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Abstract 

Microalgae are a promising feedstock for the production of triacylglycerol (TAG) for a variety 

of applications. However, obtaining high TAG yields is challenging and novel strategies are 

needed. Approaches based on serendipity might accelerate the identification of unknown targets 

for improvements. A phenotypic assay was developed to screen a library of 1,200 drugs, 

annotated with pharmacology information, and select compounds triggering TAG accumulation 

in the diatom Phaeodactylum. We identified 34 hit molecules acting in a dose-dependent 

manner. Previously characterized targets of these compounds include cell division and cell 

signaling effectors, membrane receptors and transporters, and sterol metabolism. Among the 

five compounds possibly acting on sterol metabolism, we focused our study on 

Ethynylestradiol. This estrogen, used in contraceptive pills, is known for its ecological impact 

as an endocrine disruptor. Ethynylestradiol impaired the production of very-long chain 

polyunsaturated fatty acids (VLC-PUFA), destabilized the galactolipid vs. phospholipid 

balance and triggered a recycling of fatty acids (FA) from membrane lipids to TAG. 

Phaeodactylum transcriptomic response was consistent with a reallocation of carbon from 

sterols to acetyl-CoA and TAG. The mode of action and catabolism of Ethynylestradiol is 

unknown but might involve several upregulated cytochrome P450 proteins. A FA elongase, 

Delta6-ELO-B2, might be involved in the impairment of VLC-PUFA and FA turnover. This 

phenotypic screen opens new perspectives for the exploration of novel bioactive molecules, 

potential target genes and pathways. It also unraveled the sensitivity of diatoms to endocrine 

disruptors, highlighting an impact of anthropogenic pollution on phytoplankton, which should 

be considered in the future. 
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Introduction 

Photosynthetic algae are promising systems for the biotechnological development of cell 

factories, since they are able to capture CO2 and produce valuable biomolecules such as 

triacylglycerols (TAGs). Oils made of TAGs have a broad range of applications from feed, food 

or health, to commodity products complementing fossil hydrocarbons and chemistry (Lupette 

and Maréchal, 2018). TAGs contain three fatty acids (FA) esterified to a glycerol backbone, 

and they accumulate inside cells in the form of lipid droplets (LD) (Maeda et al., 2017). The 

potentiality of algal oil lies in the molecular variety of FAs esterified to TAGs, with chain 

lengths ranging from ~14 to ~22 carbons and harboring from 0 to 6 double bonds (Dolch and 

Marechal, 2015). Some examples of FAs are palmitic acid (16:0, with 16 carbon and no double 

bond), oleic acid (18:1), linolenic acid (18:3), eicosapentaenoic acid or EPA (20:5), etc. Very-

long chain polyunsaturated FAs (VLC-PUFAs), like EPA, have a higher added value for food 

or health applications and shorter chained and less saturated FAs, such as 16:0, comply with 

biofuel applications (Lupette and Maréchal, 2018). Increasing the productivity and quality of 

alga-based oil are critical bottlenecks that need to be overcome (Pulz and Gross, 2004; Spolaore 

et al., 2006; Chisti, 2013; Klein-Marcuschamer et al., 2013; Ruiz et al., 2016; Arbenz et al., 

2017). 

The biodiversity of algae occupies very distant branches of the tree of life (Brodie et al., 2017), 

ranging from prokaryotes, i.e. cyanobacteria, to a multitude of eukaryote lineages, arisen either 

from a primary endosymbiosis, such as unicellular green algae, or from a secondary 

endosymbiosis, such as diatoms (Bozarth et al., 2009; Levitan et al., 2014). Important 

eukaryotic models with well annotated genomes, transformation techniques and molecular tools 

for genetic engineering are being developed, like Chlamydomonas reinhardtii for green algae 

(Merchant et al., 2007; Scaife and Smith, 2016), Phaeodactylum tricornutum for diatoms 

(Falciatore et al., 1999; Siaut et al., 2007; Bowler et al., 2008; De Riso et al., 2009; Daboussi 

et al., 2014; Nymark et al., 2016) or Nannochloropsis species for eustigmatophytes (Kilian et 

al., 2011; Anandarajah et al., 2012; Vieler et al., 2012; Corteggiani Carpinelli et al., 2014). The 

secondary endosymbionts have arisen from a complex evolutionary history (McFadden, 1999; 

Stoebe and Maier, 2002; Kutschera and Niklas, 2005; Gould et al., 2008; Keeling, 2009; Botte 

and Marechal, 2014; Petroutsos et al., 2014; Brodie et al., 2017); their subcellular ultrastructure 

is extremely sophisticated (Flori et al., 2016) and the annotation of their genome highlights a 

large proportion of proteins of unknown function compared to other eukaryotes originating 

from a primary endosymbiosis (Maier et al., 2000; Gardner et al., 2002; Armbrust et al., 2004; 
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Bowler et al., 2008; Deschamps and Moreira, 2012). Species such as Phaeodactylum and 

Nannochloropsis have cultivation and oil productivity performances complying with the 

development of production strains for industrial processes (d'Ippolito et al., 2015; Ajjawi et al., 

2017; Wang and Seibert, 2017). Some rationalized approaches via genetic engineering require 

robust prior knowledge, in particular regarding the function of genes or pathways that might be 

modified in an attempt to drive carbon flux toward TAG production (Liao et al., 2016; Brodie 

et al., 2017). We need to advance our knowledge on the specific subcellular 

compartmentalization of secondary endosymbionts, cell growth and development, 

photosynthesis efficiency, CO2 capture, carbon partitioning, glycerolipid metabolism etc., so as 

to develop strains and processes with higher biomass yields, TAG productivity and controlled 

FA contents.  

Approaches based on serendipity might help accelerating the identification of still unknown 

targets for improvements. Phenotypic screens have been used to identify molecules that could 

trigger the accumulation of TAG in various microalgae strains, such as the green algae 

Chlamydomonas, Chlorella and Tetrachlorella (Wase et al., 2017) and secondary 

endosymbionts such as Nannochloropsis and Phaeodactylum (Franz et al., 2013). Having an 

active molecule in hand, it is then possible to search for the protein target(s) that could then be 

used to develop a genetically engineered strain, modified in the targeted pathway (Mayer et al., 

1999; Haggarty et al., 2000; Marechal, 2008, 2009), however this molecule-to-target approach 

is long and uncertain. Here, we describe the screening of a biologically annotated library of 

compounds (or chemolibrary), containing drugs previously approved for safety by the U.S. food 

and drug administration for at least one indication or at least used in clinical trials with 

bioavailability, pharmacology and toxicity information (Prestwick Chemical Library; 1,200 

compounds). The screen was developed to select molecules triggering the accumulation of TAG 

within Phaeodactylum tricornutum living cells. Theoretically, hit molecules from this 

repurpose collection should interact with Phaeodactylum proteins that share some structural 

and/or functional features with the original drug targets (Blagosklonny, 2003; Jeong et al., 2015; 

Coleman et al., 2016). Our objective was then to attempt identifying biological processes or 

pathways affected by the active molecules and propose lines of research for future 

Phaeodactylum strain developments. 
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Results 

Setup of screening conditions and statistical robustness of the selected multi-parametric 

assay 

Our objective was to define a multi-parametric assay allowing the robust measures of cell 

concentrations, TAG levels and ideally other parameters that would allow the monitoring of the 

physiological status of cells. We first optimized culture conditions for Phaeodactylum in 

different multiwell plate systems. After Pt1 wild type cells were dispensed in 48- or 96-well 

plates, manual observations were performed, highlighting an excess of adherent cells to the 

plastic sides in 96-well plates. In 48-well plates, addition of 4-mm glass beads helped limiting 

cell adhesions, aided mixing and allowed the detection of growth and of TAG accumulation 

after 48-hour incubations. We compared different methods to monitor cell abundance with 

sufficient high-throughput and statistical robustness. The easiest method would be by deducing 

cell abundance from light absorbance. We compiled data obtained from 140 independent data 

points, using Phaeodactylum cultures grown in plates or in flasks, in ESAW containing or 

lacking nitrogen (ESAW 1N1P or 0N1P, respectively). Cell concentrations were evaluated 

using a Malassez counting chamber. In this compiled dataset, a linear correlation was detected 

with absorbance measured at 730 nm (A730), with the following equation: y = 1.834.10-8.x + 

0.03758 (correlation coefficient of 0.9637, Supplementary Fig S1). Unfortunately, in the 

conditions used for the screening, the dynamic range (difference between highest and lower 

value) was not sufficient. We tried to develop DAPI (4',6-diamidino-2-phenylindole) or 

Hoechst staining methods, based on the binding of these dyes to nuclear DNA, but the 

background was too strong to allow a statistically relevant determination of cell abundance. 

Eventually, we used a strain expressing an Histone H4 fused to EYFP (Enhanced Yellow 

Fluorescent Protein) at the N-terminus (Siaut et al., 2007), kindly provided by Angela Falciatore 

(Université Pierre et Marie Curie, Paris), allowing the determination of nuclei by exciting at 

515 nm and measuring the emitted fluorescence at 530 nm. Using a calibrated culture with 

known cell concentrations, YFP fluorescence allowed evaluating cell abundance with a linear 

correlation coefficient of 0.97 (Figure 1A). This correlation is valid from 0.1 to 0.55 mM 

NaNO3. In the same plates, it was therefore also possible to detect the fluorescence of 

chlorophylls and of Nile red, a dye binding to lipid droplets (Figure 1B and 1C), within a linear 
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range based on positive and negative cell controls, i.e. cells incubated for 48 hours in absence 

or in presence of nitrogen. 

A statistical analysis classically used to determine the suitability of an assay is the Z’ factor 

(Zhang et al., 1999), derived from measures obtained with positive and negative controls. Using 

our selected assay conditions and after 48-hour incubations, a series of low-TAG and high-

TAG control cells were analyzed, i.e. 17 wells containing cells grown in 1N1P medium (3.3.106 

cells.mL-1) and 17 wells containing cells grown in 0N1P medium (1.6.106 cells.mL-1) 

respectively (Supplementary Fig S2). Based on results, the Z’ factor was calculated for cell 

abundance measures (based on YFP fluorescence), i.e. 0.75, TAG content (based on Nile Red 

fluorescence), i.e. 0.64 and chlorophyll level, i.e. 0.73. These values being > 0.5 indicated that 

the different conditions established during assay optimization have led to an accurate 

standardized assay, suitable for the search of new bioactive molecules from the screen of a 

chemical library. 

Primary and secondary screens to identify molecules triggering TAG accumulation in 

Phaeodactylum  

The screening of the Prestwick Chemical Library (1,200 compounds) was performed at a final 

concentration of 10 µM and 0.5% DMSO, using the automated multi-module platform from the 

CMBA (Centre de criblage pour des molecules bio-actives), Grenoble. Thirty plates could be 

analyzed per week. Combined data are shown in Figure 2.  

Two main criteria were used to select compounds for a secondary screen. First criterion was a 

low impact on cell growth, viability and chlorophyll level. Chlorophyll fluorescence level 

correlated linearly with cell abundance, with a correlation coefficient of 0.8189 (Figure 3A). 

About 20% of the compounds were lethal for Phaeodactylum at 10 µM, with YFP fluorescence 

lower than 10% of control. Some compounds had apparently no impact on cell abundance but 

led to a strong decrease of chlorophyll, below 50% of control level. These compounds were not 

considered further. Second criterion was an increase in TAG level. A list of 160 compounds 

leading to an increase in Nile Red staining above 120 % of average per plate, while maintaining 

a cell abundance above 50 % of control (Figure 3B) were then selected. 

A secondary screen of the 160 compounds consisted in a re-evaluation of their effect at 10 µM, 

in the same conditions and in technical duplicates, so as to discard a first series of false positives 

and rank compounds (Figure 3C). A list of 40 compounds was then tested in independent 
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biological triplicates, so as to select a series of 34 hit molecules showing an increase in Nile 

Red higher than 120% (and up to 385%) (Table 1).  

Previously characterized targets of the selected compounds were classified based on general 

biological function and/or molecular features and highlighted seven major categories of targets: 

(1) nucleic acid biosynthesis and cell division (Pentamidine, Oxytetracycline, Ifosfamide, 

Rifaximin and Nocodazole); (2) membrane receptors (Xylometazoline, Labetalol, Acebutolol, 

Meclizine, Serotonin, Alverin, Pirenperone, Hyoscyamine, Pipenzolate, Mecamylamine, 

Bephenium and Dimaprit); (3) membrane transporters (Bendroflumethiazide, Rimantadine, 

Gaboxadol and Antimycin A); (4) sterol metabolism (Estrone, Ethynylestradiol, Mevastatin, 

Simvastatin and Ketoconazole); (5) cyclic nucleotide signaling (Zardaverine and Trapidil); (6) 

oxylipin signaling (Meloxicam, Azapropazone and Misoprostol) and eventually (7) unrelated 

enzymes involved in carbohydrate metabolism, purine catabolism and/or beta-lactam drug 

resistance (Miglitol, Flucloxacillin, Sulbactam and Allopurinol) (Table 1). In addition, we 

examined possible side-effect on secondary targets and noticed that six compounds could have 

pleiotropic effects and act on cytochrome P450 enzymes involved in sterol metabolism (Table 

1). The consistency of the possible target categories or pathways, which are hit by the selected 

molecules is striking and supports the biological relevance of the obtained results.   

Only 5 compounds triggered an increase in Nile Red staining in all independent biological 

triplicates, and with an apparent low toxicity, i.e. Nocodazole, Antimycin A, Ethynylestradiol, 

Mevastatin and Allopurinol.  

Dose-response analyses of hit molecules triggering TAG accumulation in Phaeodactylum  

Focusing on the 5 molecules selected following primary and secondary screens, we performed 

a tertiary test, consisting in dose-response analyses, in triplicates, at compound concentrations 

of 1.5, 3, 6, 12, 25, 50 and 100 µM (Figure 4). The first striking observation is that besides 

Nocodazole, selected molecules appear to impair growth at high concentrations, above 25-50 

µM, based on cell abundance measured via the fluorescence of Histone H4 protein fused to 

EYFP. Three compounds triggered a regular increase in TAG per cell, in the tested range 

(Antimycine A, Ethynylestradiol and Allopurinol), whereas the increase in Nile Red 

fluorescence observed with Mevastatin and Nocodazole reached a limit at 50 µM. The 

accumulation of TAG appears therefore to be correlated with the concentration of molecules in 

the 10-micromolar range.  
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This dose-response analysis supports the activity of selected compounds triggering TAG 

accumulation in Phaedoctylum, likely via the interference of mitochondria and/or chloroplast 

electron transport chain (Antimycine A), microtubule dynamics (Nocodazole), sterol 

metabolism (Ethynylestradiol and Mevastatin) and purine catabolism (Allopurinol). 

Chemical interference of sterol metabolism.  

The screen highlighted compounds potentially targeting enzymes of the mevalonate pathway 

and sterol metabolism, from the most upstream enzymes, such as the hydroxymethylglutaryl-

CoA reductase (or HMG-CoA reductase) hit by Simvastatin and Mevastatin, to downstream 

enzymatic activities, such as a sterol 14-alpha demethylase hit by Ketoconazole. This latter 

compound proved to be toxic at concentrations higher than 30 µM. We analyzed additional 

molecules known to interfere with this pathway (Figure 5). The biosynthesis of isopentenyl-

pyrophosphate (isopentenyl-PP) and farnesyl-pyrophosphate (farnesyl-PP) is common to all 

isoprenoids, whereas the biosynthesis of squalene is specific to sterol biosynthesis. Risedronate, 

known to inhibit farnesyl pyrophosphate synthase (Bergstrom et al., 2000) triggered an increase 

in TAG when provided at concentrations higher than 30 µM. We confirmed that Ro48-8071, 

an oxydosqualene cyclase (OSC) inhibitor, induced an accumulation of TAG, as previously 

described (Fabris et al., 2014). The accumulation of TAG was observed when Ro48-8071 was 

supplied at 3 µM, whereas above 30 µM this compound was toxic. Figure 5 also shows the 

possible interference of cytochrome P450 oxidases/hydroxylases acting downstream in the 

sterol pathway, which could be inhibited by Ethynylestradiol, Ifosfamide, Labetalol, 

Acebutolol and Meloxicam (see also Table 1). Following our screening, the high proportion of 

inhibitors of sterol metabolism highlights therefore that this pathway represents a strong 

competitive route, diverting acetyl-CoA from fatty acids and TAG. This proportion of sterol 

metabolism antagonists could also reflect a bias in the library of compounds we screened. 

Interestingly, although high concentrations of molecules impaired growth, lower concentrations 

triggered an increase in TAG with a low impact on cell proliferation. 

Lipidomic remodeling and physiological response induced by Ethynylestradiol  

A previous genetic study had demonstrated that the impairment of sterol metabolism, following 

the downregulation of one of its enzymes, OSC, led to an interruption of the sterol biosynthetic 

pathway and a strong increase in Nile Red fluorescence, suggesting an accumulation of TAG 

in Phaeodactylum (Fabris et al., 2014). However, the precise remodeling of glycerolipids and 

its mechanism had not been precisely analyzed. The increase in TAG proportion was not 
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characterized and it was not established whether all membrane glycerolipids were altered, 

regardless of their fatty acid molecular species or their polar heads, or if a specific tuning could 

operate (Fabris et al., 2014).  

We focused our analyses on Ethynylestradiol (structure, also named 17--Ethynylestradiol or 

EE2) (Inhoffen and Hohlweg, 1938), since this compound was effective at low concentrations, 

is supposed to act downstream in the pathway and is one of the most soluble molecules we 

identified. Ethynylestradiol is a synthetic estrogen that could mimic potential analogs acting as 

natural hormones/pheromones/infochemicals. It is a derivative of Estrone, used in birth control 

pills, based on its higher binding affinity to the human estrogen receptor (Jensen and DeSombre, 

1973). This compound has recently attracted an increasing attention since both natural and 

synthetic estrogens are discharged in the environment by anthropogenic practices, including 

human and domestic animals (Aris et al., 2014; Adeel et al., 2017). Estrogens have 

demonstrated impacts on the aquatic environment, including a well-studied effect on sex 

determination in fish (Bhandari et al., 2015; Siegenthaler et al., 2017), however the effects of 

these endocrine disruptors on phytoplankton have been very poorly investigated (Liu et al., 

2010; Pocock and Falk, 2014).  

First, we checked that the estimate of cell abundance based on Histone 4-YFP fusion was 

accurate: we repeated the dose-dependent experiment, confirming that Nile Red staining 

increased regularly with increasing doses of Ethynylestradiol, and reevaluated cell numbers 

using a Malassez counting chamber (Supplementary Figure S3), confirming that 

Ethynylestradiol had a significant impact on growth at concentrations higher than 8-10 µM. 

The cells did not show any strong defect at the level of photosynthesis, based on photosystem 

II efficiency measured by the Fv/Fm ratio, besides a moderate decline above 30 µM 

(Supplementary Figure S3).  

We then sought to confirm whether the increased Nile Red staining level corresponded to a 

significant change in TAG. To that purpose, we determined the glycerolipid profile of 

Phaeodactylum cells, grown in 400 mL of 1N1P medium, 0.5% DMSO in presence or absence 

of Ethynylestradiol 30 µM and at a cell density of 1.106 cells.mL-1. After a 48-hour incubation, 

glycerolipids were extracted and analyzed as described previously (Abida et al., 2015). Major 

polar glycerolipids consist of a glycerol backbone to which 2 fatty acids are linked by ester 

bonds and harboring a polar head. In Phaeodactylum, chloroplast-specific classes comprise 

acyl-sulfoquinovosyldiacylglycerol (ASQ), sulfoquinovosyldiacylglycerol (SQDG), 
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monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and 

phosphatidylglycerol (PG). Glycerolipids synthesized by the endoplasmic reticulum comprise 

phosphatidylcholine (PC) and diaclyglycerylhydroxymethyl-N,N,N-trimethyl--alanine 

(DGTA) (Abida et al., 2015). Following the treatment with Ethynylestradiol, a strong increase 

in TAG could be observed, confirming Nile Red staining increase (Figure 6, A, left). Polar 

lipids were apparently not strongly affected besides a specific decrease in MGDG and an 

increase in PC. Interestingly, similar trends were observed after a treatment with 15 µM 

Simvastatin, another molecule targeting sterol metabolism (Figure 6, A, right).  

When analyzing fatty acid profiles within each class of glycerolipids, striking differences could 

be observed. Firstly, with the noticeable exception of SQDG, the proportion of 

eicosapentaenoic acid or EPA (20:5) decreased in all major lipid classes, i.e. MGDG, DGDG, 

PG, PC, DGTA (Figure 6, B). The synthesis of this VLC-PUFAs is still not completely 

elucidated, but it is now considered that it is elaborated from short-chain fatty acids, including 

saturated molecular species such as 16:0 (Dolch et al., 2017), by a series elongations and 

desaturations (Sayanova and Napier, 2004; Dolch and Marechal, 2015; Sayanova et al., 2017). 

The elongation occurs on FAs linked to co-enzyme A (as acyl-CoAs), whereas desaturations 

should occur on FAs linked to a membrane lipids, possibly PC and/or DGTA in Phaeodactylum 

(Dolch and Marechal, 2015; Sayanova et al., 2017). The process is so fast that the unsaturated 

FA precursors of 20:5 (i.e. 20:4, 20:3, 18:4, 18:3, 18:2, 18:1) are barely detected in 

Phaeodactylum and represent a few percent. Following treatment with Ethynylestradiol, the 

decrease in 20:5 coincides with a decrease of 20:4 and an increase of the proportion of their 

unsaturated FA precursors, in both PC (18:4, 18:3, 18:2, 18:1) and DGTA (18:4, 18:3, 18:2). 

Ethynylestradiol appears therefore to specifically disturb the channeled production of 20:5 via 

these two lipids, and supports that both PC and DGTA can be platform lipids for the elaboration 

of EPA in Phaeodactylum. 

In parallel to this alteration of FA elongation and desaturation generating VLC-PUFAs, TAG 

content increased (Figure 6, A, left). TAG profile was modified, with higher proportions in FAs 

deriving from membrane lipids, such as 16:1 and 20:5, and including unsaturated FAs, which 

are uncommon in Phaeodactylum TAG, such as 16:2, 16:3, 18:4 (Figure 6, C). Altogether, these 

results indicate that Ethynylestradiol impairs EPA elaboration via PC and DGTA, destabilizes 

MGDG/PC balance and triggers a turnover of FAs deriving from membrane lipids to TAG. 

Transcriptomic reprogramming induced by Ethynylestradiol. 
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The striking modification of the glycerolipid profile, showing an unsuspected disruption of EPA 

biosynthesis and a strong reallocation of carbon suggested that Phaedoctylum might operate an 

important transcriptomic reprogramming. Phaeodactylum cells were therefore treated for 4 

days in independent biological triplicates with 0, 10 and 20 µM of Ethynylestradiol, conditions 

known to trigger TAG accumulation with moderate impact on growth (Supplementary Figure 

S4). Following treatment, frozen cells (2.108 cells) were used to extract and purify 10-20 µg 

RNA per sample, and RNAseq analysis was performed with an Illumina Hiseq 4000 system (20 

Million reads). Reads were mapped on the genome of Phaeodactylum tricornutum using the 

Star (Spliced Transcripts Alignment to a Reference) method (Dobin et al., 2013; Engstrom et 

al., 2013). Data were filtered based on the detection of 1 read in at least one sample per treatment 

or genomic mutation and then normalized using the DESseq2 method (Varet et al., 2016) 

(Supplementary Table S1).  

We found 962 genes differentially expressed with a |Log2(fold change)| > 1 in at least one of 

the contrasts (i.e. comparing Ethynylestradiol supplies at 0 µM vs. 10 µM, 0 µM vs. 20 µM or 

10 µM vs. 20 µM), and with p-value lower than 0.05. A partition of differentially expressed 

genes was performed using a K-mean method, with the number of partitions set to 6 (Liu et al., 

2014; Dolch et al., 2017). Each group or cluster consisted of genes with similar expression 

profiles following treatments with Ethynylestradiol (Figure 7). Two clusters comprise genes 

downregulated following treatments, i.e. group 1 (DR1) gathering genes with the strongest 

magnitude in expression decline (in the -2 to -4 Log2FC range) and group 5 (DR2) with 

moderate but significant expression decline (Log2FC ~ -1 to -2). Four clusters comprise genes 

upregulated following Ethynylestradiol treatments, i.e. groups 2, 3, 4 and 6 (UR1, UR2, UR3 

and UR4, respectively), UR1 and UR3 in the most moderate change levels (Log2FC ~ 1), UR2 

and UR4 with the highest variation magnitude (Log2FC ~ 2 to 4). 

For each group we sought whether gene ontology (GO) terms could be enriched, using the 

GOseq R package, with p-values lower than 0.05 or 0.1 (Young et al., 2010) (Supplementary 

Table S2). We then mined results, focusing on carbon metabolism, i.e. the putative enrichment 

of GO terms corresponding to the glycolysis, phosphoenolpyruvate production, pyruvate 

production, acetyl-CoA production, mevalonate pathway and glycerolipid production 

(Supplementary Table S2).  

- UR1 was characterized by a moderate enrichment in genes involved in lipid biosynthesis 

(p-value < 0.1).  
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- A GO enrichment in terms corresponding to the mevalonate pathway was clearly 

observed in UR2 cluster, both at the molecular function (diphosphomevalonate 

decarboxylase activity; p-value < 0.05) and biological process (isopentenyl diphosphate 

biosynthetic process, mevalonate pathway; p-value < 0.05) levels. UR2 cluster was also 

enriched in GO terms corresponding to glycolysis and pyruvate metabolism with a p-

value < 0.1, lipid metabolism.  

- UR3 was not enriched in GO terms corresponding to carbon metabolism. 

- UR4 cluster was also enriched in GO terms corresponding to acetyl-CoA biosynthesis 

from pyruvate (p-value < 0.05).  

- In down-regulated clusters, DR1 did not shown any clear enrichment in GO terms linked 

to carbon metabolism, whereas DR2 showed an enrichment in terms corresponding to 

gluconeogenesis (p-value < 0.05). 

This analysis of the function of genes differentially expressed highlights therefore that 

glycolysis was likely stimulated, whereas neoglucogenesis was arrested, and that the 

mevalonate pathway was up-regulated, consistent with a response to an agent blocking sterol 

metabolism. Genes involved in carbon metabolism appears also tuned toward the production of 

acetyl-CoA from pyruvate, which was then directed toward fatty acids and lipids.  

We examined therefore more carefully the corresponding metabolic pathways. It has been 

demonstrated that the isopentenyl-diphosphate precursor used for sterol biosynthesis derives 

from the cytosolic Mevalonate pathway rather than the plastid localized 1-Desoxy-D-xylulose-

5-phosphate (or DOXP) pathway (Cvejic and Rohmer, 2000). Supplementary Table S3 shows 

therefore the dose-dependent response of genes involved in sterol biosynthesis, first via the 

Mevalonate route: in the most upstream section of the pathway, the expression of the HMG-

CoA synthase gene, HMGS (Phatr3_J16649), increased in a dose-dependent manner, whereas 

the expression of the mevalonate kinase gene, MK (Phatr3_J53929) was strongly attenuated. 

One gene coding for a putative Geranyl-diphosphate synthase, GPPS (Phatr3_J47271) was 

strongly down-regulated whereas a Geranyl-diphosphate/Farnesyl-diphosphate synthase, GPP-

FPPS (Phatr3_J49325) was up-regulating, illustrating the fine tuning of different redundant 

enzymes within the sterol pathway, likely involved in specific physiological or developmental 

processes. In the most downstream part of the pathway, the genes coding for the putative 14-

alpha-demethylase, CYP51 (Phatr3_J31339), 3-beta-hydroxysteroid-delta(8), delta-7-

isomerase (Phatr3_J36801), delta-7-sterol delta-5-dehydrogenase (Phatr3_J14208), delta-7-

sterol reductase (Phatr3_J30461) and sterol C-22 desaturase, CYP710 (Phatr3_J51757) were 
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strongly upregulated in a dose-dependent manner by the treatment with Ethynylestradiol. 

Interestingly, genes coding for cytochrome P450 enzymes, possibly targeted by 

Ethynylestradiol (most importantly CYP710) were therefore strongly activated. We wondered 

whether the expression of genes involved in the production of isopentenyl-diphosphate via the 

DOXP pathway could also be altered by the treatment, but no specific change could be detected 

(Supplementary Table S3). The reprogramming of sterol biosynthesis genes combines therefore 

an activation of genes of the CYP family possibly compensating the inhibition by 

Ethynylestradiol, whereas others, most importantly MK, act like general bottlenecks and 

possibly reduce the flux of carbon through this pathway. 

In Supplementary Table S4, we analyzed genes involved in glycerolipid metabolism. 

Surprisingly, only a few genes involved in FA and TAG biosynthesis were upregulated. 

Consistently with an increase in acetyl-CoA production for FA synthesis, we noticed for 

instance that genes coding for Dihydrolipoamide acetyltransferase components of pyruvate 

dehydrogenase complex (Phatr3_J23850, Phatr3_EG02309, Phatr3_J30113) and for the Biotin 

carboxylase subunit of heteromeric acetyl-CoA carboxylase (Phatr3_J49339) were upregulated. 

At the level of TAG biosynthesis, only one of the diacylglycerol acyltransferase (DGAT2C) 

genes was upregulated (Phatr3_J31662). By contrast, at the level of TAG degradation, the 

expression of lipases was strikingly downregulated, i.e. MAGL1 (Phatr3_J43352), SDP1-Like 

(Phatr3_J45518), TAGL-Like-A (Phatr3_J1971), PLA-A (Phatr3_J44005), PLA-B 

(Phatr3_J44066) and Patatin-like-A (Phatr3_J43678). Likewise, genes involved in FA beta-

oxidation in both the peroxisome (Phatr3_J19979, Phatr3_J41969, Phatr3_J45947, 

Phatr3_J11319, Phatr3_J37372 and Phatr3_J31367) and the mitochondrion (Phatr3_J20310, 

Phatr3_J35240, Phatr3_J40988, Phatr3_J11811, Phatr3_J54494, Phatr3_J18064) were down-

regulated. Altogether, the transcriptomic reprogramming in response to Ethynylestradiol 

highlights a downregulation of genes involved in TAG catabolism, rather than a strongly 

enhanced TAG biosynthesis, suggesting that TAG turnover was slowed down in response to 

the chemical treatment.  

Focusing on VLC-PUFAs, most genes involved in the biosynthesis of EPA (Delta0-ELO-A, 

Phatr3_J49867; Delta0-ELO-B, Phatr3_J16376; Delta5-ELO-B, Phatr3_J34485; Delta5-ELO-

A, Phatr3_J9255; Delta6-ELO-B2, Phatr3_J20508; HACD, Phatr3_J44831; ER-delta5-FAD-A, 

Phatr3_J46830; ER-delta5-FAD-B, Phatr3_J22459 and ER-delta6-FAD; Phatr3_J29488) were 

up-regulated. Only one of the genes was downregulated, coding for Delta6-ELO-B2 

(Phatr3_J22274) (Supplementary Table S4). This disturbed VLC-PUFA coincides with the 
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upregulation of the betaine lipid synthase, BTA-Like (Phatr3_J42872), involved in the 

biosynthesis of DGTA (Supplementary Table S4).  

Taken altogether, the transcriptomic response is therefore consistent with the observed 

phenotype and highlights possible genes, which coordinated regulation could lead to a strong 

modification of the FA profiles in important membrane lipids (PC, DGTA), a modulation of 

the MGDG/PC ratio and a carbon reallocation toward TAG, by preventing TAG catabolism. 

This scheme is very different from the transcriptomic reprogramming and lipid remodeling 

following nitrogen or phosphorus starvation, considered as a reference for industrial 

developments, in which TAG accumulates mainly following an orchestrated induction of FA 

synthesis genes and of multiple enzymes involved in TAG biosynthesis (Abida et al., 2015; 

Alipanah et al., 2015; Levitan et al., 2015). 
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Discussion. 

Consistency of the screen and identification of candidate biological processes influencing 

triacylglycerol level in Phaeodactylum 

The use of an annotated library of compounds, i.e. containing small molecules previously 

characterized on known targets, allows a rational analysis of screening outputs and a more rapid 

deduction of target candidates compared to screenings of large scale libraries containing tens 

of thousands of unannotated molecules. Here, we could screen 1,200 compounds of the 

Prestwick Chemical Library, using a multiparameter assay allowing the evaluation of cell 

abundance, TAG level and chlorophyll fluorescence (Figure 1) with appropriate statistical 

robustness based on Z’ values. Possible biases or conditions leading to false positive or negative 

results have to be considered. An important bias lies in the choice of the library of compounds, 

which could be enriched in drugs developed to act on specific human pathogeneses, such as 

molecules binding on neurotransmitter receptors, being effective on metabolic disorders, on 

cancer or on specific infectious diseases. This bias is a limitation on the number of target classes 

we can explore, but it can also be considered an advantage to identify molecules hitting a 

pathway at the level of multiple target enzymes. The miniaturized assay developed to measure 

whole cell responses, therefore allowing a selection of compounds that are actually active on 

the phenotype, can also produce false positive or negative results. The parameter used to 

estimate cell abundance was based on the fluorescence of Histone H4 fused to YFP, correlating 

linearly with cell counting from 0.1 to 0.55 mM NaNO3 (Figure 1 and Supplementary Figure 

S1). Cell abundance could therefore be underestimated in conditions limiting protein 

biosynthesis. We therefore confirmed variations of cell abundance following treatments with 

selected molecules using a Malassez counting chamber (e.g. Supplementary Figure S3). 

Another important source of erroneous results lies in the use of Nile Red to stain TAG droplets: 

Nile Red staining allows relative comparisons within a batch of experiments and can react with 

other non-polar lipids. We therefore sought to confirm the observed increase of Nile Red 

staining obtained following selected chemical treatments by direct analysis of glycerolipids. 

Our primary screen of 1,200 compounds was performed by incubating Phaedocatylum in 

presence of molecules supplied at 10 µM during 48 hours (Figure 2). We selected 160 

compounds leading to an increase in Nile Red staining above 120 % of average per plate, while 

maintaining a cell abundance above 50 % of control (Figure 3) and we repeated the screen to 

discard false positives. A list of 40 molecules was then selected and tested in independent 

triplicates, and we selected the most active molecules in at least two of the three independent 
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assays. This secondary screen allowed the final selection of 34 hit molecules (Table 1). The 

success of a screening can be evaluated if some of the selected molecules have close chemical 

structures (showing consistency in the detection of an active chemical scaffold) or if distinct 

molecules hitting the same biological pathway are selected. Here, the screen pointed a very 

limited number of biological processes or pathways, i.e. nucleic acid biosynthesis and cell 

division, membrane receptors and transporters, cyclic nucleotide or oxylipin signaling and 

eventually sterol metabolism (Table 1). The consistency of the screen was further illustrated by 

the presence of similar chemical structures: Simvastatin and Mevastatin share a common 

‘statin’ scaffold; Estrone and Ethynylestradiol are both estrogens, Serotonin is the ligand of 

serotonin receptors whereas Alverin and Pipenperone are both antagonists of the same receptor. 

The results of this screen evidently pointed towards sterol metabolism. 

Five molecules were selected based on the detection of their bioactivity in all of the tests, likely 

interference with mitochondria and/or chloroplast electron transport chain (Antimycine A), 

microtubule dynamics (Nocodazole), sterol metabolism (Ethynylestradiol and Mevastatin) and 

purine catabolism (Allopurinol). We confirmed that the increase in Nile Red staining was dose-

dependent (Figure 4), with an arrest of growth induced at concentrations higher that 10 to 50 

µM, depending on the molecules. Thus, the screen has not allowed for the discovery of 

molecules that would combine an activation of TAG accumulation with a complete 

harmlessness. This indicates that the molecules might hit vital targets and/or that high doses 

increase unspecific toxicity. The advantage of using chemicals over conventional genetics is 

well known when addressing the question of essential proteins: one can study a phenotypic 

response at sub-lethal concentrations, decrease the activity of the target of interest with different 

magnitudes, trigger the phenotypic response at any developmental stage by simply adding the 

compound and eventually combine with other molecules or genetic backgrounds (Soleilhac et 

al., 2010). In addition, the chemical structure of selected molecules might be close enough to 

natural molecules to suggest a mimicry of a natural signaling process.  

The output of the screen is also consistent with some previous studies showing an increase of 

TAG, (i) after the impairment of microtubule dynamics (using Taxol) and cell division in 

Arabidopsis cells (Meï et al., 2017), (ii) after the chemical inhibition or genetic knock down of 

sterol metabolism enzymes in Phaeodactylum (Fabris et al., 2014) or (iii) after incubation with 

nitric oxide (NO) (Dolch et al., 2017), a known activator of nucleotide cyclases, opposing 

cyclic nucleotide phosphodiesterases (Francis et al., 2010). Focusing on compounds acting on 

sterol metabolism, we expanded our tests to additional molecules that were not initially 
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screened, known to act at the level of other enzymes of the pathway (Figure 5), and confirmed 

that carbon partitioning respected a balance between this pathway and TAG net production. The 

consistency of the screen suggests therefore that all biological processes we highlighted are 

promising for more in depth investigations. 

Focused analysis of Phaeodactylum response to Ethynylestradiol. 

Ethynylestradiol (19-nor-17-pregna-1,3,5(10)-trien-20-yne-3,17-diol) is a synthetic 

derivative of the natural hormones Estrone and Estradiol (Inhoffen and Hohlweg, 1938). The 

presence of the ethynyl group makes this estrogenic steroid more resistant to oxidation and 

stable in the environment, with a half-life higher than 100 days in water, under aerobic 

conditions (Adeel et al., 2017). Water solubility of Ethynylestradiol is 16 mM at 20°C and the 

logarithm of its n-octanol/water partition coefficient (or logP) is 3.63 (Adeel et al., 2017), 

indicating a strong efficiency in crossing cell barriers (Lipinski et al., 2001). Used in birth 

control pills (Jensen and DeSombre, 1973), Ethynylestradiol binding affinity to the estrogen 

receptor is two times higher in humans and up to five times higher in some fish species, 

compared to natural hormones (Aris et al., 2014). Both natural and synthetic estrogens are 

considered as extremely alarming endocrine disruptors, following their discharge in the 

environment by anthropogenic practices (Aris et al., 2014; Adeel et al., 2017). High 

Ethynylestradiol concentrations have an impact on sex determination in some fish species 

(Bhandari et al., 2015; Siegenthaler et al., 2017). Our knowledge on the effects of estrogen on 

phytoplankton is very scarce, with only two reports regarding a negative impact on growth in 

the green alga Chlamydomonas reinhardtii (Pocock and Falk, 2014) and in the pennate diatom 

Navicula incerta (Liu et al., 2010). Interestingly, treatment with ~10 µM Ethynylestradiol 

triggered an increase in total acyl-lipids in Navicula (Liu et al., 2010), possibly due to the 

increase in TAG observed here in Phaeodactylum. In addition, a bioaccumulation of 

Ethynylestradiol was observed in Navicula (Liu et al., 2010; Liu et al., 2012), supporting that 

diatoms could concentrate this molecule over time. The study of the effect of high 

concentrations of molecules, i.e. an acute exposure, could therefore mimic the physiological 

situation after a long term exposure to low doses.  

The mode of action of Ethynylestradiol in Phaeodactylum is unknown, however the past reports 

of inhibition of cytochrome P450 enzymes involved in sterol metabolism (Table 1, Figure 5) 

and the upregulation of CYP genes (Supplementary Table S3) suggest that one or more CYP 

proteins might be targeted. The biodegradation of Ethynylestradiol by Navicula (Liu et al., 
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2010), also suggests that some CYP enzyme(s) might eventually use this estrogen as a substrate, 

leading to its bioconversion into a non-active compound. Thus diatoms might contribute to 

reducing the environmental concentration of this endocrine disruptor and decrease the 

detrimental impact on other aquatic species feeding on diatoms (Liu et al., 2012). 

The phenotypic response to Ethynylestradiol is marked by a strong accumulation of TAG, 

which does not seem to balance a dramatic decline of polar lipid quantities, besides a moderate 

decrease in MGDG (Figure 6). This response suggest that TAG might simply accumulate 

following the disturbance of sterol biosynthesis, leading to an accumulation of acetyl-CoA 

diverted toward FA and TAG biosynthesis. This quantitative reallocation of carbon from one 

sink (sterols) to another (TAG) is supported by the upregulation of genes involved in acetyl-

CoA biosynthesis and downregulation of genes involved in TAG degradation (Table S4). 

However, the analysis of FA within each class of glycerolipids showed striking differences, 

including in membrane glycerolipids, in particular a decrease of 20:5 proportion in all major 

lipid classes, i.e. MGDG, DGDG, PG, PC, DGTA (Figure 6, B). The synthesis of 20:5 starts in 

the endoplasmic reticulum from short-chain acyl-CoAs, including saturated molecular species 

such as 16:0 (Dolch et al., 2017). It proceeds by a series elongations of acyl-CoAs and of 

desaturation on FAs linked to a membrane lipids, possibly PC and/or DGTA (Sayanova and 

Napier, 2004; Dolch and Marechal, 2015; Sayanova et al., 2017). Elongation includes 0-ELOs 

(16:0  18:0) and 6-ELOs (18:3  20:3) (Dolch et al., 2017). Ethynylestradiol treatment 

induced an increase of the proportion of 20:5 unsaturated FA precursors, in both PC (18:4, 18:3, 

18:2, 18:1) and DGTA (18:4, 18:3, 18:2), before the elongation by a 6-ELO. Consistently, 

although most genes involved in 20:5 biosynthesis are upregulated, including the gene coding 

for the betaine lipid platform on which desaturation occurs, Delta6-ELO-B2 (Phatr3_J22274) 

is strikingly downregulated (Supplementary Table S4). This result suggests that a 

transcriptomic control of Delta6-ELO-B2 likely occurs in response to Ethynylestradiol. This 

mechanism might therefore be an additional mechanism altering glycerolipids following 

treatments with estrogens. 

Concluding remarks. 

This study allowed the identification of molecules that could be of interest for a direct 

implementation in an industrial process aiming at triggering the accumulation of TAG in 

diatoms, which would be distinct from established methods such as nutrient starvation (Abida 

et al., 2015). An advantage is to determine cultivation conditions allowing the accumulation of 
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TAG with lower impact on growth. The use of an annotated library of compounds allowed for 

the identification of some metabolic pathways that might be scrutinized in more details for 

genetic engineering strategies in the future. Some of the identified pathways confirm past 

studies, such as nucleotide syntheses and cell division processes (Kim et al., 2017; Meï et al., 

2017; Prioretti et al., 2017), sterol metabolism (Fabris et al., 2014; Gallo et al., 2017) or 

indirectly nitric oxide signaling (Dolch et al., 2017). Other remarkable biological processes 

highlighted here, involving membrane receptors and transporters or oxylipin signaling, now 

need to be investigated. The identification of compounds interfering with catecholamine 

metabolism, known to interfere with lipolysis in humans (Camell et al., 2017), raises the 

puzzling question of an analogous system in diatoms. 

The discovery of two endocrine disruptors (Ethynylestradiol and Estrone) among the 5 more 

active molecules is one of the major results of this study. Ethynylestradiol has been reported to 

be used in aquaculture to develop single-sex populations of fish (Aris et al., 2014). Our study 

shows that these compounds have potentially a strong impact on phytoplankton as well, which 

needs now to be addressed in environmental contexts. On the one hand, the mode of action 

likely implies an interference of the metabolism in Phaeodactylum, possibly via the inhibition 

of one or more CYP enzyme(s) and the reallocation of carbon from one sink (sterols) to TAG.  

On the other hand, VLC-PUFA biosynthesis is strikingly impaired, following the 

downregulation of a gene involved in 18- to 20-carbon acyl elongation. This latter effect 

indicates that a specific transcriptomic control of VLC-PUFA biosynthesis is activated by 

estrogens. Treatment with Ethynylestradiol might therefore interfere with a process occurring 

in response to a natural sterol, either in an intracellular or a cell-to-cell signaling process. 

Although natural doses of Ethynylestradiol have not been measured systematically in the past, 

with some reports indicating ~15 pM in sea water (Adeel et al., 2017), the capacity of pennate 

diatoms to accumulate estrogens (Liu et al., 2010; Liu et al., 2012) gives relevance to study 

following acute exposures. Future works are therefore needed to address the question of the 

physiological processes chemical impaired by synthetic estrogens, and to address the 

environmental consequences of the response of diatoms detailed here. 
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Material and Methods 

Chemicals and Library of small molecules 

Chemicals used in the composition of growth media and solvents were obtained from Sigma-

Aldrich. The Prestwick Chemical Library of 1,200 compounds was obtained from Prestwick 

Chemical (Illkirch-Graffenstaden, France) and consists exclusively of FDA (U.S. food and drug 

administration) approved compounds. The chemical library was stored at -20°C at a 10 mM 

concentration in 100% dimethylsulfoxyde (DMSO) and 50 µL-working solutions were 

prepared in 48 well plates before screening. 

Cultivation of Phaeodactylum tricornutum 

Experiments were performed with the Phaeodactylum tricornutum (Pt1) Bohlin Strain 8.6 

CCMP2561 (Culture Collection of Marine Phytoplankton, now known as NCMA: National 

Center for Marine Algae and Microbiota) and with PtYFP, a strain expressing an Histone H4 

fused to EYFP (Enhanced Yellow Fluorescent Protein) at the N-terminus, kindly provided by 

Angela Falciatore (Université Pierre et Marie Curie, Paris) (Siaut et al., 2007). P. tricornutum 

cells were maintained and grown in 50 mL at 20°C, in 250 mL flasks, in a modified ESAW 

(Enriched Seawater, Artificial Water) medium (NaCl 362.7 mM; Na2SO4 25 mM; KCl 8.03 

mM; NaHCO3 2.067 mM; KBr 0.725 mM; H3BO3 0.372 mM; NaF 0.0657 mM; MgCl2 47.18 

mM; CaCl2 9.134 mM; SrCl2 0.082 mM; Na2-glycerophosphate 21.8 µM; Na2SiO3 105.6 µM; 

Na2EDTA 14.86 µM; Fe(NH4)2(SO4)2 5.97 µM; FeCl3 0.592 µM; MnSO4 2.42 µM; ZnSO4 

0.254 µM; CoSO4 0.0569 µM; Na2MoO4 0.52 µM; H3BO3 61.46 µM; Na2SeO3 10 nM; biotin 

(vitamin H) 8.18 nM; cobalamin (vitamin B12) 2.94 nM; thiamine (vitamin B1) 0.594 µM) 

(Falciatore et al., 2000), using either 0.55 mM NaNO3 and 2.2.10-2 mM NaH3PO4, or ten times 

enriched nitrogen and phosphate sources (“ESAW 10N10P”, containing 5.5 mM NaNO3 and 

0.22 mM NaH3PO4) (Abida et al., 2015). Cells were grown on a 12 hour / 12 hour - light (50 

μmol.m-2
.s-1) / dark cycle. Cells were sub-cultured twice a week by inoculating 106 cells.mL-1 

with fresh media. Growth was evaluated using a Malassez cell counting chamber or by the 

absorption at 730 nm (A730) using a TECAN plate reader.  

Automated high-throughput screening 

The screening of small molecules was performed using the automated multi-module platform 

from the CMBA (Centre de criblage pour des molecules bio-actives), Grenoble. An 800 mL-

culture of PtYFP was grown in ESAW 1N1P medium, until cell concentration reached 2.5.106 
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cells.mL-1. Cells were centrifuged at 3,500 rpm for 5 minutes and the supernatant was gently 

discarded. Cells were then resuspended in a fresh ESAW 0N1P (without nitrogen and 

containing 2.2.10-2 mM NaH3PO4) and adjusted to a final concentration of 106 cells.mL-1. Clear 

48-well plates (NUNC, 055431) were prepared by adding a 4-mm glass bead (Roth, HH55.1) 

in each well. Firstly, 450 µL aliquots of PtYFP cells were dispensed into the wells 

corresponding to “high TAG controls”, completed with 50 µL of 0N1P medium (cells incubated 

in 500 µL low-nitrogen medium). NaNO3 was then added to the remaining PtYFP cell 

suspension (1.0x106 cells.mL-1) and mixed gently to obtain a nitrogen-rich medium (ESAW 

1N1P, containing 0.55 mM NaNO3 and 2.2x10-2 mM NaH3PO4). Compounds from the 

Prestwick Chemical Library were then added in each well, to reach final incubation conditions 

of 10 µM of compounds, 0.5% DMSO and 1x106 cells.mL-1. Glass beads aided culture growth 

in the 48 well plates. The cultures were incubated for 48 hours at 100 rpm, under a 12 hour / 12 

hour - light (50 µmol photons m−2 s−1) / dark cycle, at 20°C, in an artificial climate incubator 

(HT multitron, Infors, Switzerland). Control conditions included therefore cells in ESAW 1N1P 

(“low TAG controls”) and 0N1P (“high TAG controls”) grown without any added molecule. 

After 48 hours, 150 µL were transferred from the 48-well plate to a black 96-well plate (Greiner, 

655086), and YFP and chlorophyll fluorescence levels were measured at excitation/emission 

wavelengths of 515 nm/530 nm, and 440 nm/680 nm, respectively using a TECAN Infinite 

M1000 plate reader. To assess the accumulation of neutral lipids, 40 µL of Nile Red (2.5 µg.mL-

1 9-diethylamino-5-benzo[α]phenoxazinone in DMSO) were added per well, and incubated for 

20 minutes at room temperature. Nile Red fluorescence was measured at excitation / emission 

wavelengths of 530 nm / 580 nm. Compounds triggering an increase in Nile Red fluorescence 

levels were selected for a secondary screen, with priority given to hit molecules triggering both 

high Nile Red and high YFP fluorescence. A list of 160 hit molecules were re-evaluated at 10 

µM, and based on the obtained results, and then 40 compounds were selected for a tertiary 

screen.  

Dose Response Assays 

A double-strength concentration range of selected compounds was obtained by dilution in 

ESAW 1N1P medium, 1% DMSO, and 250 µL were dispensed in triplicate in 48 well plates 

(NUNC, 055431). The same volume (250 µL) of a P. tricornutum culture at a cell concentration 

of 2x106 cells.mL-1 was added in each well, to reach a final condition of 1x106 cell.mL-1 and 

0.5% DMSO in ESAW medium. A 4-mm glass bead (Roth, HH55.1) was added in each well 

to aid culture growth in the 48 well plates. Plates were then incubated for 48 hours at 100 rpm, 
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under a 12 hour / 12 hour - light (50 µmol photons m−2 s−1) / dark cycle, at 20°C, in an artificial 

climate incubator (HT multitron, Infors, Switzerland). Control conditions included untreated 

cells with 0.5 % DMSO, and cells in ESAW medium without NaNO3. After 48 hours, 300 µL 

was transferred from the 48 well plate to a clear 96 well plate (NUNC, 55260). The absorbance 

at 730 nm (A730) was measured using a TECAN M1000 plate reader. The concentration of each 

culture was calculated using the linear relationship between cells.mL-1 counting assessed with 

a Malassez chamber and A730. A 160-µL aliquot was transferred to a black 96-well plate 

(Greiner, 655086), and chlorophyll fluorescence was measured at excitation and emission 

wavelengths of 440 nm and 680 nm, respectively. 40 µL of Nile Red (2.5 µg.mL-1 in DMSO) 

was added in each well, and cells were incubated for 20 minutes at room temperature. Nile Red 

fluorescence was measured at excitation and emission wavelengths of 530 nm and 580 nm, 

respectively. The relative fluorescence of Nile Red and Chlorophyll were normalized per 

million cells, and compared as a percentage of the untreated control. The volume of culture 

remaining in the NUNC clear 96-well plates (140 µL) was used to measure Photosystem II 

efficiency, represented by the Fv/Fm value.  

Time Course Assays  

Series of flasks containing 20 mL of P. tricornutum cells were cultured in parallel for up to 7 

days at 100 rpm, under 12 hour / 12 hour - light (50 µmol photons m−2 s−1) / dark cycle, at 20°C, 

in an artificial climate incubator (HT multitron, Infors, Switzerland). Compounds were added 

at indicated concentrations (0.5% DMSO, final). Each day, aliquots were removed and TAG 

accumulation was evaluated using Nile Red staining.  

Photosynthetic parameters (Fv/Fm) 

To determine photosynthesis parameters in cell cultures, room temperature fast chlorophyll 

fluorescence kinetics were measured using a Speedzen MX fluorescence imaging system 

(JBeamBio) with settings previously described (Johnson et al., 2009; Allorent et al., 2013). To 

this end, a 140 µL volume of P. tricornutum culture was transferred to a transparent 96 well-

plate and dark-incubated for 15-30 min before measurements. Excitation was performed in the 

blue range (λ = 450 nm, F0). F0 is the steady state fluorescence in dark-adapted cultures, Fm 

is the maximal fluorescence after a saturating light pulse with green light (520 nm) of dark-

adapted cultures, Fm’ the same in light adapted cultures, Fv is the difference between Fm and 

F0. With these parameters, the maximum efficiency of energy conversion of photosystem II 

(PSII) can be calculated as Fv/Fm (Butler and Kitajima, 1975; Misra et al., 2012). 
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Glycerolipid analyses 

For lipid analysis, Phaedoctylum Pt1 cultures were initiated at a 1x106 cells.mL-1 concentration 

and incubated at 20°C, 100 rpm, under a 12 hour / 12 hour - light (50 µmol photons m−2 s−1) / 

dark cycle. Depending on the treatment, cells were collected at day 2, 4 or 7 in 50 mL falcon 

tubes via centrifugation at 3,500 rpm for 10 minutes. Pellets were immediately snap frozen by 

transfer in liquid nitrogen and stored at -80°C until lipid extraction. After freeze-drying, pellets 

were suspended in 4 mL of boiling ethanol for 5 minutes to prevent lipid degradation and lipids 

were extracted as described earlier (Abida et al., 2015) by addition of 2 mL methanol and 8 mL 

chloroform at room temperature. The mixture was then saturated with argon and stirred for 1 

hour at room temperature. After filtration through glass wool, cell remains were rinsed with 3 

mL chloroform/methanol 2:1, v/v and 5 mL of NaCl 1% were then added to the filtrate to initiate 

biphase formation. The chloroform phase was dried under argon before solubilizing the lipid 

extract in pure chloroform. Total glycerolipids were quantified from their fatty acids: in an 

aliquot fraction, a known quantity of 15:0 was added and the fatty acids present were 

transformed as methyl esters (FAME) by a 1-hour incubation in 3 mL 2.5% H2SO4 in pure 

methanol at 100°C. The reaction was stopped by addition of 3 mL water and 3 mL hexane. The 

hexane phase was analyzed by gas chromatography-flame ionization detector (GC-FID) (Perkin 

Elmer) on a BPX70 (SGE) column. FAME were identified by comparison of their retention 

times with those of standards (Sigma) and quantified by the surface peak method using 15:0 for 

calibration. To quantify the various classes of neutral and polar glycerolipids, lipids were 

separated by thin layer chromatography (TLC) onto glass-backed silica gel plates (Merck) using 

two distinct resolving systems. To isolate neutral lipids including TAG and free fatty acid 

(FFA), lipids were resolved by TLC run in one dimension with hexane:diethylether:acetic acid 

(70:30:1, v/v). To isolate membrane glycerolipids, lipids were resolved by two-dimensional 

TLC. The first solvent was chloroform:methanol:water (65:25:4, v/v) and the second one 

chloroform:acetone:methanol:acetic acid:water (50:20:10:10:5, v/v). Lipids were then 

visualized under UV light, after spraying with 2% 8-anilino-1-naphthalenesulfonic acid in 

methanol, and scraped off the plate. FAMEs, were then prepared by methanolysis directly from 

the silica and quantified by GC-FID as described above. 

Screening statistics. 

Quality of screening assay was assessed based on the calculation of the Z’ factor (Zhang et al., 

1999), with the following equation:  
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Z’ = 1 – (3c+ + 3c-)/|c+ - c-| 

with c+ and c- the standard deviation of readout values obtained with positive and negative 

controls, and c+ and c- the means of readout values obtained with positive and negative 

controls i.e. high-TAG and low-TAG controls respectively. 

Transcriptomic analyses 

Phaeodactylum cells were grown in 50 mL of ESAW medium in 100-mL flasks, until they 

reached a minimum concentration of 6.106 cells.mL-1. Cells were then incubated 4 days with 

increasing concentrations of 17-Ethynylestradiol, provided at 0, 10 and 20 µM, with a final 

concentration of DMSO 0.5%. Following treatment, frozen cells (2.108 cells) were sent to BGI 

(Hongkong, China) for RNA extraction using the TRIzol reagent (Chomczynski and Sacchi, 

1987) allowing the collection of 10-20 µg RNA per sample. Quality was assessed based on the 

28S/18S ratio and RNA Integrity Number (RIN) tests, using an Agilent 2100 Bioanalyzer. 

Libraries were prepared for stranded 100 bp paired end sequencing and samples were analyzed 

independently using an Illumina Hiseq 4000 system (20 M reads). Reads were mapped on the 

most recent genome version of Phaeodactylum tricornutum 

(http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index) using the Star (Spliced 

Transcripts Alignment to a Reference) method (Dobin et al., 2013; Engstrom et al., 2013). Data 

were filtered based on the detection of 1 read in at least one sample per treatment or genomic 

mutation and then normalized using the DESseq2 method (Varet et al., 2016). Clustering was 

achieved based on expression profiles as described previously (Dolch et al., 2017). 

Accession numbers 

Sequences from the Phaedoactylum genome analyzed more carefully in the present study can 

be found via Ensembl! under the following accession numbers: Phatr3_EG01524; 

Phatr3_EG01947; Phatr3_EG01955; Phatr3_EG02208; Phatr3_EG02286; Phatr3_EG02309; 

Phatr3_EG02454; Phatr3_EG02496; Phatr3_EG02521; Phatr3_EG02619; Phatr3_J10068; 

Phatr3_J10497; Phatr3_J11319; Phatr3_J11390; Phatr3_J11811; Phatr3_J11916; 

Phatr3_J12420; Phatr3_J12420; Phatr3_J12431; Phatr3_J12642; Phatr3_J12740; 

Phatr3_J12884; Phatr3_J12902; Phatr3_J13073; Phatr3_J13076; Phatr3_J14202; 

Phatr3_J15031; Phatr3_J15211; Phatr3_J15730; Phatr3_J16364; Phatr3_J16376; 

Phatr3_J17086; Phatr3_J17720; Phatr3_J17720; Phatr3_J18029; Phatr3_J18064; 

Phatr3_J18940; Phatr3_J18940; Phatr3_J1971; Phatr3_J19979; Phatr3_J20143; 
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Phatr3_J20143; Phatr3_J20310; Phatr3_J20342; Phatr3_J20460; Phatr3_J20460; 

Phatr3_J20508; Phatr3_J21116; Phatr3_J21201; Phatr3_J21988; Phatr3_J22122; 

Phatr3_J2215; Phatr3_J22274; Phatr3_J22357; Phatr3_J22404; Phatr3_J22459; 

Phatr3_J22510; Phatr3_J22554; Phatr3_J22677; Phatr3_J22803; Phatr3_J23639; 

Phatr3_J23850; Phatr3_J23913; Phatr3_J24195; Phatr3_J24610; Phatr3_J24739; 

Phatr3_J25769; Phatr3_J25932; Phatr3_J26029; Phatr3_J26714; Phatr3_J28009; 

Phatr3_J28068; Phatr3_J28652; Phatr3_J28797; Phatr3_J29157; Phatr3_J29488; 

Phatr3_J29702; Phatr3_J30113; Phatr3_J30145; Phatr3_J30282; Phatr3_J30514; 

Phatr3_J31367; Phatr3_J31440; Phatr3_J31492; Phatr3_J31662; Phatr3_J31994; 

Phatr3_J31994; Phatr3_J32083; Phatr3_J3262; Phatr3_J32902; Phatr3_J33198; 

Phatr3_J33435; Phatr3_J33720; Phatr3_J33864; Phatr3_J33864; Phatr3_J34485; 

Phatr3_J34526; Phatr3_J35240; Phatr3_J36821; Phatr3_J37086; Phatr3_J37086; 

Phatr3_J37367; Phatr3_J37372; Phatr3_J37652; Phatr3_J38509; Phatr3_J39710; 

Phatr3_J39949; Phatr3_J40163; Phatr3_J40200; Phatr3_J40261; Phatr3_J40880; 

Phatr3_J40988; Phatr3_J41423; Phatr3_J41423; Phatr3_J41515; Phatr3_J41570; 

Phatr3_J41886; Phatr3_J41969; Phatr3_J42398; Phatr3_J42683; Phatr3_J42872; 

Phatr3_J43010; Phatr3_J43099; Phatr3_J43116; Phatr3_J43320; Phatr3_J43352; 

Phatr3_J43463; Phatr3_J43469; Phatr3_J43678; Phatr3_J43773; Phatr3_J43773; 

Phatr3_J43773; Phatr3_J44005; Phatr3_J44028; Phatr3_J44066; Phatr3_J44231; 

Phatr3_J44401; Phatr3_J44584; Phatr3_J44645; Phatr3_J44806; Phatr3_J44831; 

Phatr3_J45223; Phatr3_J45510; Phatr3_J45510; Phatr3_J45518; Phatr3_J45551; 

Phatr3_J45758; Phatr3_J45947; Phatr3_J46175; Phatr3_J46453; Phatr3_J46570; 

Phatr3_J46595; Phatr3_J46830; Phatr3_J47389; Phatr3_J48423; Phatr3_J48664; 

Phatr3_J48778; Phatr3_J48778; Phatr3_J48799; Phatr3_J48859; Phatr3_J48977; 

Phatr3_J49163; Phatr3_J4918; Phatr3_J49339; Phatr3_J49462; Phatr3_J49524; 

Phatr3_J49544; Phatr3_J49771; Phatr3_J49867; Phatr3_J50356; Phatr3_J50742; 

Phatr3_J50770; Phatr3_J51214; Phatr3_J51454; Phatr3_J51519; Phatr3_J52268; 

Phatr3_J52368; Phatr3_J52648; Phatr3_J5271; Phatr3_J54017; Phatr3_J54068; 

Phatr3_J54151; Phatr3_J54168; Phatr3_J54222; Phatr3_J54494; Phatr3_J54528; 

Phatr3_J54709; Phatr3_J54709; Phatr3_J54974; Phatr3_J54983; Phatr3_J55069; 

Phatr3_J55111; Phatr3_J55153; Phatr3_J55157; Phatr3_J55192; Phatr3_J55209; 

Phatr3_J5527; Phatr3_J7164; Phatr3_J7678; Phatr3_J8663; Phatr3_J8860; Phatr3_J8975; 

Phatr3_J9255; Phatr3_J9316; Phatr3_J9538; Phatr3_J9619; Phatr3_J9709; Phatr3_J9794; 

Phatr3_Jdraft559; Phatr3_J23913; Phatr3_J1664 ; Phatr3_J16870; Phatr3_J53929; 
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Phatr3_EG02641; Phatr3_EG02359; Phatr3_EG00741; Phatr3_J12533; 

Phatr3_EG02290; Phatr3_J47271; Phatr3_J49325; Phatr3_EG02293; Phatr3_J10824; 

Phatr3_J49447; Phatr3_J31339; Phatr3_J10852; Phatr3_J48864; Phatr3_J36801; 

Phatr3_J14208; Phatr3_J30461; Phatr3_J51757; Phatr3_J1689; Phatr3_J9258; Phatr3_J12330; 

Phatr3_EG02383; Phatr3_J12330; Phatr3_J44955; Phatr3_J41845. 
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Figure Legends 

Figure 1. Calibration of the multiparametric assay for the phenotypic screen. The assay 

was developed using a strain expressing a Histone H4 protein fused to EYFP (Enhanced Yellow 

Fluorescent Protein) at the N-terminus. Graphs show the correlations between measured 

fluorescence and cell concentrations after 48h-incubation in ESAW 1N1P and 0N1P media, 

respectively. A. Cell abundance. The YFP fluorescence was used to evaluate cell abundance 

in a calibrated population grown in 1N1P medium, by measuring the excitation/emission 

fluorescence at 515 nm/530 nm. B. Chlorophyll fluorescence. The fluorescence of chlorophyll 

was used as a basic evaluation of cell physiological status, by measuring the excitation/emission 

fluorescence at 440 nm/680 nm. C. Nile red fluorescence. The content in TAG was evaluated 

by staining with Nile red, measuring the fluorescence at 530nm/580 nm. Data correspond to 

biological triplicates  SD. Correlation coefficients were  0.94. Solid squares, cells grown in 

1N1P medium (+ Nitrogen); circles, cells grown in 0NP medium (- Nitrogen). 

Figure 2. Multi-parametric screen of the Prestwick Chemical Library. Using the developed 

assay, Phaeodactylum tricornutum cells were incubated 48 hours with compounds of the 

Prestwick Chemical Library at a final concentration of 10 µM, DMSO 0.5%. Multiple 

parameters were then measured as described in the Method section. A. Cell abundance. The 

concentration of cells was estimated using a strain expressing a Histone H4 protein fused to 

EYFP, based on the fluorescence at 515 nm/530 nm. B. TAG levels. The content in TAG was 

evaluated by staining with Nile red, measuring the fluorescence at 530nm/580 nm. C. 

Chlorophyll levels. The fluorescence of chlorophyll was measured at 440 nm/680 nm.  

Figure 3. Selection of compounds based on primary and secondary screens. Based on the 

primary screen, two criteria were used to select compounds for secondary screen: 1) low impact 

on cell abundance and/or chlorophyll level and 2) increase of Nile Red staining level. A. 

Primary screen, correlation between chlorophyll level and cell abundance detection. 

Values obtained from chlorophyll fluorescence levels and cell abundance based on YFP 

fluorescence were plotted. Linear correlation is given by the formula y = 0.9409x – 2.2011 (R² 

= 0.8189). B. Primary screen, comparison of Nile Red staining and cell abundance. Dashed 

line shows spots corresponding to compounds increasing Nile Red staining above 120 % of 

average per plate, while maintaining a cell abundance above 50 % of control. C. Secondary 
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screen. Parallel assays were repeated at 10 µM in technical duplicates, using 160 compounds 

selected following primary screen. Error bars: standard deviation. 

Figure 4. Dose-response analyses of secondary screen selected compounds. Dose-response 

analyses were performed as described in the Methods section, in triplicates, at compound 

concentrations of 1.5, 3, 6, 12, 25, 50 and 100 µM. Cell abundance was evaluated based on the 

fluorescence of Histone H4 protein fused to EYFP, and expressed in percentage of untreated 

control (100% = YFP level at 0 µM compound). TAG accumulation was evaluated based on 

Nile Red staining, normalized by cell abundance and expressed in percentage of untreated 

control (100% = Nile Red level per cell at 0 µM compound). 

Figure 5. Compounds interfering with sterol metabolism. The pathway is adapted from 

Fabris et al., 2014. The biosynthesis of isopentenyl-pyrophosphate (isopentenyl-PP) and 

farnesyl-pyrophosphate (farnesyl-PP), which is common to all isoprenoids, is initiated by the 

reduction of hydroxymethylglutaryl-CoA (HMG-CoA) into mevalonate. Epoxysqualene is the 

last non-cyclic intermediate in the pathway. The molecular diversity of sterols is then generated 

downstream cycloartenol and involves cytochrome P450 cyclooxygenases. The connection 

with fatty acid (FA) and TAG biosynthesis occurs at the level of acetyl-CoA. FA synthesis is 

an iterative process adding 2 carbon (2C) per iteration, producing FA of 16 or 18 carbons. FAs 

can be elongated further in the cytosol and are used for the biosynthesis of polar and storage 

glycerolipids, including TAG. Inhibitors are shown in red, at the level of their primary 

enzymatic targets. (?), putative inhibitors in the downstream part of sterol metabolism, acting 

on cytochrome P450 enzymes. (*), Ro48-8071 effect was described previously by Fabris et al., 

2014. Fluorescence imaging of treated wild type cells highlights chlorophyll fluorescence (440 

nm / 680 nm) allowing the detection of chloroplasts (Chl) and Nile Red staining (530 nm / 580 

nm) of oil droplets enriched in triacylglycerol (TAG). Scale bar, 5 µM. 

Figure 6. Glycerolipid profile following treatment with Ethynylestradiol. Phaeodactylum 

tricornutum cells were cultivated in 1N1P medium until a cell density of 1.106 cells.mL-1 was 

reached. Cells were then incubated 48 h in presence or absence of compounds, as indicated. 

Lipids were extracted, separated by TLC, and analyzed as described in Methods. A, 

Glycerolipid profiles following treatments with 30 µM Ethynylestradiol and Simvastatin. 

Glycerolipids are expressed in nmol per million of cells. B, Fatty acid profiles of membrane 

glycerolipids following treatment with 30 µM Ethynylestradiol. C, Fatty acid profile of 

Triacylglycerol following treatment with 30 µM Ethynylestradiol. Data correspond to 
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biological triplicates  SD. Ethy, Ethynylestradiol; Simva, Simvastatin; DGDG, 

digalactosyldiacylglycerol; DGTA, diaclyglycerylhydroxymethyl-N,N,N-trimethyl--alanine; 

MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PG, phosphatidylglycerol; 

SQDG, sufoquinivosyldiacylglycerol. (*), p-value < 0.05  

Figure 7: K-mean clustering of Phaeodactylum differentially expressed genes in response 

to increasing doses of Ethynylestradiol. Only genes being differentially expressed with a 

|Log2(fold change)| > 1 in at least one of the contrasts (i.e. comparing Ethynylestradiol supplies 

at 10 µM vs. 0 µM, 20 µM vs. 0 µM or 20 µM vs. 10 µM), and with p-value lower than 0.05, 

were considered for further analyses. A partition of differentially expressed genes was 

performed using a K-mean method, with a number of partitions set to 6 and a clustering based 

on a Euclidian distance (Liu et al., 2014). Two clusters comprise genes downregulated 

following treatments, i.e. group 1 (DR1) gathering genes with the strongest magnitude in 

expression decline (in the -2 to -4 Log2FC range) and group 5 (DR2) with moderate but 

significant expression decline (Log2FC ~ -1). Four clusters comprise genes upregulated 

following Ethynylestradiol treatments, i.e. groups 2, 3, 4 and 6 (UR1, UR2, UR3 and UR4, 

respectively). 
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Table 1. Compounds selected after secondary screen. Chemical Abstracts Service (CAS) numbers are indicated. 
Results of the three independent dose-response analyses are compiled, with high-Nile Red (NR) dose-dependent 
detection and toxicity (*). Previously characterized targets of the selected compounds are classified based on 
general biological function and/or molecular features. 

Chemical name CAS number Tertiary screen results 
(triplicate) and toxicity (*) in the 
tested concentration range 

Previously characterized targets Known side activities on 
cytochrome P450 (CYP) 
involved in sterol 
metabolism 

References 

Nucleic acid biosynthesis and cell division 
Pentamidine  140-64-7 High NR in 2/3 tests Nucleic acid binding activity  (Overington et al., 

2006) 

Oxytetracycline  6153-64-6 High NR in 2/3 tests Nucleic acid binding activity  (Overington et al., 
2006) 

Ifosfamide 3778-73-2 High NR in 2/3 tests Alkylation of DNA  
 

CYP2B6 (steroid 
hydroxylase) modulator 

(Furlanut and 
Franceschi, 2003; 
Chen et al., 2005) 

Rifaximin 80621-81-4 High NR in 2/3 tests RNA polymerase blocking agent  (Overington et al., 
2006) 

Nocodazole 31430-18-9  High NR in 3/3 tests (> 120%) Microtubule de-polymerizing agent  (Baas et al., 2016) 

Membrane receptors 
Xylometazoline  1218-35-5 High NR in 3/3 tests (> 120%) (*) Adrenergic receptor agonist  (Haenisch et al., 2010) 

Labetalol  32780-64-6 High NR in 2/3 tests Adrenergic receptor agonist CYP2D6 (steroid 
hydroxylase) inhibitor 

(Riva et al., 1991; 
Preissner et al., 2010) 

Acebutolol  34381-68-5 High NR in 2/3 tests Adrenergic receptor agonist  
 

CYP2D6 (steroid 
hydroxylase) inhibitor 

(van den Meiracker et 
al., 1988; Preissner et 
al., 2010) 

Meclozine  1104-22-9 High NR in 2/3 tests Dopamine (precursor of adrenaline) 
antagonist 

 (Haraguchi et al., 
1997) 

Serotonin  153-98-0 High NR in 2/3 tests Serotonin receptor ligand  (Pytliak et al., 2011) 

Alverine 5560-59-8 High NR in 3/3 tests (> 120%) (*) Serotonin receptor antagonist  (Coelho et al., 2001) 

Pirenperone 75444-65-4 High NR in 2/3 tests Serotonin receptor antagonist   (Pawlowski et al., 
1985) 

Hyoscyamine 101-31-5 High NR in 2/3 tests Acetylcholine receptor antagonist  (Huang et al., 1998) 

Pipenzolate  125-51-9 High NR in 2/3 tests Acetylcholine receptor antagonist  (Attwood, 1976) 

Mecamylamine  826-39-1 High NR in 2/3 tests Acetylcholine receptor antagonist  (Overington et al., 
2006) 

Bephenium  3818-50-6 High NR in 2/3 tests Acetylcholine receptor antagonist   (Qian et al., 2006) 

Dimaprit  23256-33-9 High NR in 2/3 tests Histamine (2-(1H-imidazol-4-
yl)ethanamine) H2 receptor 
antagonist 

 (Shteinikov et al., 
2017) 

Membrane transporters 
Bendroflumethiazide 73-48-3 High NR in 2/3 tests Solute carrier family 12 member 3 

inhibitor / Carbonic anhydrase 
inhibitor  

 (Chen et al., 2002; 
Tricarico et al., 2006) 

Rimantadine 13392-28-4 High NR in 3/3 tests (> 120%) (*) Proton pump inhibitor  (Imming et al., 2006) 

Gaboxadol  64603-91-4  Proton-coupled amino acid 
transporter 

 (Larsen et al., 2010) 

Antimycin A  1397-94-0 High NR in 3/3 tests (> 120%)  Mitochondria or chloroplast 
electron transport chains 
 

 (Shikanai, 2014; 
Georgakopoulos et al., 
2017) 

Sterol metabolism 
Estrone 53-16-7 High NR in 2/3 tests CYP2B6 (steroid hydroxylase) 

substrate 
 (Preissner et al., 2010) 

Ethynylestradiol 57-63-6 High NR in 3/3 tests (>120 %)  CYP2C8 (steroid hydroxylase) 
inhibitor 

 (Walsky et al., 2005) 

Mevastatin 73573-88-3 High NR in 3/3 tests (> 120%)  HMG-CoA reductase CYP2C8 (steroid 
hydroxylase) inhibitor 

(Chen et al., 2002; 
Tornio et al., 2005) 

Simvastatin 79902-63-9 High NR in 3/3 tests (> 120%) (*) HMG-CoA reductase CYP2C8 (steroid 
hydroxylase) inhibitor 

(Liu et al., 2003; 
Tornio et al., 2005) 

Ketoconazole 65277-42-1 High NR in 2/3 tests CYP (sterol 14-alpha demethylase) 
inhibitor 

 (Warrilow et al., 2010) 

Cyclic nucleotide signaling 
Zardaverine 101975-10-4 High NR in 2/3 tests Cyclic nucleotide 

phosphodiesterase inhibitor 
 (Schudt et al., 1991) 

Trapidil 15421-84-8 High NR in 2/3 tests Cyclic nucleotide 
phosphodiesterase inhibitor 

 (Somuncu et al., 2005) 

Oxilipin signaling 
Meloxicam 71125-38-7 High NR in 2/3 tests Prostanoid signaling modulator / 

Cyclo-oxygenase COXII / 
prostaglandine-endoperoxyde 
synthase inhibitor 

CYP2C9 (steroid 
hydroxylase) inhibitor 

(Chesne et al., 1998; 
Panara et al., 1999) 

Azapropazone 13539-59-8 High NR in 2/3 tests Prostanoid signaling modulator / 
Cyclo-oxygenase COXII / 
prostaglandine-endoperoxyde 
synthase inhibitor 

 (Priddy et al., 1990) 

Misoprostol 59122-46-2 High NR in 2/3 tests Prostaglandin E1 analog / 
Prostaglandin receptor agonist 

 (Nataraj et al., 2001) 

Enzymes (carbohydrate metabolism, purine catabolism and/or beta-lactam drug resistance) 
Miglitol 72432-03-2 High NR in 2/3 tests Alpha-glycosidase inhibitor  (Fukaya et al., 2009) 

Flucloxacillin  1847-24-1 High NR in 2/3 tests Penicillin (beta-lactam drug) 
binding protein 
(glycosyltransferase) inhibitor 

 (Mainardi et al., 2008) 

Sulbactam 68373-14-8 High NR in 2/3 tests Beta-lactamase inhibitor  (Totir et al., 2007) 

Allopurinol 315-30-0 High NR in 3/3 tests (> 120%)  Inhibition of xanthine (imidazole 
derived heterocycle) oxidase 

 (Pacher et al., 2006) 
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Figure 1. Calibration of the multiparametric assay for the phenotypic screen. The assay
was developed using a strain expressing a Histone H4 protein fused to EYFP (Enhanced
Yellow Fluorescent Protein) at the N-terminus. Graphs show the correlations between
measured fluorescence and cell concentrations after 48h-incubation in ESAW 1N1P and
0N1P media, respectively. A. Cell abundance. The YFP fluorescence was used to evaluate
cell abundance in a calibrated population grown in 1N1P medium, by measuring the
excitation/emission fluorescence at 515 nm/530 nm. B. Chlorophyll fluorescence. The
fluorescence of chlorophyll was used as a basic evaluation of cell physiological status, by
measuring the excitation/emission fluorescence at 440 nm/680 nm. C. Nile red
fluorescence. The content in TAG was evaluated by staining with Nile red, measuring the
fluorescence at 530nm/580 nm. Data correspond to biological triplicates  SD. Correlation
coefficients were  0.94. Solid squares, cells grown in 1N1P medium (+ Nitrogen); circles,
cells grown in 0NP medium (- Nitrogen).
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Figure 2. Multi-parametric screen of the Prestwick Chemical
Library. Using the developed assay, Phaeodactylum tricornutum
cells were incubated 48 hours with compounds of the Prestwick
Chemical Library at a final concentration of 10 µM, DMSO 0.5%.
Multiple parameters were then measured as described in the Method
section. A. Cell abundance. The concentration of cells was
estimated using a strain expressing a Histone H4 protein fused to
EYFP, based on the fluorescence at 515 nm/530 nm. B. TAG levels.
The content in TAG was evaluated by staining with Nile red,
measuring the fluorescence at 530nm/580 nm. C. Chlorophyll
levels. The fluorescence of chlorophyll was measured at 440 nm/680
nm.
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Figure 3. Selection of compounds based on primary and secondary screens. Based on
the primary screen, two criteria were used to select compounds for secondary screen: 1) low
impact on cell abundance and/or chlorophyll level and 2) increase of Nile Red staining
level. A. Primary screen, correlation between chlorophyll level and cell abundance
detection. Values obtained from chlorophyll fluorescence levels and cell abundance based
on YFP fluorescence were plotted. Linear correlation is given by the formula y = 0.9409x –
2.2011 (R² = 0.8189). B. Primary screen, comparison of Nile Red staining and cell
abundance. Dashed line shows spots corresponding to compounds increasing Nile Red
staining above 120 % of average per plate, while maintaining a cell abundance above 50 %
of control. C. Secondary screen. Parallel assays were repeated at 10 µM in technical
duplicates, using 160 compounds selected following primary screen. Error bars: standard
deviation.
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Figure 4. Dose-response analyses of secondary screen selected compounds. Dose-
response analyses were performed as described in the Methods section, in triplicates, at
compound concentrations of 1.5, 3, 6, 12, 25, 50 and 100 µM. Cell abundance was
evaluated based on the fluorescence of Histone H4 protein fused to EYFP, and
expressed in percentage of untreated control (100% = YFP level at 0 µM compound).
TAG accumulation was evaluated based on Nile Red staining, normalized by cell
abundance and expressed in percentage of untreated control (100% = Nile Red level
per cell at 0 µM compound).



Figure 5. Compounds interfering with sterol metabolism. The pathway is adapted from
Fabris et al., 2014. The biosynthesis of isopentenyl-pyrophosphate (isopentenyl-PP) and
farnesyl-pyrophosphate (farnesyl-PP), which is common to all isoprenoids, is initiated by the
reduction of hydroxymethylglutaryl-CoA (HMG-CoA) into mevalonate. Epoxysqualene is the
last non-cyclic intermediate in the pathway. The molecular diversity of sterols is then generated
downstream cycloartenol and involves cytochrome P450 cyclooxygenases. The connection
with fatty acid (FA) and TAG biosynthesis occurs at the level of acetyl-CoA. FA synthesis is an
iterative process adding 2 carbon (2C) per iteration, producing FA of 16 or 18 carbons. FAs can
be elongated further in the cytosol and are used for the biosynthesis of polar and storage
glycerolipids, including TAG. Inhibitors are shown in red, at the level of their primary
enzymatic targets. (?), putative inhibitors in the downstream part of sterol metabolism, acting
on cytochrome P450 enzymes. (*), Ro48-8071 effect was described previously by Fabris et al.,
2014. Fluorescence imaging of treated wild type cells highlights chlorophyll fluorescence (440
nm / 680 nm) allowing the detection of chloroplasts (Chl) and Nile Red staining (530 nm / 580
nm) of oil droplets enriched in triacylglycerol (TAG). Scale bar, 5 µM.
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Figure 6. Glycerolipid profile following treatment with Ethynylestradiol. Phaeodactylum
tricornutum cells were cultivated in 1N1P medium until a cell density of 1.106 cells.mL-1 was reached.
Cells were then incubated 48 h in presence or absence of compounds, as indicated. Lipids were
extracted, separated by TLC, and analyzed as described in Methods. A, Glycerolipid profiles
following treatments with 30 µM Ethynylestradiol and Simvastatin. Glycerolipids are expressed in
nmol per million of cells. B, Fatty acid profiles of membrane glycerolipids following treatment
with 30 µM Ethynylestradiol. C, Fatty acid profile of Triacylglycerol following treatment with 30
µM Ethynylestradiol. Data correspond to biological triplicates  SD. Ethy, Ethynylestradiol; Simva,
Simvastatin; DGDG, digalactosyldiacylglycerol; DGTA, diaclyglycerylhydroxymethyl-N,N,N-
trimethyl--alanine; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PG,
phosphatidylglycerol; SQDG, sufoquinivosyldiacylglycerol. (*), p-value < 0.05



Figure 7: K-mean clustering of Phaeodactylum differentially expressed genes in
response to increasing doses of Ethynylestradiol. Only genes being differentially
expressed with a |Log2(fold change)| > 1 in at least one of the contrasts (i.e. comparing
Ethynylestradiol supplies at 10 µM vs. 0 µM, 20 µM vs. 0 µM or 20 µM vs. 10 µM), and
with p-value lower than 0.05, were considered for further analyses. A partition of
differentially expressed genes was performed using a K-mean method, with a number
of partitions set to 6 and a clustering based on a Euclidian distance (Liu et al., 2014).
Two clusters comprise genes downregulated following treatments, i.e. group 1 (DR1)
gathering genes with the strongest magnitude in expression decline (in the -2 to -4
Log2FC range) and group 5 (DR2) with moderate but significant expression decline
(Log2FC ~ -1). Four clusters comprise genes upregulated following Ethynylestradiol
treatments, i.e. groups 2, 3, 4 and 6 (UR1, UR2, UR3 and UR4, respectively).


