700–13.

Cañavate, J.P., Armada, I. & Hachero-Cruzado, I. 2017b. Aspects of phosphorus physiology 

associated with phosphate-induced polar lipid remodelling in marine microalgae. J. Plant Physiol. 

214:28–38.

Carvalho, A.P. & Malcata, F.X. 2000. Effect of culture media on production of polyunsaturated fatty 

acids by Pavlova lutheri. Cryptogamie Algol. 21:59–71.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Carvalho, A.P. & Malcata, F.X. 2003. Kinetic modeling of the autotrophic growth of Pavlova lutheri: 

study of the combined influence of light and temperature. Biotechnol. Progr. 19:1128–35.

Carvalho, A.P., Monteiro, C.M. & Malcata, F.X. 2009. Simultaneous effect of irradiance and 

temperature on biochemical composition of the microalga Pavlova lutheri. J. Appl. Phycol. 21:543–52.

Carvalho, A.P., Pontes, I., Gaspar, H. & Malcata, F.X. 2006. Metabolic relationships between macro- 

and micronutrients, and the eicosapentaenoic acid and docosahexaenoic acid contents of Pavlova 

lutheri. Enzyme Microb. Tech. 38:358–66.

Chapman, M.G. & Underwood, A.J. 1999. Ecological patterns in multivariate assemblages: 

information and interpretation of negative values in ANOSIM tests. Mar. Ecol. Prog. Ser. 180:257–65.

Chylla, R.A. & Whitmarsh, J. 1989. Inactive photosystem II complexes in leaves : turnover rate and 

quantitation. Plant Physiol. 90:765–72.

Da Costa, F., Le Grand, F., Quéré, C., Bougaran, G., Cadoret, J.P., Robert, R. & Soudant, P. 2017. 

Effects of growth phase and nitrogen limitation on biochemical composition of two strains of 

Tisochrysis lutea. Algal Res. 27:177–89.

Demé, B., Cataye, C., Block, M.A., Maréchal, E. & Jouhet, J. 2014. Contribution of 

galactoglycerolipids to the 3-dimensional architecture of thylakoids. FASEB J. 28:3373–83.

Di Valentin, M., Büchel, C., Giacometti, G.M. & Carbonera, D. 2012. Chlorophyll triplet quenching 

by fucoxanthin in the fucoxanthin-chlorophyll protein from the diatom Cyclotella meneghiniana. 

Biochem. Bioph. Res. Co. 427:637–41.

Dittmer, J.C. & Lester, R.L. 1964. A simple, specific spray for the detection of phospholipids on thin-

layer chromatograms. J. Lipid Res. 5:126–7.

Doughman, S.D., Krupanidhi, S. & Sanjeevi, C.B. 2007. Omega-3 fatty acids for nutrition and 

medicine: considering microalgae oil as a vegetarian source of EPA and DHA. Curr. Diabetes Rev. 

3:198–203.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Droop, M.R. 1973. Some thoughts on nutrient limitation in algae. J. Phycol. 9:264–72.

Dubois, M., Gilles, K., Hamilton, J.K., Rebers, P.A. & Smith, F. 1951. A colorimetric method for the 

determination of sugars. Nature 168:167.

Eichenberger, W. & Gribi, C. 1997. Lipids of Pavlova lutheri: Cellular site and metabolic role of 

DGCC. Phytochemistry 45:1561–7.

Falkowski, P.G. & Raven, J.A. 2007. Aquatic photosynthesis. 2nd ed. Princeton University Press, New 

Jersey, 488 pp.

Garnier, M., Bougaran, G., Pavlovic, M., Berard, J.-B., Carrier, G., Charrier, A., Le Grand, F., 

Lukomska, E., Rouxel, C., Schreiber, N., Cadoret, J. P., Rogniaux, H. & Saint-Jean, B. 2016. Use of a 

lipid rich strain reveals mechanisms of nitrogen limitation and carbon partitioning in the haptophyte 

Tisochrysis lutea. Algal Res. 20:229–48.

Garnier, M., Carrier, G., Rogniaux, H., Nicolau, E., Bougaran, G., Saint-Jean, B. & Cadoret, J.P. 2014. 

Comparative proteomics reveals proteins impacted by nitrogen deprivation in wild-type and high 

lipid-accumulating mutant strains of Tisochrysis lutea. J. Proteomics. 105:107–20.

Ge, F., Huang, W., Chen, Z., Zhang, C., Xiong, Q., Bowler, C., Yang, J., Xu, J. & Hu, H. 2014. 

Methylcrotonyl-CoA carboxylase regulates triacylglycerol accumulation in the model diatom 

Phaeodactylum tricornutum. Plant Cell 26:1681–97.

Geider, R. & La Roche, J. 2002. Redfield revisited: variability of C:N:P in marine microalgae and its 

biochemical basis. Eur. J. Phycol. 37:1–17.

Guarnieri, M.T., Nag, A., Smolinski, S.L., Darzins, A., Seibert, M. & Pienkos, P.T. 2011. 

Examination of triacylglycerol biosynthetic pathways via de novo transcriptomic and proteomic 

analyses in an unsequenced microalga. PLoS ONE 6:e25851.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Guedes, A.C., Meireles, L.A., Amaro, H.M. & Malcata, F.X. 2010. Changes in lipid class and fatty 

acid composition of cultures of Pavlova lutheri, in response to light intensity. J. Am. Oil Chem. Soc. 

87:791–801.

Guihéneuf, F. 2008. Regulation by environmental factors of the synthesis of long chain fatty acids in 

different species of marine microalgae: combined effects of irradiance and carbon source on the 

optimization of EPA and DHA synthesis: nutritional interest. PhD thesis, Le Mans University, pp 202.

Guihéneuf, F., Mimouni, V., Ulmann, L. & Tremblin, G. 2009. Combined effects of irradiance level 

and carbon source on fatty acid and lipid class composition in the microalga Pavlova lutheri 

commonly used in mariculture. J. Exp. Mar. Biol. Ecol. 369:136–43.

Guihéneuf, F., Schmid, M. & Stengel, D.B. 2015. Lipids and fatty acids in algae: Extraction, 

fractionation into lipid classes, and analysis by gas chromatography coupled with flame ionization 

detector (GC-FID). In Stengel, D. B. & Connan, S. [Eds.] Natural products from marine algae: 

Methods and protocols. Humana Press, New York, pp. 173–90.

Guihéneuf, F. & Stengel, D.B. 2013. LC-PUFA-enriched oil production by microalgae: accumulation 

of lipid and triacylglycerols containing n-3 LC-PUFA is triggered by nitrogen limitation and 

inorganic carbon availability in the marine Haptophyte Pavlova lutheri. Mar. Drugs 11:4246–66.

Guihéneuf, F. & Stengel, D.B. 2017. Interactive effects of light and temperature on pigments and n-3 

LC-PUFA-enriched oil accumulation in batch-cultivated Pavlova lutheri using high-bicarbonate 

supply. Algal Res. 23:113–25.

Guihéneuf, F., Ulmann, L., Tremblin, G. & Mimouni, V. 2011. Light-dependent utilization of two 

radiolabelled carbon sources, sodium bicarbonate and sodium acetate, and relationships with long 

chain polyunsaturated fatty acid synthesis in the microalga Pavlova lutheri (Haptophyta). Eur. J. 

Phycol. 46:143–52.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Guschina, I.A. & Harwood, J.L. 2009. Algal lipids and effect of the environment on their 

biochemistry. In Arts, M. T., Brett, M. T. & Kainz, M. [Eds.] Lipids in Aquatic Ecosystems. Springer, 

New York, pp. 1–24.

Harrison, P.J., Thompson, P.A. & Calderwood, G.S. 1990. Effects of nutrient and light limitation on 

the biochemical composition of phytoplankton. J. Appl. Phycol. 2:45–56.

Heydarizadeh, P., Boureba, W., Zahedi, M., Huang, B., Moreau, B., Lukomska, E., Couzinet-Mossion, 

A., Wielgosz-Collin, G., Martin-Jézéquel, V., Bougaran, G., Marchand, J. & Schoefs, B. 2017. 

Response of CO2-starved diatom Phaeodactylum tricornutum to light intensity transition. Philos. T. R. 

Soc. B. 372:20160396.

Hu, Q., Sommerfeld, M., Jarvis, E., Ghirardi, M., Posewitz, M., Seibert, M. & Darzins, A. 2008. 

Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and advances. Plant J. 

54:621–39.

Huang, B., Marchand, J., Blanckaert, V., Lukomska, E., Lionel, U., Wielgosz-Collin, G., Rabesaotra, 

V., Moreau, B., Bougaran, G., Mimouni, V. & Morant-Manceau, A. 2019a. Nitrogen and phosphorus 

limitations induce carbon partitioning and membrane lipid remodelling in the marine diatom 

Phaeodactylum tricornutum. Eur. J. Phycol.

Huang, B., Marchand, J., Thiriet-Rupert, S., Garrier, G., Saint-Jean, B., Lukomska, E., Moreau, B., 

Morant-Manceau, A., Bougaran, G. & Mimouni, V. 2019b. Betaine lipid and neutral lipid production 

under nitrogen or phosphorus limitation in the marine microalga Tisochrysis lutea (Haptophyta). 

Algal Res.

Hunter, J.E., Brandsma, J., Dymond, M.K., Koster, G., Moore, C.M., Postle, A.D., Mills, R.A. & 

Attard, G.S. 2018. Lipidomics of Thalassiosira pseudonana under phosphorus stress reveal 

underlying phospholipid substitution dynamics and novel diglycosylceramide substitutes. Appl. 

Environ. Microb. 84:e02034-17.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Husson, F., Josse, J., Le, S. & Mazet, J. 2018. FactoMineR: Multivariate exploratory data analysis and 

data mining. Version 1.41.

Iwai, M., Ikeda, K., Shimojima, M. & Ohta, H. 2014. Enhancement of extraplastidic oil synthesis in 

Chlamydomonas reinhardtii using a type-2 diacylglycerol acyltransferase with a phosphorus 

starvation–inducible promoter. Plant Biotechnol. J. 12:808–19.

Jacob, J. & Lawlor, D.W. 1993. In vivo photosynthetic electron transport does not limit 

photosynthetic capacity in phosphate-deficient sunflower and maize leaves. Plant Cell Environ. 

16:785–95.

Jacob-Lopes, E., Scoparo, C.H.G., Lacerda, L.M.C.F. & Franco, T.T. 2009. Effect of light cycles 

(night/day) on CO2 fixation and biomass production by microalgae in photobioreactors. Chem. Eng. 

Process. Process Intensif. 48:306–10.

Jouhet, J., Dubots, E., Maréchal, E. & Block, M.A. 2009. Lipid trafficking in plant photosynthetic 

cells. In Wada, H. & Murata, N. [Eds.] Lipids in Photosynthesis, Essential and Regulatory Functions. 

Springer, Dordrecht, pp. 349–72.

Kalisch, B., Dörmann, P. & Hölzl, G. 2016. DGDG and glycolipids in plants and algae. In Nakamura, 

Y. & Li-Beisson, Y. [Eds.] Lipids in Plant and Algae Development. Springer, Cham, pp. 51-83.

Kamalanathan, M., Gleadow, R. & Beardall, J. 2015. Impacts of phosphorus availability on lipid 

production by Chlamydomonas reinhardtii. Algal Res. 12:191–6.

Kato, M., Hajiro-Nakanishi, K., Sano, H. & Miyachi, S. 1995. Polyunsaturated fatty acids and betaine 

lipids from Pavlova lutheri. Plant Cell Physiol. 36:1607–11.

Khozin-Goldberg, I. & Cohen, Z. 2006. The effect of phosphate starvation on the lipid and fatty acid 

composition of the fresh water eustigmatophyte Monodus subterraneus. Phytochem. 67:696–701.

Klok, A.J., Martens, D.E., Wijffels, R.H. & Lamers, P.P. 2013. Simultaneous growth and neutral lipid 

accumulation in microalgae. Bioresource Technol. 134:233–43.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Kobayashi, K., Endo, K. & Wada, H. 2016. Roles of Lipids in Photosynthesis. In Nakamura, Y. & Li-

Beisson, Y. [Eds.] Lipids in Plant and Algae Development. Springer, Cham, pp. 21–49.

Koller, M., Muhr, A. & Braunegg, G. 2014. Microalgae as versatile cellular factories for valued 

products. Algal Res. 6:52–63.

Lacour, T., Sciandra, A., Talec, A., Mayzaud, P. & Bernard, O. 2012. Neutral lipid and carbohydrate 

productivities as a response to nitrogen status in Isochrysis sp. (T-ISO; Haptophyceae): starvation 

versus limitation. J. Phycol. 48:647–56.

Li, S., Xu, J., Chen, Jiao, Chen, Juanjuan, Zhou, C. & Yan, X. 2014. The major lipid changes of some 

important diet microalgae during the entire growth phase. Aquaculture. 428–429:104–10.

Li-Beisson, Y., Nakamura, Y. & Harwood, J. 2016. Lipids: From chemical structures, biosynthesis, 

and analyses to industrial applications. In Nakamura, Y. & Li-Beisson, Y. [Eds.] Lipids in Plant and 

Algae Development. Springer, Cham, pp. 1–18.

Li-Beisson, Y., Shorrosh, B., Beisson, F., Andersson, M.X., Arondel, V., Bates, P.D., Baud, S., Bird, 

D., DeBono, A., Durrett, T.P., Franke, R.B., Graham, I.A., Katayama, K., Kelly, A.A., Larson, T., 

Markham, J.E., Miquel, M., Molina, I., Nishida, I., Rowland, O., Samuels, L., Schmid, K.M., Wada, 

H., Welti, R., Xu, C., Zallot, R. & Ohlrogge, J. 2010. Acyl-lipid metabolism. Arabidopsis Book. 

8:e0133.

Lin, S., Litaker, R.W. & Sunda, W.G. 2016. Phosphorus physiological ecology and molecular 

mechanisms in marine phytoplankton. J. Phycol. 52:10–36.

Liu, S., Guo, Z., Li, T., Huang, H. & Lin, S. 2011. Photosynthetic efficiency, cell volume, and 

elemental stoichiometric ratios in Thalassirosira weissflogii under phosphorus limitation. Chin. J. 

Oceanol. Limn. 29:1048.

Lu, N., Wei, D., Chen, F. & Yang, S.-T. 2013. Lipidomic profiling reveals lipid regulation in the 

snow alga Chlamydomonas nivalis in response to nitrate or phosphate deprivation. Process Biochem. 

48:605–13.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Marsh, J.B. & Weinstein, D.B. 1966. Simple charring method for determination of lipids. J. Lipid Res. 

7:574–6.

Martin, G.J.O., Hill, D.R.A., Olmstead, I.L.D., Bergamin, A., Shears, M.J., Dias, D.A., Kentish, S.E., 

Scales, P.J., Botté, C.Y. & Callahan, D.L. 2014. Lipid profile remodeling in response to nitrogen 

deprivation in the microalgae Chlorella sp. (Trebouxiophyceae) and Nannochloropsis sp. 

(Eustigmatophyceae). PLoS ONE 9:e103389.

Martin, P., Van Mooy, B.A., Heithoff, A. & Dyhrman, S.T. 2011. Phosphorus supply drives rapid 

turnover of membrane phospholipids in the diatom Thalassiosira pseudonana. ISME J. 5:1057–60.

Meireles, L.A., Guedes, A.C. & Malcata, F.X. 2003. Lipid class composition of the microalga 

Pavlova lutheri:  Eicosapentaenoic and docosahexaenoic acids. J. Agr. Food Chem. 51:2237–41.

Mimouni, V., Ulmann, L., Pasquet, V., Mathieu, M., Picot, L., Bougaran, G., Cadoret, J.-P., Morant-

Manceau, A. & Schoefs, B. 2012. The potential of microalgae for the production of bioactive 

molecules of pharmaceutical interest. Curr. Pharm. Biotechno. 13:2733–50.

Moore, C.M., Mills, M.M., Arrigo, K.R., Berman-Frank, I., Bopp, L., Boyd, P.W., Galbraith, E.D., 

Geider, R.J., Guieu, C., Jaccard, S.L., Jickells, T.D., Roche, J.L., Lenton, T.M., Mahowald, N.M., 

Marañón, E., Marinov, I., Moore, J.K., Nakatsuka, T., Oschlies, A., Saito, M.A., Thingstad, T.F., 

Tsuda, A. & Ulloa, O. 2013. Processes and patterns of oceanic nutrient limitation. Nat. Geosci. 

6:701–10.

Mühlroth, A., Winge, P., Assimi, A.E., Jouhet, J., Marechal, E., Hohmann-Marriott, M.F., Vadstein, 

O. & Bones, A.M. 2017. Mechanisms of phosphorus acquisition and lipid class remodelling under P 

limitation in a marine microalga. Plant Physiol. 175:1543–59.

Müller, P., Li, X. P. & Niyogi, K.K. 2001. Non-photochemical quenching. A response to excess light 

energy. Plant Physiol. 125:1558–66.

Murphy, J. & Riley, J.P. 1958. A single-solution method for the determination of soluble phosphate in 

sea water. J. Mar. Biol. Assoc. U. K. 37:9–14.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Nguyen-Deroche, T.L.N., Caruso, A., Le, T.T., Bui, T.V., Schoefs, B., Tremblin, G. & Morant-

Manceau, A. 2012. Zinc affects differently growth, photosynthesis, antioxidant enzyme activities and 

phytochelatin synthase expression of four marine diatoms. Sci. World J. 2012:982957.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R., 

O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E. & Wagner, H. 2018. vegan: 

Community Ecology Package. Version 2.4-6.

Pahlow, M. & Oschlies, A. 2009. Chain model of phytoplankton P, N and light colimitation. Mar. 

Ecol. Prog. Ser. 376:69–83.

Ponis, E., Parisi, G., Chini Zittelli, G., Lavista, F., Robert, R. & Tredici, M.R. 2008. Pavlova lutheri: 

Production, preservation and use as food for Crassostrea gigas larvae. Aquaculture. 282:97–103.

Raven, J.A. 2013. The evolution of autotrophy in relation to phosphorus requirement. J. Exp. Bot. 

64:4023–46.

Robertson, R.C., Guihéneuf, F., Bahar, B., Schmid, M., Stengel, D.B., Fitzgerald, G.F., Ross, R.P. & 

Stanton, C. 2015. The anti-Inflammatory effect of algae-derived lipid extracts on lipopolysaccharide 

(LPS)-stimulated human THP-1 macrophages. Mar. Drugs. 13:5402–24.

Roháček, K., Bertrand, M., Moreau, B., Jacquette, B., Caplat, C., Morant-Manceau, A. & Schoefs, B. 

2014. Relaxation of the non-photochemical chlorophyll fluorescence quenching in diatoms: kinetics, 

components and mechanisms. Philos. T. R. Soc. B. 369:20130241.

Roháček, K., Soukupová, J. & Barták, M. 2008. Chlorophyll fluorescence: a wonderful tool to study 

plant physiology and plant stress. In Schoefs, B. [Ed.] Plant Cell Compartments : Selected Topics. 

Research Signpost, Kerala, India, pp. 41–104.

Roopnarain, A., Gray, V.M. & Sym, S.D. 2014. Phosphorus limitation and starvation effects on cell 

growth and lipid accumulation in Isochrysis galbana U4 for biodiesel production. Bioresource 

Technol. 156:408–11.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Sharma, K.K., Schuhmann, H. & Schenk, P.M. 2012. High lipid induction in microalgae for biodiesel 

production. Energies 5:1532–53.

Shemi, A., Schatz, D., Fredricks, H.F., Van Mooy, B.A.S., Porat, Z. & Vardi, A. 2016. Phosphorus 

starvation induces membrane remodeling and recycling in Emiliania huxleyi. New Phytol. 211:886–98.

Simionato, D., Block, M.A., La Rocca, N., Jouhet, J., Maréchal, E., Finazzi, G. & Morosinotto, T. 

2013. The response of Nannochloropsis gaditana to nitrogen starvation includes de novo biosynthesis 

of triacylglycerols, a decrease of chloroplast galactolipids, and reorganization of the photosynthetic 

apparatus. Eukaryot. Cell 12:665–76.

Slover, H.T. & Lanza, E. 1979. Quantitative analysis of food fatty acids by capillary gas 

chromatography. J. Am. Oil Chem. Soc. 56:933.

Tan, K.W.M., Lin, H., Shen, H. & Lee, Y.K. 2016. Nitrogen-induced metabolic changes and 

molecular determinants of carbon allocation in Dunaliella tertiolecta. Sci. Rep. 6:37235.

Tatsuzawa, H. & Takizawa, E. 1995. Changes in lipid and fatty acid composition of Pavlova lutheri. 

Phytochemistry. 40:397–400.

Tonon, T., Harvey, D., Larson, T.R. & Graham, I.A. 2002. Long chain polyunsaturated fatty acid 

production and partitioning to triacylglycerols in four microalgae. Phytochemistry 61:15–24.

Valenzuela, J., Mazurie, A., Carlson, R.P., Gerlach, R., Cooksey, K.E., Peyton, B.M. & Fields, M.W. 

2012. Potential role of multiple carbon fixation pathways during lipid accumulation in Phaeodactylum 

tricornutum. Biotechnol. Biofuels. 5:40.

Van Mooy, B.A.S., Fredricks, H.F., Pedler, B.E., Dyhrman, S.T., Karl, D.M., Koblížek, M., Lomas, 

M.W., Mincer, T.J., Moore, L.R., Moutin, T., Rappé, M.S. & Webb, E.A. 2009. Phytoplankton in the 

ocean use non-phosphorus lipids in response to phosphorus scarcity. Nature 458:69–72.

Walne, P.R. 1966. Experiments in the large-scale culture of the larvae of Ostrea edulis L. Fishery 

Investigations. 25:1–55.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Wang, H. T., Yao, C. H., Ai, J. N., Cao, X. P., Xue, S. & Wang, W. 2014. Identification of 

carbohydrates as the major carbon sink of the marine microalga Isochrysis zhangjiangensis 

(Haptophyta) and optimization of its productivity by nitrogen manipulation. Bioresource Technol. 

171:298–304.

White, T., Bursten, S., Federighi, D., Lewis, R.A. & Nudelman, E. 1998. High-resolution separation 

and quantification of neutral lipid and phospholipid species in mammalian cells and sera by multi-

one-dimensional thin-layer chromatography. Anal. Biochem. 258:109–17.

Wykoff, D.D., Davies, J.P., Melis, A. & Grossman, A.R. 1998. The regulation of photosynthetic 

electron transport during nutrient deprivation in Chlamydomonas reinhardtii. Plant Physiol. 117:129–

39.

Yang, Z. K., Niu, Y. F., Ma, Y. H., Xue, J., Zhang, M. H., Yang, W. D., Liu, J. S., Lu, S. H., Guan, Y. 

& Li, H. Y. 2013. Molecular and cellular mechanisms of neutral lipid accumulation in diatom 

following nitrogen deprivation. Biotechnol. Biofuels 6:67.

Young, A.J. & Britton, G. 1990. Carotenoids and oxidative stress. In Baltscheffshy, M. [Ed.] Current 

Research in Photosynthesis. Kluwer Academic Publishers, Dordrecht, Netherlands, pp. 3381–4.

Young, E.B. & Beardall, J. 2003. Photosynthetic function in Dunaliella tertiolecta (chlorophyta) 

during a nitrogen starvation and recovery cycle. J. Phycol. 39:897–905.

Zhu, L.D., Li, Z.H. & Hiltunen, E. 2016. Strategies for Lipid Production Improvement in Microalgae 

as a Biodiesel Feedstock. BioMed Res. Int. 2016:8792548.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Fig.  1. Growth of Diacronema lutheri under control (NP), P-stressed (P-) or N-stressed (N-) 

conditions over 11 days in batch cultures. (Mean ± S.D., n = 3). (a) Semi-log plot of growth curves 

(cell density · mL-1) and specific growth rate (d-1), (b) Dissolved NO3
- concentration (mM) and PO4

3- 

concentration (µM) in N-stressed cultures, (c) Dissolved NO3
- concentration (mM) and PO4

3- 

concentration (µM) in P-stressed cultures, (d) Dissolved NO3
- concentration (mM) and PO4

3- 

concentration (µM) in NP cultures, (e) Cellular quota of N (N/C) (mol · mol-1), the arrows and the 

dash-dotted line indicate the beginnings of stationary phases and the corresponding N quota levels, 

respectively.

Fig. 2. Chlorophyll a fluorescence parameters of Diacronema lutheri grown under control (NP), P-

stressed (P-) or N-stressed (N-) conditions. (Mean ± S.D., n = 3). (a) Maximum photochemical 

efficiency of PSII (Fv/Fm), (b) Effective photochemical efficiency of PSII (ΦII) under 160 µmol 

photons · m−2 · s−1, (c) Non-photochemical quenching (NPQ) under 160 µmol photons · m−2 · s−1.

Fig. 3. Cellular pigment contents and net photosynthesis rate of Diacronema lutheri grown under 

control (NP), P-stressed (P-) or N-stressed (N-) conditions. Different letters indicate significant (p < 

0.05) differences (Mean ± S.D., n = 3). (a) Chl a content per unit cell carbon (mg · g-1), (b) The ratio 

of Chl c/Chl a (mol · mol-1),  (c) The ratio of Fucoxanthin/Chl a (mol · mol-1), (d) Net photosynthesis 

rate per unit cell carbon (µmol O2 · h-1 · mg C-1).

Fig. 4. Principal components analysis (PCA) using the major classes of cellular compounds (per unit 

cell carbon) as descriptor variables on days 4, 7 and 11 under control (NP), P-stressed (P-) or N-

stressed (N-) conditions. (a) Variable factor map, (b) Individual factor map; samples were separated 

into 2 main clusters. In the right: “replete or early stress” cluster. In the left: “starvation” cluster.

Fig. 5. Proximate biochemical composition of Diacronema lutheri grown under control (NP), P-

stressed (P-) or N-stressed (N-) conditions, on days 4, 7 and 11 of culture. Different letters indicate A
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significant (p < 0.05) differences (Mean ± S.D., n = 3). (a) Soluble protein content per unit cell carbon 

(g · g-1), (b) Soluble carbohydrate content per unit cell carbon (g · g-1), (c) Neutral lipid content 

measured as fluorescence of microalgal cells stained with Nile red per unit cell carbon (µg C-1), (d) 

Phospholipid content per unit cell carbon (mg · g-1), (e) Glycolipid content per unit cell carbon 

(mg · g-1), (f) Betaine lipid content per unit cell carbon (mg · g-1). 

Fig. 6. Lipid composition (expressed in mass %) in non-plastidial and plastidial membranes of 

Diacronema lutheri grown under control (NP), N-stressed (N-) or P-stressed (P-) conditions on days 4, 

7 and 11 of culture. Different letters indicate significant (p < 0.05) differences (Mean ± S.D., n = 3). 

(a) Composition of major classes of lipids in non-plastidial membranes (DGCC, diacylglycerol-3-

carboxymethylcholine; DGTA, diacylglycerylhydroxymethyltrimethyl-β-alanine), (b) Composition of 

major classes of lipids in plastidial membranes (MGDG, monogalactosyldiacylglycerol; DGDG, 

digalactosyldiacylglycerol; SQDG, sulfoquinovosyl-diacylglycerol; PG, phosphatidylglycerol).

Fig. 7. Fatty acid composition (expressed in mol %) in three main fractions of lipids extracted from 

Diacronema lutheri grown under control (NP), N-stressed (N-) or P-stressed (P-) conditions on day 7 

of culture. Different letters indicate significant (p < 0.05) differences (Mean ± S.D., n = 3). (a). Fatty 

acid composition in phospho- and betaine lipids, (b). Fatty acid composition in glycolipids, (c). Fatty 

acid composition in neutral lipids. Fatty acids: C14:0, myristic acid; C16:0, palmitic acid; C16:1n-7, 

palmitoleic acid; C16:2n-6, hexadecadienoic acid; C18:0, stearic acid; C18:1n-9, oleic acid; C18:2n-6, 

linoleic acid; C18:3n-3, α-linolenic acid; C18:4n-3, stearidonic acid; C20:2n-6, eicosadienoic acid; 

C20:4n-6, arachidonic acid; C20:5n-3, eicosapentaenoic acid; C22:4n-6, docosatetraenoic acid; 

C22:5n-3, docosapentaenoic acid; C22:6n-3, docosahexaenoic acid.
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Fig. S1. Slow Chl a fluorescence induction kinetics of Diacronema lutheri grown under (a-1) control 

(NP), (b-1) P-stressed (P-) or (c-1) N-stressed (N-) conditions on day 7 of culture, measured under a 

high actinic irradiance (1000 µmol photons · m−2 · s−1), and their respective qN relaxation kinetics 

after switching off the actinic light ((a-2) control (NP) ; (b-2) P-stressed (P-); (c-2) N-stressed (N-)). 

Three individual components of non-photochemical quenching (qN) of variable Chl fluorescence: qNf 

(fast component, s timescale), qNi (intermediate component, min timescale) and qNs (slow 

component, h timescale) were studied according to Roháček et al. (2014). Fv’’(t) fit resulted from the 

sum of the three component qNf, qNs et qNi. (d) Proportions of qNf, qNi and qNs in qN.

Fig. S2. Neutral lipid production rate (d-1) of Diacronema lutheri grown under control (NP), P-

stressed (P-) or N- stressed (N-) conditions. (Mean ± S.D., n = 3). Neutral lipid production rate was 

calculated according to the equation: µNL = (ln NLt2 – ln NLt1)/ (t2-t1), where NLt2 and NLt1 are the 

neutral lipid content expressed as intensity of Nile Red fluorescence per unit cell carbon (µg C-1) on 

two subsequent culture days (t2 and t1).

Fig. S3. Thin-layer chromatography (TLC) plate of a sample (Sp, right) of Diacronema lutheri and 

standards (Std, left). On both sides of the graphic, the spectrum of bands was read after spraying with 

primuline at 530nm. TAG, triacylglycerols; FFA, free fatty acids; MGDG, 
monogalactosyldiacylglycerol; GLx1, 2, unidentified glycolipids 1 and 2; DGDG, 
digalactosyldiacylglycerol; SQDG, sulfoquinovosyl-diacylglycerol; PG, phosphatidylglycerol; PC, 

phosphatidylcholine; PI, phosphatidylinositol; PS, phosphatidylserine; DGTS, 

diacylglyceryltrimethylhomoserine; DGTA, diacylglycerylhydroxymethyltrimethyl-β-alanine; DGCC, 
diacylglycerol-3-carboxymethylcholine; UK, unidentified lipid.
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