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Abstract:

Understanding microalgal lipid accumulation under nitrogen starvation is of major interest for biomass
feedstock, food and biofuel production. Using a domesticated oleaginous algae Tisochrysis lutea, we
performed the first comparative proteomic analysis on the wild type strain and a selected lipid over-
accumulating mutant. 2-DE analysis was made on these strains cultured in two metabolic conditions,
with and without nitrogen deprivation, which revealed significant differences in proteomes according to
both strain and nitrogen availability. Mass spectrometry allowed us to identify 37 proteins that were
differentially expressed between the two strains, and 17 proteins regulated by nitrogen starvation
concomitantly with lipid accumulation. The proteins identified are known to be involved in various
metabolic pathways including lipid, carbohydrate, amino acid, energy and pigment metabolisms,
photosynthesis, protein translation, stress response and cell division. Four candidates were selected
for possible implication in the over-accumulation of lipids during nitrogen starvation. These include the
plastid beta-ketoacyl-ACP reductase protein, the coccolith scale associated protein and two glycoside
hydrolases involved in biosynthesis of fatty acids, carbon homeostasis and carbohydrate catabolism,
respectively. This proteomic study confirms the impact of nitrogen starvation on overall metabolism
and provides new perspectives to study the lipid over-accumulation in the prymnesiophyte haptophyte
T. lutea.

Biological significance

This paper study consists of the first proteomic analysis on Tisochrysis lutea, a non-model marine
microalga of interest for aquaculture and lipids production. Comparative proteomics revealed proteins
putatively involved in the up-accumulation of neutral lipids in a mutant strain during nitrogen starvation.
The results are of great importance for future works to improve lipid accumulation in microalgae of
biotechnological interest for biofuel production. This article is part of a Special Issue entitled:
Proteomics of non-model organisms.
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Highlights

» We studied growth and lipid build-up in Tisochrysis lutea WT and a selected mutant. » Lipid
droplets of the mutant were larger and more numerous during nitrogen limitation. » 2-DE and MS
revealed 17 proteins affected by nitrogen limitation. » 2-DE and MS revealed 37 proteins affected by
strain selection. » We propose a set of proteins potentially involved in lipid over-accumulation.
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Introduction

The metabolism of lipids in microalgae has attracted new interest over the last few years because
of the energetic potential offered by these photosynthetic microorganisms [1]. Algal lipids are also of
interest for human health as they include the long chain polyunsaturated fatty acids (PUFAs)
arachidonic, eicosapentaenoic and docosahexaenoic acid, which are transferred via the food chain
and protect humans against cardiovascular diseases [2] [3] [4]. Moreover, some species can produce
high amounts of neutral lipids such as triacylglycerols (TAGs) that can be used to produce 3

generation biofuel [5], although cost effectiveness of such methods remains in question [6], [7].

Enhancement of TAGs in most microalgae is known to be triggered by stress and nutrient
deprivation, particularly nitrogen deprivation [2,8]. TAGs accumulate in lipid droplets and play roles in
carbon and energy storage, as a source of long chain PUFAs, and in photooxidation prevention [8].
Because the increase of lipid production is of great biotechnological interest, one of the current
important research objectives is to understand the molecular mechanisms that govern lipid

accumulation under nitrogen starvation.

Chlamydomonas reinhardtii is the most commonly used algae model. The availability of starchless
mutants that over-accumulate neutral lipids have facilitated investigations on lipid metabolism [1,4,9—
13]. Although de novo FA biosynthesis and TAG build-up have been quite well described, the
regulation of lipid biosynthesis remains poorly understood in this model species. In oleaginous algae,
many fundamental biological questions relating to the biosynthesis and regulation of lipids need to be
answered in order to allow more efficient lipid management. Post genomics has been shown to be a
good way to develop biotechnology of microalgae including non-model species (for review see [14]).
Thereby, transcriptomics has been used to study the effects of nitrogen starvation in the
chlorophyceae Micractinium pisillum, the eustigmatophyceae Nannochloropsis sp. and the diatom
Phaeodactylum tricornutum [15-18]. The results suggest that the carbon sources for neutral lipid
accumulation could be largely derived from carbohydrates and that the acetyl-CoA metabolism would
play an important role in driving carbon flow into TAG biosynthesis. In Nannochloropis gaditana
transcripts of a few genes involved in lipid biosynthesis were increased significantly during rapid

nitrogen deprivation [19]. Proteomics allows us to study the changes of the final products of gene
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regulation, namely the proteins, from transcription until post-translational modifications. This approach,
in complement to transcriptomic analysis, was implemented to examine the responses of
Nannochloropsis oceanica to long-term nitrogen starvation [20]. Proteomics analysis of the
chlorophyceae Chlorella vulgaris in response to nitrogen starvation revealed the up regulation of
proteins involved in de novo fatty acid biosynthesis and in the build-up of TAGs [21]. Moreover, the
authors suggested that post-transcriptional regulation of key enzymes was important in the regulation
of fatty acid synthesis. This highlights the interest of proteomic approaches for understanding lipid

metabolism in neutral lipid-rich microalgae.

Tisochrysis lutea (T. lutea), previously named Isochrysis aff. galbana (Clone Tahiti) [22] is a small
uncalcified prymnesiophyte haptophyte. Numerous ecophysiological studies have focused on
haptophytes because of their extensive use as feeds in aquaculture. Isochrysidales naturally contain
large amount of fatty acids and PUFAs and under nitrogen starvation they accumulate high amounts
of polyunsaturated long-chain (C37-39) alkenes and alkenones (PULCA) rather than TAGs [23-27].
Recently, our laboratory implemented one of the first domestication strategies based on successive
rounds of UV mutation and cell sorting. This non-GMO (Genetic Modified Organism) selection
approach allowed us to obtain a Tisochrysis lutea strain (T. lutea-S2M2) that accumulates twice the
amount of neutral lipids under nitrogen starvation, with no decrease in growth rate compared to the
wild type strain (WT) [28]. In order to maximize the yield of lipid products from microalgae, it is vital to
improve our understanding of the mechanisms involved in the over-accumulation of lipids in selected
mutants. Because home made transcriptome is available for Tisochrysis lutea and because a high
lipid-accumulating mutant (S2M2) was selected, we proposed to use the T. lutea WT and S2M2

strains as models to study lipid metabolism in haptophytes in relation to nitrogen starvation.

Therefore, in this work, we applied a comparative proteomics study to learn more about the
molecular mechanisms affected, firstly by selection and secondly by nitrogen starvation. Two-
dimensional gel electrophoresis (2D-E) was performed, coupled with mass spectrometry analysis (MS)
of spots displaying differential abundance. Similar approaches had been previously used to
successfully determine the effects of breeding selection in plants and, very recently, in the non-
oleaginous microalgae C. reinhardtii [29,30]. In our study, we identified proteins whose abundance
was regulated by nitrogen starvation and whose abundance was different between the S2M2 mutant

strain and the WT strain. By compiling these results, we were able to select a set of proteins that are



103 regulated by nitrogen starvation in different way between the two strains. These proteins are good

104  candidates to conduct further investigations.
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Materials and methods

Strains and growth conditions

Tisochrysis lutea CCAP 927/14 wild type strain (WT) was purchased from the Culture Center of
Algae and Protozoa (CCAP, Oban, Skotland). A mutant strain accumulating twice the amount of
neutral lipids (S2M2) (CCAP926/14) was previously obtained after two steps of UV mutation and
cytometric selection [28]. Axenic WT and S2M2 strains were maintained in photoautotrophic batch
cultures in Walne's medium [31]. Starter cultures were grown in the same broth with continuous
illumination (100 uymol +/- 5 photons m™ s'1) to medium growth phase (C = 12.6 +/-1 x 10° ceII.mL'1).
For each strain, three flasks containing 1.5 L of 0.2 uM filtered autoclaved sea water were inoculated
at 0.3 x 10° cel.mL™". Nutriive elements consisted of modified Walne's medium with a nitrate
concentration of 0.12 mM instead of 1.2 mM. Growth in batch mode was conducted at 20°C, with a
constant continuous light irradiance of 100 pmol.m'z.s'1 and CO,.-enriched bubble aeration. All

experiments were carried out in triplicate.

Algae concentrations were measured daily by cell count in a Malassez counting chamber.
Particulate Nitrogen (QN) and Carbon (QC) were estimated by filtering a given volume of cells on
precombusted 25 mm GF/C filters (Whatman, 1.2 um). The filters were then dried for 24 hours at 70°C
and further analysed using a CN Elemental Analyzer (Flash 2000, Thermoscientific). Residual N and P

in filtrates were assayed by DIONEX ion-chromatography (AS9-HC column).
Lipid accumulation

Lipid accumulation was analysed by the Nile red staining method [32]. One mL of culture was
stained with 2 uL of Nile red diluted at 250 pg.mL’1 in acetone. The mix was vortexed and incubated
for 5 minutes. Stained algae cells were excited at 480 nm and their total fluorescence intensity
detected at the 525-580 nm emission waveband using a Tecan Saphir || TM spectrofluorimeter (Tecan
Austria GmbH, Grédig, Salzburg, Austria). Indices of relative fluorescence per cell were calculated to

estimate cell lipid concentration.

A flow cytometric analysis after Nile red staining was conducted on a BD Accuri™ C6 Flow
Cytometer. For each culture, 30,000 events were analysed daily and Nile red staining was analyzed

on FL2 (488-585 nm) detector. An Olympus BH2-RFCA microscope equipped with an Olympus light
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source for excitation was used to observe cells after Nile red staining. Native and fluorescence images

were acquired using a CCD camera (Qimaging RETIGA 2000R).
Protein extraction

For the proteomic study, 400 mL of mid-exponential phase (Day 2) and 400mL of end growth
phase (Day 5) cultures were centrifuged at 2,500 x g for 20 min at 5°C. Pellets were pooled and

washed in 0.3 M sucrose then quickly frozen at —-80°C.

For each condition, total proteins were extracted from frozen cell pellets using a modified version
of the protocol by Lee et al. [33]. Briefly, 1 mL trizol reagent was added to the pellets and pulse
sonicated using a Vibra-Cell® 75022 sonicator (Bioblock, lllkirch, France) in an ice bath for 3 min in
the presence of a protease inhibitor (cOmplete tablets, Roche Diagnostics, Mannheim, Germany).
Then, 200 pl of chloroform were added to the cell lysate before shaking and centrifugation at 12,000 x
g for 10 min at 4°C. The hydrophilic phase was removed and 300 pL ethanol added to dissolve the
reddish bottom layer. The mixtures were centrifuged at 16,000 x g for 10 min and the supernatants
mixed with one volume of 20% trichloroacetic acid (TCA) and 0.14 % B-mercaptoethanol, in cold
acetone. After being left overnight, proteins were precipitated at —20°C, the mixtures were centrifuged
at 16,000 x g for 10 min at 4°C. The pellets were washed with cold acetone then resuspended in

buffer containing 6 M urea, 2 M thio-urea, 4% CHAPS and 2% Bio-Lyte 3/10.
2-Dimensional Electrophoresis (2-DE)

Each extract was analysed on analytic 2-DE gels using the adapted O'Farell protocol [34]. A pH
gradient of 4-7 was chosen for isoelectric focusing (IEF). The second-dimension electrophoresis was
performed on 12% SDS polyacrylamide gels to optimize the separation of proteins with a molecular
weight ranging from 10 to 120 kDa. Aliquots containing 30 ug of protein for analytic gels and 300 ug
for preparative gels were purified with a 2D Clean-up kit (GE Healthcare) and resuspended in 330 pL
rehydration buffer containing 6 M urea, 2 M thio-urea, 4% CHAPS, 2% Bio-Lyte 3/10, 0.01%
bromophenol blue, 3.3 mM tributylphosphine, and 5% DTT. After 18 h of active rehydration of dry
immobilized pH gradient (IPG) strips, linear pH 4-7 (Bio-Rad, Marnes-la-Coquette, France), at 50 V,
IEF was performed using the Bio-Rad Protean IEF Cell at 66,000 V.h. The strips were next treated
with buffer containing 6 M urea, 2% SDS, 0.05 M Tris-HCI pH 8.8, 30% glycerol and supplemented

with 2% DTT and 3.3 mM tributylphosphine, and then again with the same buffer containing 4%
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iodoacetamide. Finally, proteins were visualized by the silver staining method for analytic gels and Bio-
Safe colloidal Coomassie blue (Bio-Rad, Marnes la Coquette, France) for preparative gels. Two

technical replicates were made for each of the twelve extracts.
Image and statistical analysis

Images of analytic gels were recorded on a Bio-Rad GS800 densitometer. Gels were analyzed
with the Progenesis SameSpots, version 3.0, software (Nonlinear Dynamics Ltd., Newcastle, United
Kingdom). The quality of the gels was verified using the quality control (QC) of the software. The
vector alignment tool of SameSpots Workflow was employed for an automatic pixel level geometric
alignment of the gels, followed by manual corrections. The background-corrected abundance of each
spot was calculated, and the abundance ratio was determined by dividing the sample abundance by
the reference abundance. Spot volumes were normalized to calibrate data between different sample
runs, and normalized spots were then analysed statistically using the statistics module in SameSpots.
Principal component analysis (PCA) was used to separate the gels according to variations in the
normalized volume of the spots. ANOVAs were performed to assess significant differences between
the strains and the phases (exponential and stationary on Fig. 5). Significant over-abundant spots
were detected at a 5% significance level (p-value < 0.05). Finally, these spots were refined using a g-
value < 0.05 to discard false positives, a power > 0.8 to ensure reproducibility among gels of with the

same conditions and a fold number > 2 for the biological significance.

LC-MS/MS

Selected spots were excised manually, washed with 100 yL 25 mM NH4HCOg3;, followed by 100 pL
of 50% acetonitrile in 25 mM NH4HCOs;. Proteins were then reduced by incubation with 10 mM DTT (1
h, 57 °C), and alkylated with 55 mM iodoacetamide (45 min at room temperature). Gel spots were
further washed as described above. The proteins were digested overnight at 37°C by addition of 10-20
pL trypsin (12.5 ng.pL'1 in 25mM NH4HCO3;; modified trypsin purchased from Promega, Madison, WI).
The resulting peptide mixture was acidified by the addition of 1 pyL of an aqueous solution of formic

acid (1% vol), stored at —20°Cand used for analysis without any further preparation.
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Nanoscale capillary liquid chromatography-tandem mass spectrometry analyses of the digested
proteins were performed using an Ultimate 3000 RSLC system (Dionex) coupled with a LTQ-Orbitrap
VELOS mass spectrometer controlled by the X-Calibur version 2.1 software (Thermo Scientific).
Chromatographic separation was conducted on a reverse-phase capillary column (Acclaim Pepmap
C18 2um 100A, 75-uym i.d. x 15-cm length, Thermo- Scientific) at a flow rate of 300 nL.min". Mobile
phase A was composed of 99.9% water and 0.1% formic acid); mobile phase B of 90% acetonitrile
and 0.08% formic acid. The gradient consisted of a linear increase from 4% to 45% of B in 30 min

followed by a rapid increase to 70% within 1 min.

Full MS scans were acquired at high resolution (FWMH 30,000) on the Orbitrap analyzer, while
collision-induced dissociation (CID) MS/MS spectra were recorded on the five most intense ions in the
linear LTQ traps. Dynamic exclusion was employed within 60 s to prevent repetitive selection of the

same peptide.

Databases searches

Raw data collected during LC-MS/MS analyses were processed into MGF (Mascot Generic
Format) files by using Proteome Discoverer version 1.7 (Thermo Scientific) and further searched
against databases using MASCOT Server version 2.2 (Matrix Science). One search was performed
against a concatenated algae database (99898 sequences) built from UniProt release 2012_01
(January 21, 2012) after restriction to the following taxonomies: lIsochrysis, Emiliania huxleyi,
Phaeodactylum tricornutum, Thalassiosira pseudonana, Chlamydomonas reinhardtii, Ostreococcus
tauri, Ostreococcus lucimarinus, Chlorella, Volvox carteri, Aureococcus, Micromonas sp. A second
database search was done against the six-frame translated de novo assembled Tisochrysis lutea
transcriptome. This transcriptome was recently obtained and assembled from raw data accessible in
SRR824147 in the National Center for Biotechnology Information [35]. One missed trypsin cleavage
was allowed. Carbamidomethylation of cysteines was set as a fixed modification, and oxidation of
methionine as a variable modification. The mass tolerances in MS and MS/MS were set to 5 ppm ,
and a mass tolerance of 0.0005% and 0.5 Da respectively. Protein identifications were validated when
a minimum of two unique peptides were matched in their sequence, with a MASCOT individual ion

score above the threshold corresponding to a p-value of 0.05. The exponentially modified protein



220  abundance index (emPAl) was calculated for each scoring protein [35] and the highest emPAl was

221  selected as the most abundant protein of the spot.

222 The coding sequence (CDS) that contained peptides identified by MS were blasted (BLAST-X)
223 against non-redundant protein sequences database (nr) from NCBI with "algae" as the filter. Molecular
224 weight and pl were computed on the EXPASY website (http://web.expasy.org/compute_pi). Domains
225  and motifs were sought using Conserved Domain Database [36] and PRODOM [37] software,

226 successively. The presence of signal peptides and location of membrane domains were predicted by

227  Phobius [38] and SOSUI [39] software.
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Results & Discussion

1. Growth and lipid accumulation

In most microalgae, the amount of neutral lipids increases under nitrogen starvation [40—43].
Neutral lipids accumulate in lipid droplets, whose size and number increase under nitrogen starvation
[23,44-48]. In this study, the detailed time course of growth and neutral lipid accumulation were
assessed in nitrogen-limited batch cultures of Tisochrysis lutea wild type and the mutant stain S2M2,
selected for lipid over-accumulation. To obtain nitrogen-limiting conditions, a broth poor in nitrogen
was used. The growth patterns of the two strains showed some similarity (Fig. 1). The stationary
phase was reached in four days, and maximal cell concentrations were quite different between the
strains (3.7 x 10° cel.mL™ for WT, and 3.0 x 10° cell.mL™" for S2M2) (Fig. 1). Dissolved nitrogen (N)
and phosphorus (P) concentrations in the extra-cellular medium were monitored over the five first days
of the culture (Fig. 2). They constitute the two major substrates for microalgae. While the amount of P
decreased slightly, the amount of N decreased drastically to reach zero pMoI.L'1 at day 3. The C:N

ratios of cells increased from day 2 to day 4 (Fig. 2) confirming the nitrogen limitation [49].

Overall lipid accumulation was followed using Nile red fluorescence. In both strains, total Nile red
fluorescence increased until day 6 (see supplementary data). In order to take account the increase of
cell concentration, the index of fluorescence per cell was calculated. After two days, it increased in
both strains until the end of the experiment (Fig. 1). This confirms that the increase of neutral lipid
accumulation was correlated with nitrogen limitation, as previously shown for Isochrysis galbana [50].
Surprisingly, this increase did not continue so highly in the wild-type strain during the stationary phase,
unlike in the S2M2 strain, where the amount of neutral lipids continued to increase until the end of the
experiment. At day 2, the mean of Nile red fluorescence index of S2M2 culture was 1.6 fold higher
than that of WT, by day 4 it was 3.2 fold higher and by day 6 it was 5.4 fold higher. Cytometric analysis
were performed to measure the individual cellular Nile red fluorescence of samples of 30,000 cells.
The averages of cells fluorescence suggested an increase of lipid concentration per cell during the
experiment for both strains. In addition, the averages of cell fluorescence inside each population were
greater in S2M2 than in WT strain. These results are in accordance with the results of overall
fluorescence measured with the spectrophotometer (see above). On other point, the distributions of

Nile red fluorescence per cell measured by flow cytometry were analysed on density histograms (see

11
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supplementary data). They revealed that WT and S2M2 populations followed normal distributions of
Nile red fluorescence. This indicates that lipid accumulation is homogenous inside each one of both
populations. In other words, the differences of lipid accumulation it is not caused by the effect of a sub-
population but concerns the entire populations. Microscopic observations of cells after Nile red
staining at day 5 showed that the number of lipid droplets (LD) was about two per cell in WT cells and
between 3 and 6 in S2M2 cells (Fig. 3). Droplet sizes appeared larger in S2M2 cells than in WT cells.
These results are in accordance with the spectrofluorometic and cytometric analysis that showed
higher Nile red fluorescence in S2M2 strain. Because the effect of nitrogen starvation on lipid
accumulation is greater in strain S2M2, we propose that this S2M2 strain would make a good model to
study the metabolism and accumulation of neutral lipids in Tisochrysis lutea in the same manner as a

starchless mutant was used for the study of lipid accumulation in Chlamydomonas reinhardtii [13,47].

2. Comparative proteomics and functional classification

Proteomics was applied for the two strains (WT and S2M2) i) at exponential phase (Day 2) when
neutral lipid accumulation was low and dissolved nitrogen still available, ii) at the beginning of
stationary phase (Day 5) when neutral lipid accumulation was high and absence of dissolved nitrogen
limited the growth. The aim was to reveal the proteins whose abundance is regulated by nitrogen
starvation, and the proteins whose abundance is different between the two strains. Two-dimensional
electrophoresis analyses were performed. This robust technique was described as a valuable tool to
separate with good resolution and quantify in the same time major proteins in non-model species. For
each of the four conditions, biological triplicates and technical duplicates were performed. About 1850
spots were visualized on each of the 2-DE gels (Fig. 4). Principal component analysis of the complete
dataset (24 gels) clearly showed four distinct clusters of gels corresponding to the four experimental
conditions (Fig. 5). This suggests a modification of the proteome of the mutant strain, as well as

induction of specific proteomes for both strains during N-limited batch stationary phase.

Statistical analysis of normalized volume of each spot on each gel were performed to select spots
with difference in spot volume (p value<0.05). Considering the large number of tests (1850 spots),
false discovery rate (FDR) were measured and significant positives were selected with a FDR g-value

threshold of 5%. In the WT strain, 19 spots were up accumulated at day 5 (vs. day 2) and 33 were

12
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down accumulated. In the S2M2 strain, 4 spots were up accumulated at day 5 (vs. day 2) and 24 were
down accumulated. In addition, 42 spots have a difference of intensity between the two strains at day
2 (18 down and 24 up-expressed in S2M2 vs WT) and 73 at day 5 (39 down and 34 up-expressed in

S2M2 vs WT).

57 spots showing significant differences on analytical gels (Fig. 4) were sufficiently concentrate for
been visualized on preparative gels stained with Coomassie blue. They were picked and analysed by
MS. Whereas searching against Uniprot databases only allowed the identification of six spots,
searching against the T. lutea transcriptome led to the identification of 48 spots corresponding to 40
different single transcripts. This difference arose because sometimes more than one spot was
affiliated to the same transcript; a result consistent with the observations of Guarnieri et al. [21]. The
identification of proteins by comparing the mass profiles with in silico data could be done much more
efficiently using the home-made transcriptome of Tisochrysis lutea than using public data on other

algae species. Nine spots failed to produce any unambiguous MS identification.

Manual annotation of translated transcripts was performed to obtain functional insights on
identified sequences. BLAST-X and domain research allowed assignment of putative functions for 27
proteins, classified into nine metabolic groups (Tab.1). Six other proteins had a homolog in other algae
species but their function remains unknown (Tab.1). They were named "conserved unknown proteins".
Among these six proteins, one has a MORN-repeat domain and three have a NAD-Rossmann-fold
domain including one that has a FabG domain. To date, seven proteins have no homolog in public
databases. Although a C1-peptidase domain could be found for one of them and a methyltransferase
(MTase) domain was found for another, their functions remain unknown. For transcripts whose CDS
was clearly identified, theoretical molecular weight and pl (MW / pl) were quite similar to experimental

MW / pl on 2-DE gels (Tab.1).

3. Proteins affected by nitrogen starvation

About 2.5% of the analysed WT proteome was affected by nitrogen starvation. Numerous
metabolic pathways were affected, but the abundance of the stress proteins identified in this study
(SuperOxide Dismutase (SOD), Protein Disulfide Isomerase (Pdi), Clp protease and Heat Shock
Protein Hsp60) was not affected. This may because the sampling under nitrogen starvation
corresponded to an early step of stationary phase when the growth was limited by nitrogen starvation,

but cells had not yet triggered a stress response. This suggests that the comparative proteomic
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analysis shows the effects of a halt in growth due to nitrogen starvation but not the response to the

stress that could occur later in the stationary phase.

Thirteen proteins identified in this study were less abundant during nitrogen starvation (Tab. 2).
These include three plastidal ribosomal proteins, the CF1 beta subunit of ATP synthase and the two
subunits of rubisco (RuBisCo Large subunit and Small subunit (RBCL and RBCS)) involved in the first
major step of carbon fixation. RBCL and RBCS co-accumulated in the same way during nitrogen
starvation and their ORFs were located on the same transcript of T. lutea. These two ORFs are
located on the same operon in prymnesiophyte plastids [51]. This suggests that transcriptional
regulation of the whole operon could occur, leading to the regulation of protein abundance during
stationary phase. Three enzymes involved in the pigment biosynthetic process were also down-
accumulated at stationary phase including (1) uroporophyrogen decarboxylase (fold = 3.1) and
coproporphyrinogen Ill oxidase (fold = 2.1), successively involved in the porphyrin and chlorophyll
metabolic pathways; and (2) geranylgeranyl pyrophosphate synthetase (GGPP synthase) (fold = 2.4),
which plays a role in the level of carotenogenesis. Two proteins of lipid metabolism were down-
accumulated by nitrogen starvation, including the plastid beta-ketoacyl-ACP reductase (FabG) (fold =
2.5) and the "FabG domain-containing conserved unknown protein" (fold = 4.7) (Tab. 6). FabG
catalyzes the NADPH-dependent reduction of beta-ketoacyl-ACP substrates to beta-hydroxyacyl-ACP
products, the first reductive step in the elongation cycle of fatty acid biosynthesis. The "FabG domain-
containing conserved unknown protein" was down-accumulated in same manner but its function

remains more uncertain.

To resume, nitrogen deprivation induced a decrease of proteins involved in: i) carbon fixation
(RBCL and RBCS), ii) the pigment biosynthetic process (GGPP synthase, UPIIl decarboxylase and
CPIIl oxidase), iii) energetic metabolism (ATP synthase), and iv) translation processes (3 ribosomal
proteins) and v) fatty acid metabolism (FabG and FabG domain-containing conserved unknown
protein). These results are in good agreement with previous transcriptomic and proteomic studies on
the chlorophyceae C. reinhardtii [11,48,52-54], in the eustigmatophyte Nannochloropsis sp., the
chlorophyte Micractinium pusillum, and the diatom Phaeodactylum tricornutum [15—18,52,55]. All
these results suggest that a halt in growth in response to nitrogen starvation causes similar decreases
in several biological activities in most microalgae. Longworth et al. interpreted these biological

responses as an entry into a type of dormancy of the microalgae [52]
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Three proteins up-accumulating during nitrogen starvation were identified (Tab. 3). These include
acetyl-CoA/propionyl-CoA carboxylase (ACCase) (fold = 2.9), which plays a major role in the first
steps of fatty acid biosynthesis by catalyzing the carboxylation of acetyl-CoA to produce malonyl-CoA.
Its role in fatty acid regulation has been demonstrated for the Isochrysidales [26,27]. Another of the
proteins has a strong homology with the coccolith scale associated protein (CSAP1) of Pleurochrysis
carterae and with an unknown predicted protein of Phaeodactylum tricornutum. To our knowledge, the
function of this protein is unknown, but PRODOM software identified a pyridoxal-phosphate-dependent
decarboxylase domain specific to group |l decarboxylase, which includes aromatic-L-amino-acid
decarboxylases, tyrosine decarboxylase and histidine decarboxylase. Four isoforms of CSAP-1 of the
same size increased by 6.2 fold in relative abundance during nitrogen starvation (spot 3951 on Fig.4 ).
CSAP-1 contains a DDC-GAD-HDC-YDC decarboxylase domain and could be involved in the
decarboxylation of aromatic-L-amino-acid tyrosine or histidine. However, its function remains unclear.
Homologs were found in the prymnesiophyte Pleurochrysis carterae transcriptome and in the P.
tricornutum genome, but not in other algae species, even in other prymnesiophyte transcriptomes.
RNAseq analysis of P. tricornutum showed an up-regulation of this protein under nitrogen starvation
and Valenzuela et al. speculated that this protein might play a role in inorganic carbon homeostasis
[18]. Because this protein is among those that are most up-accumulated under nitrogen deprivation, a
functional analysis should be made to identify its molecular and cellular functions. Four isoforms of
Coccolith Scale Associated Protein-1 (CSAP1) of same size were increased by 6.2 fold in relative
abundance during nitrogen starvation (spot 3951 on Fig. 4). They probably correspond to different
post-translational forms of the same protein. Two closed isoforms of the periplasmic L-amino acid
oxidase (PAAOX) of the same size increased by 8.2- to 4.3-fold in relative abundance with nitrogen
deprivation (spots 1108 and 1144 on Fig.4 A ) (Tab. 3). Vallon et al. defined PAAOXx as a scavenger of
ammonium from extracellular amino acids in C. reinhardtii [56]. In silico analysis of the coding region
revealed the presence of a signal peptide and transmembrane region. This suggests that this enzyme
is anchored to the membrane and transported to the plasma membrane. This protein could be

involved in the access of extracellular organic nitrogen in response to nitrogen deprivation.
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4. Proteins affected by strain selection

The abundances of 33 spots identified by MS were found to differ between the two strains,
whatever the phase of culture (Tab. 4 and Tab. 5). Five proteins involved in stress response were
identified. The ATP-binding subunit of Clp protease and the two chaperones Hsp60 and Hsp70 were
less abundant in the S2M2 strain, whereas superoxide dismutase Ni-type (SOD) and disulfide
isomerase (Pdi) were more abundant. Because UV mutations and cytometric sorting generate cellular
stress, we suggest that there was selection for cells acclimated to stress in the S2M2 population. Five
identified proteins involved in respiration, photosynthesis and glycolysis were affected by N
deprivation, suggesting an overall reorganization of the energetic metabolism in the selected S2M2
strain: two glyceraldehyde 3-phosphate dehydrogenases (GAPDH), which are key enzymes of
glycolysis, and the core 1 subunit of ubiquinol:cytochrome c¢ oxidoreductase involved in the
mitochondrial respiratory chain were up-accumulated in S2M2 strain,. One ATP synthase and two
proteins of photosynthesis (the chloroplast ferredoxin NADP reductase and the ferredoxin) were less
abundant. The ferredoxin is the last protein of photosystem | and serves as a substrate for the

chloroplast ferredoxin NADP reductase.

Finally, two Glycoside Hydrolases including GH16 (spots 1221, 1238, 1241 and 1215 on Fig. 4)
and GH30 (spots 1074 and 1078 on Fig. 4) were abundant in the S2M2 strain, but were not detected
in the WT strain (Tab. 6). For these two proteins, several spots with the same molecular weight were
identified, suggesting post-translational modifications. The analysis of coding regions revealed a trans-
membrane region for each one of these enzymes and a signal peptide for GH30, suggesting it had a
specific cellular localisation. Glycoside hydrolases are a widespread group of enzymes that hydrolyze
the glycosidic bond between two or more carbohydrates or between a carbohydrate and a non-
carbohydrate moiety [57]. The GH16 and GH30 families are responsible for the degradation of many
substrates and are well described on the carbohydrate-active enzymes (CAZy) database
(http://www.cazy.org). Enzyme activities currently assigned within GH30 family include B-glucosidase,
B-xylosidase and endo-B-1,6-glucanase [57,58]. Enzyme activities currently assigned within GH16
family include enzymes involved in the hydrolysis of storage carbohydrates, such as laminarinases,
beta-agarase and endo-1,3-beta-glucanases. To our knowledge, the nature of storage and cell wall
carbohydrates in T. lutea has never been clearly identified and the substrates of these two enzymes

should be identified for more accurate conclusions. However, we suggest that the up-regulation of
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these two glycoside hydrolases would lead to a better availability of hydrolysable carbohydrates for
glycolysis. Interestingly, two glyceraldehyde 3-phosphate dehydrogenase (GAPDHs) enzymes known
to be mainly involved in glycolysis were more abundant in the S2M2 strain than the WT. Glycolysis is
an important source of acetyl-CoA. Studies of starchless mutants of the green algae Chlamydomonas
reinhardtii strongly suggested that the carbon flux between the biosynthesis of starch and
triacylglycerides are interrelated and that the carbon sources for TAG biosynthesis could be largely
derived from carbohydrates and acetyl-CoA metabolism [13]. In same way, our results suggest that
the metabolism upstream of de novo fatty acid biosynthesis (carbohydrate catabolism and glycolysis)
are determinant for the over production of lipids in S2M2 strain. Thus, like C reinhardtii, lipid

accumulation in T. lutea could be closely related to carbohydrate metabolism [13].

5. Proteins impacted by strain selection and nitrogen starvation

We focused on six proteins whose abundance was similar between strains during exponential
phase (i.e. when lipid accumulation was the same) and whose abundance was different at early

stationary phase, when lipid accumulation was much higher in strain S2M2 than WT.

The two spots identified as a FabG (spot 3009) and "FabG domain-containing conserved unknown
protein”" (spot 2681) were down-accumulated in the WT strain upon nitrogen starvation, while their
relative abundance remained constant in the S2M2 strain, suggesting the absence of regulation of
these proteins here (Tab.6). The involvement of the "FabG domain-containing conserved unknown
protein" in the fatty acid metabolism remains speculative but, surprisingly, this protein was regulated
like FabG. 3-oxoacyl-(acyl-carrier-protein) reductase (FabG) catalyses the first reduction step of de
novo fatty acid elongation. This process involves condensation of C18:1-CoA with malonyl-CoA to
form 3-ketoacyl-CoA, reduction of this 3-ketoacyl-CoA, dehydration of the resulting 3-hydroxyacyl-CoA
and, finally, reduction of the trans-2,3-enoyl-CoA. Because the amount of neutral fatty acid increases
in strain S2M2 at stationary phase but not in WT, we assume that the down-expression of these
proteins could be connected to the halt in of lipid accumulation in the WT strain. In strain S2M2,
neutral lipid accumulation continues during stationary phase, when these proteins are not down-
expressed. Because the regulation of protein spots was similar for both enzymes, this suggests that
regulation mechanisms could be at the same step for both homologues. In C. reinhardtii, some genes

involved in the build-up of TAGs were up-regulated during nitrogen starvation and perhaps driven by
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the transcription factor identified by Boyle et al [11]. In T. lutea, regulation of FabG and "FabG domain-

containing conserved unknown protein" should be explored at transcriptional level.

PLAAOX (spots 1108 and 1144 on Fig.4) was strongly up-accumulated in the WT strain under
nitrogen starvation (fold = 8.2 and 4.3) but not detected in the S2M2 strain (Tab. 6). As previously
stated, PLAAOX is involved in the access to extra-cellular organic nitrogen [56]. The lower abundance
of this protein under nitrogen starvation in strain S2M2 could lead to a reduction of its capacity to
access nitrogen from dissolved organic nitrogen. In this study, no difference in nitrogen accumulation
was observed between the two strains until day 5. It would be interesting to examine the C:N ratio
during the last days of stationary phase. The involvement of PLAAOX in lipid accumulation remains

speculative, however.

CSAP1 (spot 3951 for CSAP1 on Fig. 4) was strongly up-accumulated in the WT strain under
nitrogen starvation (fold = 6.2), but was only slightly up-accumulated in the S2M2 strain and was much
less abundant there than in the WT strain (fold = 6.0) (Tab. 6). This observation could suggest that the
mechanisms regulating the overproduction of this protein and PLAAOXx during nitrogen starvation are
partially reduced in the S2M2 strain. The function of CSAP1 in neutral lipid accumulation remains
unclear and should be explored. However, this protein is probably involved in carbon homeostasis
[18]. As mentioned above, the orientation of carbon into acetyl-CoA upstream of de novo fatty acid
biosynthesis appears to be crucial for lipid metabolism. A difference in carbon homeostasis between
the two strains during nitrogen starvation could lead to a reallocation of carbon for lipid metabolism
Like the two glycoside hydrolases previously identified in this study, the CSAP1 provides a good

candidate for further investigations into lipid accumulation under nitrogen starvation.

6. Conclusion

To our knowledge, this paper is the first comparative proteomic analysis in a microalgae of
biotechnological interest that makes a comparative analysis of nitrogen stress between a wild type
strain and a selected mutant. Mutant and wild type strains of Tisochrysis lutea were analysed during
growth phase and during early stationary phase in batch cultures limited by nitrogen. The results
highlight proteins differentially expressed between the two strains and regulated during nitrogen
starvation. A set of proteins was selected for been potentially involved directly or indirectly in the up-
accumulation of lipids in the selected strain. This group notably includes proteins involved in carbon

homeostasis, fatty acid biosynthesis and carbohydrate catabolism.
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Captions

Fig. 1 : (A) Growth and (B) neutral lipid accumulation of Tisochrysis lutea WT and S2M2 strains in a
batch culture limited by nitrogen. Cultures were done in ftriplicate. Cell concentations and nile red

fluoresence index per cell were calculated daily.

Fig. 2 : (A) Dissolved Inorganic Nitrogen and Phosphorus in WT and S2M2 cultures. (B) C:N ratio
were calculated from particulate carbon and nitrogen analysis. Means and standart errors were

calculated from biological replicates and indicated on the graphs.

Fig. 3 : Microscopic observations of Tisochrysis lutea WT (columns A and B) and S2M2 (C and D)
strains. Cells were observed by transmissive optic microscopy and epifluorescence microscopy after
Nile red straining. Sizes and number of lipid droplets were revealed by Nile red coloration of neutral
lipids.

Fig. 4 : 2-DE of whole cell proteoms of Tisochrysis lutea WT (A) and S2M2 (B) strains at early
stationnary phase of nitrogen limited batch cultures. Proteins of both strains at exponential and early
stationary phases were extracted. Biological triplicates and technical duplicates were. 30ug of whole
cell proteins were separed on pH 4-7 gradient and 12% polyacrylamide SDS gel, and revealed by
silver staining. 24 gels gels were include for image and statistical analysis. Identified spots by MS-MS
are localized on the gels.

Fig. 5 : Principal component analysis performed on the complete data set of the 24 2-DE gels

according to variations in the normalized volume of the 1850 spots.
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Tab 1 - MS identification of spo

Class N° spot Mr (kDa )/ Pl Mr (kDa )/ Pl Unique peptide Hypothetical function NCBI accession
experimental  theoretical matched number
Lipid 1224 90/6.5 78/5.9 50 acetyl-CoA/propionyl-CoA carboxylase KF233705
metabolism 3009 35/6.2 30/8.5 18 FabG KF233706
13;: 1111(())///5523 99/4.5 ;Z Glycoside hydrolase family GH30 KF233707
Carbohydrate 1215 90/5.8 58
catabolism 1221 90/6.0 81/6.1 163 Glycoside hydrolase family GH16 KF233708
1238 90/6.1 106
1241 90/6.2 37
1108 105/ 4.6 30
Amino acid 1144 105/4.7 108/4.4 74 Periplasmic L-amino acid oxidase KF233709
metabolism 1173 100/ 4.7 88
3981 90/5.85 78 /5.7 141 Glutamine synthetase 111 KF233710
1787 65/4.6 54/5.9 19 RBCL KF233711
3774 10/6.6 15
3798 10/5.7 9.2/4.7 26 RBCS KF233712
3971 65/4.8 51/4.6 72 ATP synthase CF1 beta subunit KF233713
Energy ig;z 6600 //:'995 54/5 421,2 Ubiquinol: Cytochrome ¢ oxidoreductase 50 kDa core 1 subunit KF233714
metabolism;
photosynthesis. 1544 60/5.6 66/5.1 150 ATP synthase KF233715
2310 42/6.4 50/5.6 38 Chloroplast ferredoxin NADP(+) reductase KF233716
1354 75/5.1 77/6.6 31 Ferredoxin KF233717
2250 40/6.7 36/5.9 12 GAPDH KF233718
1696 65/5.7 61
37/4.9 GAPDH KF233719
3937 73/5.5 14
2474 40/5.2 37.4/44 20 308 Plastidal ribosomal protein S1 KF233720
Translation 3193 22/5.8 20/9.8 14 30S Plastidal ribosomal protein S15 KF233721
3954 47/4.9 34/5.0 34 30S Plastidal ribosomal protein S1 KF233722
Pigment 2214 42/5.2 37/4.4 44 Uroporphyrinogen decarboxylase, chloroplast precursor KF233723
biosynthesis 2215 42/53 41/52 23 Chloroplast coproporphyrinogen III oxidase KF233724
PLOCESS 2425 40/4.7 34/45 6 Geranylgeranyl pyrophosphate synthetase KF233725
3757 13/6.3 14/6 9 Superoxide dismutase Ni-type (SOD) KF233726
1585 75/6 51/4.6 8 Protein disulfide isomerase (Pdi) KF233727
—_— 1066 115/5.8 90/5.4 131 Clp protease ATP binding subunit KF233728
1342 90/5.3 135/4.5 47 HSP60 KF233729
1184 100/4.7 72/7.9 >3 Luminal binding HSP70 KF233730
1191 100/4.8 71
Cell division 2801 32/5.8 30/5.1 37 Septum-site determining protein KF233731
2313 42/59 34/5.0 10 MORN repeat domain containing conserved unknown protein KF233732
3951 75/5 70/4.7 106 Coccolith scale associated protein-1 KF233733
Sg]?;gggd 2681 37/6.1 31/5.7 22 FabG domain containing conserved unknown protein KF233734
proteins 1500 75/5.0 58/4.8 41 NAD-Rossmann-fold domain containing conserved unknown protein 1 KF233735
2291 40/5.5 43/5.4 15 NAD-Rossmann-fold domain containing conserved unknown protein 2 KF233736
2978 27/6.0 27/6.2 106 Conserved unknown protein 28404 KF233737
2824 30/6.2 25/5.1 20 Unknown protein 18353 KF233738
3934 30/5.0 27/44 33 Unknown protein 27667 KF233739
2763 30/5.1 27/4.5 24 Unknown protein 36678 KF233740
1378 90735 58/5.1 33 C1 Peptidase domain-containing unknown protein 34982 KF233741
1455 80/5.6 21
3973 21
Unknown 1915 55/4.8 37/4.8 25 Unknown protein 1821 KF233742
proteins 2115 48/5.2 16
1896 65/4.6 45/4.7 9 Methyltransferase domain containing unknown protein 30039 KF233743
2940 26/4.6 10
2966 24/4.6 4
3008 25/4.6 25/4.7 10 Unknown protein 27017 KF233744
3940 29/4.2 14
3963 30/4.3 12
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Tab 2 - Protein down accumulated in WT and S2M2 strains during nitrogen starvation.

. . WT S2M2

Hypothetical function N° spot Class

Fold ANOVA (p) Fold ANOVA (p)
FabG 2.5 8.069¢® 1.2 0.02 3009  Lipid metabolism
Eﬁ‘ﬁfo‘vifrl“;“r‘;;ﬁ“ta‘“‘“g T 4.7 2.524¢* 15 0.025 2681  Conserved unknown proteins
RBCL 3.0 0.002 2.0 0.0054 1787

33 2426¢° 26 0.339¢7 3774  Energy metabolism;
RBCS 5 % photosynthesis

2.8 1.793¢ 2.2 6.14¢ 3798
ATP synthase CF1 beta subunit 24 5.457¢* 2.0 0.049 3971
30S Plastidal ribosomal protein S1 2.0 5.479¢7 1.8 0.168¢” 2474 ,
30S Plastidal ribosomal protein S15 2.5 7272¢° 2.1 0.287¢ ey el
30S Plastidal ribosomal protein S1 2.6 4.852¢”° 1.8 0.929¢” 3954
Uroporphyrinogen decarboxylase,
chloroplast precursor [Ectocarpus 3.1 2.913¢” 2.1 422¢”° 2214
siliculosus] Pigment biosynthetic process
Chloroplast coproporphyrinogen III oxidase 2.1 8.939¢” 1.6 1.44¢? 2215
Geranylgeranyl pyrophosphate synthetase 2.4 2.478¢> 1.5 2.88¢” 2425
Unknown protein 18353 44 3.530¢” 2.5 5.54¢” 2824
Unknown protein 27667 3.0 5.557¢” 1.9 3.19¢? 3934  Unknown proteins
Unknown protein 36678 44 1.246¢7 1.5 4.85¢7 2763
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Tab 3 - Protein up accumulated in WT and S2M2 strains during nitrogen starvation.

. . WT S2M2
Hypothetical function N° spot Class
Fold ANOVA (p) Fold ANOVA (p)
Acetyl-CoA/propionyl-CoA carboxylase 2.9 0.003 1.6 0.196 1224  Lipid metabolism
8.2 7.794¢” 1.2 0.44 1108
Periplasmic L-ami i i Ami i taboli
eriplasmic L-amino acid oxidase 43 11606 12 0277 1144 mino acid metabolism
IC)OCCOhth serl pesseaet preianl (Coale ) 2.802¢e 2.4 2.22¢° 3951  Conserved unknown proteins
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Table 4
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Tab 4 - Protein down accumulated in S2M2 strain

Exponential phase

Stationary phase

Hypothetical function Fold ANOVA (p) Fold ANOVA (p) N° spot Class
Glutamine synthetase 11 1.8 0.066 1.8 0.005 3981
Periplasmic [-amino acid oxidase 13 0.294 oft 7.794¢” 1108 Amino acid metabolism
14 0014 off 1.160¢* 1144
ATP synthase L9 0.017 2.5 6.6e” 1544 _
Chloroplast ferredoxin NADP(+) reductase 20  0221¢? 22 0.33¢” 2310 E}rll etrgy rriital?ohsm;
Ferredoxin off  1.49¢” off 3.339¢° 1354 PROGSYREIES.
Clp protease ATP binding subunit 1.7~ 0.013 2.3 4.11¢e* 1066
HSP60 15 0.019 off 5.08¢” 1342
3 Stress
Luminal binding HSP70 off 0652 off 0.027 1184
off 0.026 off 0.009 1191
Coccolith scale associated protein-1 12 0.557 2.1 0.017 3951
iﬁiﬁ:ﬁ?ﬁ;‘;}f:ﬁ% iﬁgﬁnll containing off 1.04¢”’ off 9,504~ 1500 Conserved unknown proteins
Unknown protein 21 795" 14 0.073 2763
Unknown protein 12 0.358 29 0.019 3973
X?ilgfgiar;iiz?rs}e domain containing 1.6 0.7¢> 21 0.0054 1896
grl()zgiptidase domain containing unknown 4.1 1.08¢” off 1.06¢° 1378 Unknown proteins
Unknown protein 1821 off  2.73¢” off 3.5¢* 1915
Unknown protein 27017 off 7‘83615; off Lo i 3940
off  8.57¢ off 6.91¢” 3963
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Tab 5- Protein up accumulated in S2M2 strain

Exponential phase Stationary phase o
Hypothetical function Class
P Fold ANOVA (p) Fold g’;‘OVA spot
FabG 11 0.55 2.5 7.37¢”° 3009  Lipid metabolism
9.25¢ 1.331¢* 1074
Glycosyl hydrolase family GH30 on eiﬁ on j
on 9.12¢ on 2.60¢e 1078
on 1.93¢” on 2.1¢° 1221 , ,
1 7367 on 4.076” 1238 Glucide catabolism
on . d
Glycosyl hydrolase family GH16 4 %
on 5.36e on 8.0e 1241
2.1 0.002 1.3 0.135 1215
Septum-site determining protein 14 0.16 2.3 8.42¢” 2801 Cell division
Ubiquinol:cytochrome ¢ oxidoreductase ~ on 8.15¢ 1.3 0.118 1884
50 kDa core 1 subunit on 9.5¢* on 8.59¢” 1926 ;
GAPDH 13 0211 25 3.46¢* 2250 Eﬁg{fgyﬁf}i‘;ghsm’
GAPDH 2.0 2.72¢° 22 1.97¢* 1696 '
GAPDH 2.0 1.52¢™ 3.2 2.38¢” 3937
Superoxide dismutase Ni-type (SOD) 12 0.565 2.0 2.0¢e* 3757 St
ress
Protein disulfide isomerase (Pdi) 2.6 7.67¢” 1.6 0.0016 1585
NAD-Rossmann-fold domaln containing on 923 on 0.0017 2291
conserved unknown protein 2
Eiﬁfo‘viv‘fg‘r‘;;‘"‘iﬁnta‘n‘ng BORTEITED 12 0.206 47 2.524¢° 2681 COTS?Wed unknown
) o proteins
MORN repeat domain containing 15 0.039 21 3 43¢ 2313
conserved unknown protein
Conserved unknown protein 1.3 0.027 2.0 427e° 2978
Unknown protein 1821 on 8.97¢” on 0.179 2115
Unknown protein 27017 on 0.004 on 1.19¢** 2940
Unknown protein 27017 on 9.632¢” on 0.016 3008 Unknown proteins
C1 Peptidase df)mam-contammg 31 397¢* 25 4,966 1455
unknown protein
Unknown protein 27017 2.7 6.77¢” 34 3.35¢” 2966
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Hypotetical function N° spot WTstrain S2M2 strain

€Xpo stat €Xpo stat

1108-
PLAAOx 1144 | ‘J

CSAP1 3951

FabG 3009

FabG domain containing

concerved unknown protein 2681
1215
Glycosyl hydrolase family 1221
GH16 1238
1241

Glycosyl hydrolase family 1074-
GH30 1078
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Figurel : (A) Growth and (B) neutral lipid accumulation of Tisoc
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Fig. 2 : (A) Dissolved Inorganic Nitrogen and Phosphorus in WT a
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Fig. 3: Microscopic observations of Tisochrysis lutea WT (colum
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Fig. 4 : 2-DE of whole cell proteoms of Tisochrysis lutea WT (A)
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Fig. 5: Principal component analysis performed on the complete
Click here to download high resolution image
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