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Abstract: Algae result from a complex evolutionary history that shapes their metabolic network. For 16 

example, these organisms can synthesize different polyunsaturated fatty acids, as those found in 17 

land plants and oily fish. Due to the presence of numerous double bonds, such molecules can be 18 

oxidized non-enzymatically, and this results in the biosynthesis of high-value bioactive metabolites 19 

named isoprostanoids. So far, there have been only a few studies reporting isoprostanoids 20 

production in algae. To fill this gap, the current investigation aimed at profiling isoprostanoids by 21 

LC-MS/MS in four marine microalgae. A good correlation was observed between the most abundant 22 

PUFAs produced by the investigated microalgal species and their isoprostanoid profiles. No 23 

significant variations in the content of oxidized derivatives were observed for Rhodomonas salina and 24 

Chaetoceros gracilis under copper stress, whereas increases in the production of C18-, C20- and C22- 25 

derived isoprostanoids were monitored in Tisochrysis lutea and Phaeodactylum tricornutum. In the 26 

presence of hydrogen peroxide, no significant changes were observed for C. gracilis and for T. lutea, 27 

while variations were monitored for the other two algae. This study paves the way to further 28 

studying the physiological roles of isoprostanoids in marine microalgae, and exploring these 29 

organisms as bioresources for isoprostanoid production. 30 

Keywords: microalgae, PUFAs, isoprostanoids, oxidative stress, micro-LC-MS/MS 31 

 32 

1. Introduction 33 

Marine ecosystems account for approximately half of the global primary production, and 34 

unicellular eukaryotes, e.g. photosynthetic microalgae, as part of the phytoplankton, are major 35 

contributors to this ocean productivity [1]. These organisms also play critical roles in biogeochemical 36 

cycle of many chemical elements including carbon, nitrogen, sulfur, phosphorus and silica. 37 

Currently, more than 35,000 species of microalgae have been described, which likely represent only 38 

a small part of the supposed biodiversity since their number of species has been estimated to range 39 

between 200,000 and 800,000 [2]. 40 

Microalgae can grow mostly autotrophically, but also heterotrophically, or mixothrophically 41 

according to culture conditions and metabolic capacities. These are related to the different 42 

environments inhabited by these organisms, as well as their evolutionary history which shaped their 43 
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network of biochemical pathways [3]. Some microalgae exhibit high contents in proteins, lipids, 44 

sugars and pigments, making them attractive for a number of biotechnological applications. Such 45 

potential has been investigated for the bio-based production of a wide range of compounds for the 46 

food, feed, energy, agriculture and health sectors [4]. 47 

Among the interesting compounds produced by microalgae are the omega-3 (ω-3 or n-3) long-48 

chain polyunsaturated fatty acids (n-3 PUFAs), eicosapentaenoic acid (EPA; C20:5n-3), and 49 

docosahexaenoic acid (DHA; C22:6n-3). While land plants and microalgae can produce the medium 50 

chain -linolenic acid (ALA; C18:3n-3), only the latter organisms can convert this precursor into EPA 51 

and DHA. These three fatty acids are considered as essential in human nutrition because ALA cannot 52 

be synthesized de novo by humans, and the metabolic conversion efficiency of dietary ALA into EPA 53 

and DHA is low and insufficient to meet physiological demands [5]. These n-3 PUFAs have been 54 

shown to provide significant benefits on human health [6, 7], notably in mitigating a number of 55 

pathological conditions including cardiac diseases [8]. They are also important for healthy 56 

development of the neural system [9, 10], and as such they are necessarily included in infant formula. 57 

Very recently, it has been proposed that dietary n-3 PUFAs selectively drive expansion of adipocyte 58 

numbers to produce new fat cells and store saturated fatty acids, enabling homeostasis of healthy fat 59 

tissue [11]. At present, marine fishes and fish oils are the main commercial sources of n-3 PUFAs. 60 

However, the suitability of these sources of PUFAs for human consumption has been questioned, 61 

notably because of biosafety (e.g. content in heavy metals), and of overfishing. In addition, the current 62 

supply of n-3 PUFAs from these traditional sources is insufficient to satisfy human nutritional 63 

requirements [12]. Therefore, new sources of n-3 PUFAs have been investigated, such as wild type 64 

and engineered microbes including microalgae [13], and extraction of fish oil from genetically 65 

modified crops [14].  66 

It is well established that PUFAs are highly reactive species sensitive to oxidation because of the 67 

presence of bis-allylic structures in which -hydrogen atoms are easily removed by action of free 68 

radicals. Some of these free radicals, named reactive oxygen species, are produced under oxidative 69 

stress (OS) conditions, and react with PUFAs to form, spontaneously through enzymatic reactions, 70 

oxidized derivatives of PUFAs. All of these oxidized metabolites are grouped under the term 71 

oxylipins. Most of the oxylipins studied so far are derived from enzymatic transformation catalyzed 72 

by enzymes such as lipoxygenases or dioxygenases. During the last two decades, it has been shown 73 

that non-enzymatic oxidation of PUFAs (NEO-PUFAs) leads to other valuable compounds. ALA are 74 

precursors of phytoprostanes (PhytoPs), arachidonic acid (AA; C20:4n-6) of isoprostanes from the 75 

serie 2 (IsoPs, serie 2), EPA of isoprostanes from the serie 3 (IsoPs, serie 3), AdA (docosatetraenoic 76 

acid; C22:4n-6) of dihomo-isoprostanes and dihomo-isofurans, and DPAn-6 (docosapentaenoic acid; 77 

C22:5n-6) and DHA of neuroprostanes (NeuroPs) (Figure 1 and Figure 2). These NEO-PUFAs are 78 

considered to be very good markers of OS in plants and animals. They have also been shown to act 79 

as lipid mediators with key functions in various cell signaling pathways [15], and have been 80 

suggested to be potentially beneficial for human health [16]. 81 
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 82 

Figure 1. : Structure of some isoprostanoids isomers derived from n-3 PUFAs : ALA (-linolenic acid), 83 

EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid) 84 

 85 

 86 

Figure 2. : Structure of some isoprostanoids isomers derived from n-6 PUFAs : AA (arachidonic acid), 87 

DPA n-6 (docosapentaenoic acid) and AdA (adrenic acid)  88 

Recently [17], we have investigated variations in isoprostanoid content of red and brown 89 

macroalgae after exposure to oxidative (heavy metal) stress condition [18]. In addition, changes in 90 

production of isoprostanoids derived from C18, C20, and C22 fatty acids were observed in the 91 
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microalga Phaeodatylum tricornutum subjected to oxidative stress by cultivation under increasing 92 

doses of hydrogen peroxide (H2O2) [19]. This work suggested that non-enzymatic oxylipins in P. 93 

tricornutum may be involved in the control of important processes under various physiological and 94 

environmental conditions. In view of these findings, and to go further in the study of potential 95 

production of NEO-PUFAs by algae, we were first interested in increasing knowledge on the 96 

distribution of NEO-PUFAs in different lineages of marine microalgae by establishing qualitative and 97 

quantitative profiles under laboratory culture growth conditions. Based on previous analysis of fatty 98 

acids and lipid composition in marine microalgae, and notably the high production of EPA and DHA 99 

by some of them [20-22], we decided to select the four following species : the diatoms Phaeodactylum 100 

tricornutum and Chaetoceros gracilis known to exhibit high content of EPA, the haptophyte Tisochrysis 101 

lutea that has been shown to produce elevated amounts of ALA and DHA, and the cryptophyte 102 

Rhodomonas salina that harbor similar and high levels of EPA and DHA. Our second objective was to 103 

assess changes in the isoprostanoid profiles of the selected microalgae under altered physiological 104 

conditions, in relationships with the exposure to oxidative stress (copper and hydrogen peroxide 105 

treatments).  106 

2. Materials and Methods   107 

2.1. Chemicals and reagents 108 

All the NEO-PUFA analytical standards, as well as the internal standard mixture (C19-16-F1t-109 

PhytoP and C21-15-F2t-IsoP) used to determine the calibration curve ratio, were synthesized 110 

according to previously described procedures [23-26]. NEO-PUFA analytical standards were as 111 

follow: phytoprostanes (9-L1-PhytoP, ent-9-L1-PhytoP, ent-16-epi-16-F1t-PhytoP, 9-F1t-PhytoP, 16-F1t-112 

PhytoP + 9-epi-9-F1t-PhytoP, 16(RS)-16-A1-PhytoP, 16-B1-PhytoP, and ent-16-B1-PhytoP), phytofurans 113 

(ent-16(RS)-9-epi-ST-Δ14-10-PhytoF, ent-9(RS)-12-epi-ST-Δ10-13-PhytoF, ent-16(RS)-13-epi-ST-Δ14-9-114 

PhytoF) coming from oxidation of the C18 n-3 ALA, isoprostanes derived from the C20 n-6 AA (15-115 

F2t-IsoP, 15-epi-15-F2t-IsoP, 5-F2t-IsoP and 5-epi-5-F2t-IsoP, 5-F2c-IsoP), isoprostanes coming from the 116 

oxidation of C20 n-3 EPA (8-F3t-IsoP, 8-epi-8-F3t-IsoP, 18-F3t-IsoP, 18-epi-18-F3t-IsoP), dihomo-117 

isoprostanes and dihomo-isofurans derived from the C22 n-6 AdA (ent-7(RS)-7-F2t-dihomo-IsoP, 118 

7(RS)-ST-Δ8-11-dihomo-IsoF), neuroprostanes coming from the oxidation of C22 n-3 DHA (4(RS)-4-119 

F4t-NeuroP, 10-F4t-NeuroP, and 10-epi-10-F4t-NeuroP, 20-F4t-NeuroP et 20-epi-20-F4t-NeuroP ), and 120 

those derived from the oxidation of C22 DPAn-6 (4(RS)-4-F3t-NeuroPDPAn-6). The only exception is 16 121 

(RS)-16-A1-PhytoP that was purchased from Cayman Chemicals (Ann Arbor, MI, USA). LC-MS grade 122 

water, methanol, acetonitrile and chloroform were obtained from Fisher Scientific (Loughborough, 123 

UK). Hexane (CHROMASOLV for HPLC), formic and acetic acid, ammonia, and potassium 124 

hydroxide (Fluka for mass spectrometry) were purchased from Sigma-Aldrich (Saint Quentin 125 

Fallavier, France). Ethyl acetate (HPLC grade) was acquired from VWR (EC). Solid phase extraction 126 

(SPE) cartridges Oasis MAX with mixed polymer phase (3 mL, 60 mg) were obtained from Waters 127 

(Milford, MA, USA).  128 

2.2. Microalgal species 129 

The four microalgae (Tisochrysis lutea RCC 1349, Phaeodactylum tricornutum RCC 69, Chaetoceros 130 

gracilis and Rhodomona salina RCC 20) used in this study were obtained from the Roscoff Culture 131 

Collection (RCC) and from the EMBRC Roscoff culture facilities for C. gracilis. This latter strain is a 132 

kind gift from the Experimental Mollusc Hatchery of Ifremer at Argenton (France) and is cultivated 133 

for larvae feeding (Robert et al. 2004, https://archimer.ifremer.fr/doc/2004/rapport-1546.pdf). 134 

https://archimer.ifremer.fr/doc/2004/rapport-1546.pdf
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 135 

2.3. Cultivation of microalgae and oxidative stress treatments 136 

Microalgae were grown in Conway medium [27], commonly used in aquaculture, at a 137 

temperature of 18° C and under continuous light intensity of 300 μmoles m-2 s-1 for biomass 138 

production [28, 29]. The volume of culture was gradually brought, by successive subculture in 139 

increasing volumes of medium, to a final volume of 10 L in Nalgene flasks placed under constant 140 

aeration. Cells were harvested after reaching the stationary phase. After centrifugation (5,000 rpm for 141 

25 min), the supernatant was removed, and the pellet resuspended in 2 L of 0.45 μm filtered and 142 

autoclaved natural seawater (FSW) collected offshore at Roscoff (at a site with no direct chemical 143 

influence from the shore), and free of organic matter. After agitation to ease resuspension, cells were 144 

spun down again for 25 minutes at 5,000 rpm, then resuspended as described above in a final volume 145 

of 900 ml. This suspension was split into nine glass flasks previously washed overnight with 1% HCl 146 

to limit Cu adsorption and rinsed with mqH20 and FSW. The 100 ml cell volume was brought to 1 L 147 

with FSW. Three flasks were considered as control, three were used for copper stress (Cu(II) as 148 

CuCl2), and three for incubation in presence of hydrogen peroxide (H2O2).  149 

Oxidative stress was triggered by adding Cu(II) as CuCl2 (Merck, Germany) at a final 150 

concentration of 0.3 μM, or H2O2 at 1 mM. After 24 h of incubation under conditions described above, 151 

cells were harvested as explained in the previous section. Supernatants were discarded, and cells 152 

were washed one time using FWS and centrifugated, before freezing in liquid nitrogen and freeze-153 

drying. Algal material was stored at -20°C until analysis. 154 

2.4. Preparation of algal samples for lipidomic analysis 155 

During the preparation of samples for such analysis, we made two important observations. First, 156 

we noticed that one sample of P. tricornutum obtained under H2O2 stress condition contained some 157 

water after lyophylization. This sample was not considered further for extraction. In addition, one 158 

sample of T. lutea obtained after copper stress shown significant difference in color and texture during 159 

the extractive process when compared to the other samples. The data acquired in LC-MS/MS for this 160 

latter sample showed numerous outliers (Grubbs’s statistical test; data not shown), which were 161 

discarded for subsequent analysis.  162 

A protocol similar to what was described for our previous work on macroalgae was applied for 163 

lipidomic analysis [18]. Freeze-dried microalgal samples were coarsely reduced to powder using first 164 

a Mixer Mill MM400 (Retsch®) bench top unit. Then 100 mg of powder were added in grinding matrix 165 

tubes (Lysing matrix D, MP Biochemicals, Illkirch, France) with 25 μL of BHT (Butylated 166 

hydroxytoluene 1% in water) and 1 mL of MeOH. Tubes were placed in a FastPrep-24 (MP 167 

Biochemicals), and samples were ground for 30 s at a speed of 6.5 m/s. Suspensions were transferred 168 

into 15-ml centrifuge tube, and 1 mL of MeOH, 4 μL of IS (1 ng/μL), and 1.5 mL of phosphate buffer 169 

(50 mM pH 2.1, prepared with NaH2PO4 and H3PO4) saturated in NaCl were added. Tubes were then 170 

stirred for 1 hour at 20 °C. Subsequently, the mixture was vortexed and centrifuged at 5,000 rpm for 171 

5 min at room temperature. The organic phase was recovered in Pyrex tubes, and the solvent was 172 

dried under a stream of nitrogen at 40 °C. Afterward, lipids were hydrolyzed with 950 μL of KOH 173 

for 30 min at 40 °C. After incubation, 1 mL of formic acid (FA; 40 mM, pH 4.6) was added before 174 

running the SPE separation. First, SPE Oasis MAX cartridges were conditioned with 2 mL of MeOH 175 

and equilibrated with 2 mL of formic acid (20 mM, pH 4.5). After loading the sample, the cartridges 176 

were successively washed with: 2 mL of NH3 (2 % (v/v)), 2 mL of a mixture of formic acid (20 mM): 177 

MeOH (70:30, v/v), 2 mL of hexane, and finally 2 mL of a hexane: ethanol: acetic acid (70:29.4:0.6, 178 

v/v/v) mixture. Lastly, all samples were evaporated to dryness under a nitrogen flow at 40 °C for 30 179 
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min, and reconstituted in 100 μL of mobile phase (solvent A: water with 0.1% (v/v) of formic acid; 180 

solvent B: ACN/MeOH; 8:2, v/v; with 0.1% (v/v) of formic acid; A/B ratio, 83:17) for injection.  181 

2.5. Preparation of samples for analysis of extraction yield and matrix effect 182 

Parameters related to extraction yield (EY) and matrix effect (ME) were determined for a better 183 

description of microalgal isoprostanoid profiles. To this aim, three sets of samples were prepared. 184 

The first one was obtained by addition of 6.4 µL of two different concentrations of a standard mixture 185 

(36 PUFAs oxidized metabolites at 0.5 and 8 ng/mL) into 100 mg of freeze-dried microalgae at the 186 

beginning of the extraction process described above to reach a concentration of 32 and 512 ng/g 187 

respectively. This corresponds to the "pre-spiked samples". For the second set of samples, extraction 188 

was done as explained in the previous section on 100 mg of microalgae up to the elution step. Then, 189 

eluates were spiked with 6.4 µL of the two different concentrations of standard mixture used for the 190 

“pre-spiked samples”, and processed to complete the algal sample preparation protocol. These 191 

samples were named "post-spiked samples". The third set of samples consisted of standard solutions 192 

(final concentrations of 32 and 256 ng/mL) prepared in 100 μL of mobile phase H2O/ACN/FA 193 

(83:17:0.1; v/v/v). All sets of samples were analyzed using the LC-MS/MS system described below. 194 

The EY was calculated as the percentage difference between peaks areas of standards in pre-spiked 195 

and post-spiked samples. The ME was determined as the percentage difference between peak areas 196 

of standard added to the extracted samples (post-spiked sample) and pure standards diluted into 197 

mobile phase. The ME and EY were calculated for each isoprostanoid and for each species. 198 

2.6. Micro-LC-MS/MS analysis 199 

All LC-MS analyses were carried out using an Eksigent® MicroLC 200 plus (Eksigent 200 

Technologies, CA, USA) on a HALO C18 analytical column (100 * 0.5 mm, 2.7 μm; Eksigent 201 

Technologies, CA, USA) kept at 40°C. The mobile phase consisted of a binary gradient of solvent A 202 

(water with 0.1% (v/v) of formic acid) and solvent B (ACN/MeOH; 8:2, v/v; with 0.1% (v/v) of formic 203 

acid). The elution was performed at a flow rate of 0.03 mL/min using the following gradient profile 204 

(min/%B): 0/17; 1.6/17; 2.85/21; 7.3/25; 8.8/28.5; 11/33.3; 15/40; 16.5/95; 18.9/95, and then returned to 205 

the initial conditions. Under these conditions, no sample contamination or sample-to-sample carry-206 

over was observed. 207 

Mass spectrometry analyses were performed on an AB SCIEX QTRAP 5500 (Sciex Applied 208 

Biosystems, ON, Canada). The ionization source was electrospray (ESI), and it was operated in the 209 

negative mode. The source voltage was kept at −4.5 kV, and N2 was used as curtain gas. The multiple 210 

ion monitoring (MRM) of each compound were predetermined by MS/MS analysis to define the two 211 

transitions for quantification (T1) and specification (T2) (Table S1). The analysis was conducted by 212 

monitoring precursor ion to product ion (T1). Peak detection, integration and quantitative analysis 213 

were performed by MultiQuant 3.0 software (Sciex Applied Biosystems). The quantification of 214 

isoprostanoids was based on calibration curves obtained from the analyte to IS area under the curve 215 

ratio. Linear regression of six concentrations of standards mixture (16, 32, 64, 128, 256 and 512 pg/μL) 216 

of each standard were calculated. The sensitivity of the method was evaluated through limit of 217 

detection (LOD) and limit of quantification (LOQ) parameters which were defined as the lowest 218 

concentration with a signal to noise ratio above 3 and 10 respectively. 219 

 220 

2.7. Statistical analysis 221 

All statiscal analysis was perform with R [28][30], all graphics were created with differents 222 

functions of the tidyverse package [29][31] and all the tables with kableExtra package 223 

[30].[32]. Analyte concentrations were compared by one-way analysis of variance (ANOVA) and 224 

post-hoc (Tukey) test for multiple comparison using rstatix package [31].[33]. For all analyses, the 225 

significance threshold was 0.05 for the p value resulting from the statistical test used. 226 
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3. Results 228 

 3.1. Analysis of extraction yield and matrix effect 229 

The analysis of NEO-PUFAs in natural matrices is extremely challenging, requiring highly 230 

sensitive and specific methods for their profiling and characterization. Therefore, a protocol relying 231 

on specific extraction of lipophilic compounds (Folch extraction), combined with a step of SPE to 232 

eliminate potentially interfering substances, was implemented to obtain an extract enriched in NEO-233 

PUFAs. Such protocol has proven to be efficient for similar analysis in the past [32, 3334, 35]. 234 

Isoprostanoids were subsequently separated, identified, and quantified using a micro-LC-MS/MS 235 

method validated by previous studies [34-36-38]. Identification relied on retention times observed 236 

during spiked experiments, determination of molecular masses, and analysis of specific MS/MS 237 

transitions. Calibration curves for the calculation of the concentrations were established for 32 238 

compounds (Table S2), as well as LODs and LOQs. Values were found to be dependent of the type 239 

of isoprostanoids, and ranged between 0.16 and 0.63 pg injected for LODs, and between 0.16 and 1.25 240 

pg injected for LOQs. In addition, based on previous experiments done on macroalgae (Vigor et al. 241 

2018), we decided to assess the influence of matrix effect (ME) on the extraction protocol since this 242 

can affect extraction yields (EY) and/or mass ionization. Therefore, algal samples spiked with two 243 

different concentrations of a standard mixture (SM32 or SM256) were analyzed to calculate of the EY 244 

and the ME, which subsequently enable determination of the efficiency of the sample processing 245 

(Table S3). The extraction yield, a parameter specific to each compound (standards and IS), allowed 246 

the evaluation of product losses that could happen by retention on the SPE cartridge and/or by partial 247 

elution during the washing steps. For the majority of analytes of C. gracilis and R. salina, the apparent 248 

loss of compounds during SPE was between 10% and 20%. The results were most often similar for 249 

the two spiked concentrations (32 and 512 ng/g). Regarding the type of compounds (PhytoPs, 250 

PhytoFs, IsoPs or NeuroPs), no specific trend was noticed. As far as P. tricornutum and T. lutea, the 251 

calculated extraction yield was more than 100% for some analytes, corresponding probably to the co-252 

elution of a compound that presents the same MRM transition. Note in the table the values of two or 253 

even three units considered to be outliers. To complete this validation, the matrix effect, 254 

corresponding to an ion-suppression/enhancement of co-eluted matrix compounds, was evaluated. 255 

As for EY, ME is specific to each isoprostanoid, and there was no similar behavior across the same 256 

class of compounds, neither across selected species.  257 

For the sake of clarity, results are presented species by species in the next sections. In addition, 258 

Table 1 provides a summary of the relative percentage distribution of each type of isoprostanoid 259 

(ALA, AA, EPA; AdA, EPA, DPA, DHA) in the four species studied. 260 

 261 

Table 1: Relative percentage distribution of each type of NEO-PUFAs in C. gracilis, P. tricornutum, T. 262 

lutea, and R. salina. 263 
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 3.2. Rhodomonas salina  265 

Analysis of the isoprostanoid profile of this species revealed the presence of 35 isoprostanoids 266 

(Table 2) (Figure S1). The concentrations of metabolites were comprised between 13.4 ng/g for the 267 

epimers 4(RS)-4-F3t-NeuroP and 2 µg/g for 16-B1-PhytoP. The total amount of isoprostanoids in R. 268 

salina was 10.6 µg/g. 269 

Table 2. : Quantification of NEO-PUFAs in R. salina incubated under control, copper or H2O2 stress 270 

condition. Data are mean  Sd (n=3) expressed as ng/g dry weight. NaN stands for Not a Number 271 

because impossible value. 272 

 273 

Considering the four PhytoPs corresponding to epimers 9-F1t-PhytoP, 9-epi-9-F1t-PhytoP, 16-F1t-274 

PhytoP, and 16-epi-16-F1t-PhytoP, plus two other derivatives (16-B1-PhytoP, 9-L1-PhytoP), and two 275 

pairs of phytofuranoid form (ent-16(RS)-9-epi-ST-Δ14-10-PhytoF and ent-9(RS)-12-epi-ST-Δ10-13-276 

PhytoF), ALA is considered as the main source of isoprostanoids in R. salina. This is confirmed when 277 

Microalgal species Metabolites of ALA Metabolites of AA Metabolites of AdA Metabolites of EPA Metabolites of DPA Metabolites of DHA

Chaetoceros gracilis

CTL 0,8% 6,6% 0,4% 89,0% 0,0% 3,1%

Cu
2+ 1,1% 7,4% 0,5% 87,9% 0,0% 3,0%

H2O2 0,8% 11,2% 0,4% 83,4% 0,0% 4,2%

Phaeodactylum tricornutum

CTL 65,5% 4,0% 1,7% 28,2% 0,0% 0,6%

Cu
2+ 58,1% 4,5% 2,0% 34,8% 0,0% 0,5%

H2O2 44,8% 4,3% 1,5% 48,7% 0,0% 0,7%

Tisochrysis lutea

CTL 69,5% 0,2% 0,6% 0,1% 1,9% 27,7%

Cu
2+ 73,6% 0,3% 0,8% 0,1% 2,2% 23,0%

H2O2 67,9% 0,2% 0,7% 0,1% 1,7% 29,4%

Rhodomonas salina 

CTL 71,2% 2,4% 0,5% 18,2% 0,1% 7,4%

Cu
2+ 66,7% 2,7% 0,4% 21,4% 0,2% 8,6%

H2O2 79,1% 3,5% 1,5% 12,4% 0,1% 3,4%
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assessing the amounts of oxidized derivatives produced for each potential precursor. Those from 278 

ALA represent an average value of 7.6 µg/g of algal dry weight, with the 16-B1-PhytoP and the ent-279 

16(RS)-9-epi-ST-Δ14-10-PhytoF being the most abundant (2 µg/g and 1.8 µg/g respectively). DHA was 280 

also inferred to produce a wide range of compounds with up to ten stereoisomeric NeuroPs that 281 

could be arranged by pairs. The sum of DHA derivatives was 0.8 µg/g, i.e. approximately ten times 282 

less than the sum of the ALA derivatives. R. salina also synthesized six EPA derivatives, again as 283 

epimers that can be classified by pairs, which correspond to an amount of 1.9 µg/g. Therefore, 284 

compared to DHA derived isoprostanoids, EPA products have slightly less structural diversity, but 285 

accumulated at a higher content. Among the other molecular species of interest, it is worth 286 

mentioning those derived from AA: five representatives (15-epi-15-F2t-IsoP, 15-F2t-IsoP, 5(RS)-5-F2t-287 

IsoP, 5-F2c-IsoP) were identified, for a total content of 0.26 µg/g. To complete this description, other 288 

isoprostanoids were observed, including AdA derivatives (7(RS)-ST- Δ8-11-dihomo-IsoF at the level 289 

of 0.06 µg/g), and DPAn-6 derivatives (4(RS)-4-F3t-NeuroPDPAn-6 at the level of 0.01 µg/g). Based on this 290 

analysis, it is interesting to note that, while the cryptophyte R. salina is known to produce high 291 

amounts of EPA and DHA [37-39-41], the most abundant isoprostanoids were derived from the C18 292 

ALA (71.5 % of the total amount of PUFA oxidized derivatives).  293 

After oxidative stress, no modification in the diversity of the molecules identified could be 294 

noticed. All the compounds observed under the control condition were still present under OS 295 

condition, regardless of the type of stress applied. Few significant changes were observed in the 296 

content of the 35 NEO-PUFAs measured initially. In fact, based on statistical analysis, the amount of 297 

only one compound showed a significant increase (Tables S4) between control condition and H2O2 298 

stress. Indeed, it was observed that the content of the two 7(RS)-ST-Δ8-11-dihomo-IsoF epimers 299 

doubled, from 0.06 µg/g to 0.13 µg/g, after OS (Table 1). In addition, when comparing profiles 300 

obtained after copper- and peroxide hydrogen additions, differences were noted for three 301 

compounds: 8-F3t-IsoP, ent-16(RS)-9-epi-ST-Δ14-10-PhytoF, and 7(RS)-ST-Δ8-11-dihomo-IsoF (Figure 302 

3). 303 

 304 

Figure 3. : Changes in content of selected isoprostanoids for the cryptophyte R. salina between 305 

control condition (CTL) and oxidative stress (Cu2+ and H2O2) conditions. Statistically relevant 306 

responses between control and stress conditions (one-way ANOVA) are indicated by asterisks: *, p 307 

< 5 x 10-2; **, p < 5 x 10-3; ns, not significant.  308 

 3.3. Tisochrysis lutea 309 

 T. lutea has a greater diversity of compounds identified compared to the other species 310 

investigated, with 38 isoprostanoids observed. This consisted in 16 derivatives coming from ALA 311 

oxidation, ten derivatives from DHA, three from EPA, three from AA, four from AdA, and finally 312 

two from DPAn-6. Despite this increased diversity, the total amount of isoprostanoids measured in 313 

this haptophyte was lower than what was measured in the cryptophyte R. salina, i.e. 7 µg/g. The 314 
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details of the oxidized PUFAs derivatives grouped by family are as follow: 4.8 µg/g from ALA, 1.9 315 

µg/g from DHA, 0.008 µg/g from EPA, 0.012 µg/g from AA, 0.045 µg/g from AdA, and 0.135 µg/g 316 

from DPAn-6. The levels of individual metabolites were comprised between 1.24 ng/g for 8-epi-8-F3t-317 

IsoP and 0.988 µg/g for 16-B1-PhytoP, which represents a 1000-fold difference, and indicated that 318 

isoprostanoids can be produced at very different ranges in this microalga species (Table 3). 319 

Table 3. : Quantification of NEO-PUFAs in T. lutea incubated under control, copper or H2O2 stress 320 

condition. Data are mean  Sd (n=3 except for copper stress, n=2) expressed as ng/g dry weight. NaN 321 

stands for Not a Number because impossible value. 322 

 323 

The production of these molecules is in accordance with the fatty acid profile of T. lutea since 324 

ALA and DHA are the most abundant PUFAs measured in this alga [37, 4039, 42], and the content of 325 

their oxidized derivatives represented 97% of the total amount of identified isoprostanoids. Taking a 326 

closer look at the four main families of metabolites, amounts of ALA derivatives ranged from 0.07 327 

µg/g (ent-9-D1t-PhytoP) to 1 µg/g (16-B1-PhytoP), and those of AA derivatives from 5 ng/g (5(RS)-5-328 

F2t-IsoP) to 6 ng/g (5-F2c-IsoP). The content of EPA derivatives goes from 1.2 ng/g for the lowest (8-329 

epi-8-F3t-IsoP) to 4.5 ng/g for the highest (18-epi-18-F3t-IsoP), and for DHA derivatives, from 0.1 µg/g 330 

for the lowest (10-epi-10-F4t-NeuroP) to 0.5 µg/g for the highest (4(RS)-4-F4t-NeuroP). 331 

When assessing the impact of oxidative conditions, oxidized metabolite diversity remained 332 

unchanged. Furthermore, no variation in the isoprostanoid content of T. lutea was monitored after 333 

incubation in the presence of H2O2. In contrast, copper treatment had a strong effect: the content of 334 

17 among the 38 oxidized derivatives increased under this stress condition. Two compounds were 335 

very significantly impacted as shown by the p-values adjusted for multiples comparison: 5-F2c-IsoP 336 

(p < 0.0005), and ent-16-epi-16-F1t-PhytoP (p < 0.001). To a lesser extent, changes in content of ent-337 

16(RS)-9-epi-ST-Δ14-10-PhytoF, ent-9(RS)-12-epi-ST-Δ10-13-PhytoF, and 4(RS)-4-F3t-NeuroPDPAn-6 were 338 

also statistically supported (p < 0.005) (Tables S4). This concerned four of the six families of NEO-339 



Biomolecules 2020, 10, x FOR PEER REVIEW 11 of 25 

 

PUFAs identified, i.e. those derived from ALA, EPA, DPAn-6, and AdA, while the content of 340 

derivatives from EPA and DHA did not change significantly. Comparing the content of each of the 341 

four families between control and copper stress condition indicated an increase by 160%, 184%, 104% 342 

and 93% for derivatives of ALA, AA, AdA, and for DPAn-6 respectively, i.e. a two to three-fold 343 

increase in isoprostanoid content (Figure 4). The concentration of ent-9-D1t-PhytoP, the metabolite 344 

from ALA with the highest content in the control condition (65 ng/g), reached a value of 172 ng/g 345 

after cupric stress. Similarly, the content of 5-F2c-IsoP increased from 6 ng/g to 20 ng/g, of ent-7(RS)-346 

F2t-dihomo-IsoP from 3 ng/g to 14 ng/g, and of 4(RS)-4-F3t-NeuroPDPAn-6 from 135 ng/g to 260 ng/g. 347 

None of the inventoried compounds shown a decrease in content after applying any of the two 348 

oxidative stresses.  349 
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 350 

Figure 4. : Changes in content of selected isoprostanoids for the haptophyte T. lutea between control 351 

condition (CTL) and oxidative stress (Cu2+ and H2O2) conditions. Statistically relevant responses 352 

between control and stress conditions (one-way ANOVA) are indicated by asterisks: *, p < 5 × 10-2; **, 353 

p < 5 x 10-3; ***, p < 5 x 10-4; ns, not significant. 354 
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3.4. Chaetoceros gracilis 355 

In this diatom, 28 different isoprostanoids were identified, derived from all the PUFAs 356 

mentioned above, except DPAn-6, and accounted for 2.45 µg/g (Table 4).  357 

Table 4. : Quantification of NEO-PUFAs in C. gracilis incubated under control, copper or H2O2 stress. 358 

Data are mean  Sd (n=3) expressed as ng/g dry weight. NaN stands for Not a Number because 359 

impossible value. 360 

 361 

 362 

Seven phytoprostanoids and phytofuranoides derived from ALA were observed, and 363 

represented 0.019 µg/g. The concentrations ranged from 1.4 ng/g (ent-16-epi-16-F1t-PhytoP) to 4.4 ng/g 364 

(ent-16(RS)-9-epi-ST-Δ14-10-PhytoF). Eight neuroprostanoids from DHA (0.077 µg/g), six EPA 365 

derivatives (2.2 µg/g), five AA derivatives (0.16 µg/g), and two AdA derivatives (0.011 µg/g) were 366 

also identified. DHA derivatives have contents ranging from 3.3 ng/g (10-F4t-NeuroP) to 14.6 ng/g 367 

(13B(RS)-13-F4t-NeuroP), while EPA derivatives accumulated from 52.4 ng/g (8-epi-8-F3t-IsoP) to 535 368 

ng/g (18-epi-18-F3t-IsoP), and AA derivatives from 9.3 ng/g (15-F2t-IsoP) to 105 ng/g (5-F2c-IsoP). As it 369 

could be expected based on the high content of EPA found in C. gracilis [37, 41, 4239, 43, 44], the most 370 

abundant isoprostanoids identified in this species were derived from this PUFA, notably the 371 

diasteroisomer pair 5(RS)-5-F3t-IsoP that accounted for approximately 42% (1.1 µg/g) of the total 372 

amount of oxidized metabolites measured.  373 

For this alga, the qualitative profile remained mostly unchanged, similarly to the amounts of the 374 

individual molecules, between the control and the two oxidative stress conditions tested. The only 375 

exception was for the compound 18-F3t-IsoP: it showed a slight significant difference in its 376 

concentration under Cu2+ stress condition, increasing from 362 ng/g to 428 ng/g (p = 0.015) (Figure 5) 377 

(Tables S4). 378 
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 379 

Figure 5. : Changes in content of selected isoprostanoids for the diatom C. gracilis between control 380 

condition (CTL) and oxidative stress (Cu2+ and H2O2) conditions. Statistically relevant responses 381 

between control and stress conditions (one-way ANOVA) are indicated by asterisks: *, p < 5 x 10-2; 382 

**, p < 5 x 10-3; ns, not significant.  383 

 3.5. Phaeodactylum tricornutum 384 

In this diatom, 21 different oxidized metabolites were identified and quantified, for a total of 385 

0.32 µg/g. No derivatives of DPAn-6 were observed under any conditions. ALA derivatives 386 

represented the main isoprostanoids in term of diversity with 12 metabolites (six PhytoPs and six 387 

PhytoFs), and also in term of content (0.21 µg/g. i.e. 66% of the total amount). Concentrations of ALA 388 

oxidized metabolites were comprised within a range of 2.6 ng/g (with ent-16(RS)-13-epi-ST-Δ14-9-389 

PhytoF) to 44.2 ng/g (9-F1t-PhytoP). The second most abundant derivatives were produced from EPA, 390 

with four metabolites that accounted for 0.09 µg/g. The dynamic range was from 1.2 ng/g for (8-epi-391 

8-F3t-IsoP to 47 ng/g for (5(R)-5-F3t-IsoP). One single isoprostanoid from AA was identified (5-F2c-IsoP; 392 

13 ng/g), two from AdA (7(RS)-ST-Δ8-11-dihomo-IsoF epimers; 5 ng/g), and finally two from DHA 393 

(4(RS)-4-F4t-NeuroP epimers; 2 ng/g). No oxidized derivatives of DPAn-6 were found, as previously 394 

stated for the other diatom C. gracilis (Table 5). As already mentioned for T. lutea and C. gracilis, P. 395 

tricornutum produced isoprostanoids in accordance with its PUFA profile that contain mainly ALA 396 

and EPA [37, 4339, 45].  397 

Table 5. : Quantification of NEO-PUFAs in P. tricornutum incubated under control, copper or H2O2 398 

stress condition. Data are mean  Sd (n=3) expressed as ng/g dry weight. NaN stands for Not a 399 

Number because impossible values. 400 

 401 
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The isoprostanoid profile of the diatom P. tricornutum was strongly influenced by copper 402 

treatment, in contrast to what was observed for the other diatom C. gracilis (Figure 6).  403 

 404 

Figure 6. : Changes in content of selected isoprostanoids for the diatom P. tricornutum between 405 

control condition (CTL) and oxidative stress (Cu2+ and H2O2) conditions. Statistically relevant 406 

responses between control and stress conditions (one-way ANOVA) are indicated by asterisks: *, p 407 

< 5 × 10-2; **, p < 5 x 10-3; ***, p < 5 x 10-4; ns, not significant. 408 

A significant increase in the content of 14 metabolites among the 21 identified was observed 409 

(Tables S4). This was particularly significant for ent-16(RS)-13-epi-ST-Δ14-9-PhytoF (p < 0.00005) with 410 

a concentration of 2.6 ng/g in control condition and 7 ng/g under copper stress condition. Compounds 411 



Biomolecules 2020, 10, x FOR PEER REVIEW 16 of 25 

 

16-B1-PhytoP, 9-L1-PhytoP, ent-16(RS)-9-epi-ST-Δ14-10-PhytoF and ent-9(RS)-12-epi-ST-Δ10-13-PhytoF 412 

were also strongly impacted by copper with significant modifications in content (p < 0.0005). The 413 

concentrations of these different metabolites increased from 15 ng/g to 43 ng/g, 12 ng/g to 34 ng/g, 20 414 

ng/g to 44 ng/g and 4.5 ng/g to 12 ng/g respectively. The amounts of derivatives of ALA enhanced by 415 

94%, of AA by 94%, of AdA by 105%, and of DHA by 58%, representing on average a twofold increase 416 

in isoprostanoids content. No change in isoprostanoids for which EPA is the precursor was observed. 417 

No metabolite showed a decrease in content.  418 

 Surprisingly, we monitored lower levels of isoprostanoids under H2O2 stress compared to 419 

control condition for P. tricornutum. The content of the two epimers series derived from ALA 420 

oxidation, ent-16(RS)-13-epi-ST-Δ14-9-PhytoF and ent-16(RS)-9-epi-ST-Δ14-10-PhytoF, decreased by 421 

factor two and four respectively (p < 0.005). In the same vein, amounts of 16-B1-PhytoP and 9-L1-422 

PhytoP were four times lower under H2O2 stress condition compared to the control (p < 0.05). 423 

4. Discussion 424 

There is an increasing interest in studying oxylipin metabolism in marine microalgae. This is 425 

supported by recent publications describing profiles of enzymatically produced oxidized derivatives 426 

of PUFAs, and their potential physiological roes [17, 44-4746-49]. So far, little emphasis has been put 427 

on biosynthesis, by eukaryotic phytoplankton, of isoprostanoids, i.e. oxylipins produced non-428 

enzymatically by reaction of ROS with the double bonds of PUFAs. In this context, and to our 429 

knowledge, the current study is the first to report the production of phytoprostanes, phytofurans, 430 

isoprostanes (serie 2 and 3), and neuroprostanes, all derived from PUFA precursors that include ALA, 431 

AdA, EPA, DPAn-6, and DHA, in the cryptophyte R. salina, the haptophyte T. lutea, and the diatom C. 432 

gracilis. In addition, it extends the repertoire of isoprostanoids recently published for another diatom, 433 

P. tricornutun [19]. Under laboratory culture growth conditions, a good correlation between the 434 

presence of PUFAs and the biosynthesis of NEO-PUFAs was observed. We have already noticed this 435 

in our previous study on macroalgae, notably with the Rhodophyta species, Grateloupia turuturu 436 

Yamada, known to be rich in AA and which produced significant amounts of oxidized AA 437 

metabolites [18]. The four microalgae investigated in the present study exhibited different levels of 438 

diversity, as well as marked differences in the amount of isoprostanoids produced. A high content of 439 

ALA derivatives was quantified in R. salina. The diatom P. tricornutum, which appeared to contain 440 

lower amounts of oxidized derivatives compared to the other microalgae used, was mostly rich in 441 

AA derivatives. The diatoms C. gracilis shown profiles rich in NEO-PUFAs produced from EPA. High 442 

content of ALA and DHA derivatives were identified in T. lutea. After exposure to oxidative stress 443 

conditions, changes in the diversity and amounts of isoprostanoids produced were species and stress 444 

dependent. Under copper stress, no strong variations were observed in R. salina and C. gracilis, 445 

whereas a significant increase in the production of C18-, C20- and C22- derived isoprostanoids was 446 

monitored in T. lutea. and P. tricornutum. H2O2 stress had different impacts. NEO-PUFA 447 

concentrations remained unchanged for C. gracilis and T. lutea, whereas profiles and contents where 448 

altered in R. salina and P. tricornutum, notably for the ALA oxidized derivatives. Changes in 449 

phytoprostanes derived from ALA have been recently observed in this latter alga under H2O2 450 

treatment slightly different from the condition considered in our analysis (1 mM for 24 hours), i.e. 451 

0.25 and 0.75 mM of H2O2 applied during 48 h [19]. Interestingly, this study identified a number of 452 

isoprostanoids derived from ALA, ARA, EPA, and DHA which levels were differentially affected 453 

after oxidative stress. The authors have studied the influence of nine synthetic isoprostanoids, 454 
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applied in the micromolar range, on the physiology and lipid metabolism of P. tricornutum. They 455 

observed an induction of the accumulation of triacylglycerols (storage lipids), and a reduction of 456 

growth without alteration of photosynthesis. Such study, describing the characterization of non-457 

enzymatic oxylipins in P. tricornutum, and suggesting physiological roles for these molecules, pave 458 

the way to better understand their importance in the biology of marine microalgae. 459 

In the context of research on microalgal biorefinery, numerous studies were conducted on 460 

culture parameters and have shown to impact the production of PUFAs, such as light [48], 461 

macronutrient depletion [50], macronutrient depletion [49, 5051, 52], temperature [51] or salinity [53] 462 

or salinity [5254]. Nitrogen depletion or salinity stress, for instance, were shown to induce oxidative 463 

stress and significant changes in PUFAs production [49], but little is known about the impact of these 464 

abiotic parameters on oxidized PUFA derivatives.[51], but little is known about the impact of these 465 

abiotic parameters on oxidized PUFA derivatives. Under laboratory culture growth conditions, our 466 

study showed that isoprostanoid profiles present good correlations with PUFA contents, and that 467 

their production could be increased in T. lutea, P. tricornutum, and R. salina by applying direct 468 

oxidative stress, either through copper or H2O2 addition. According to previous studies on lipid 469 

metabolism regulation, these results suggest that culture condition manipulation could also be an 470 

interesting field to be explored for improving biotechnological production of microalgal 471 

isoprostanoids. 472 

From a more methodological point of view, it is worth underlining the sensitivity of the 473 

measurements since we have managed to measure metabolites present in very small quantities. 474 

Indeed, considering the case of P. tricornutum and of its lowest represented isoprostanoid (8-epi-8-F3t-475 

IsoP) presents at approximately 1 ng/g, it is satisfying to detect and reliably quantify molecules at 476 

such very low levels. With LODs ranging between 0.16 ng/g and 0.63 ng/g, and LOQs comprised 477 

between 0.16 ng/g and 1.25 pg/g, we can consider the method as sensitive. Interestingly, these low 478 

detection limits enable to detect and quantify a great diversity of metabolites. To our knowledge, the 479 

38 oxidized metabolites detected in T. lutea represent the highest diversity of isoprostanoids 480 

identified from a given organisms so far, including plants and animals. This number of 38 481 

isoprostanoids is close to the number of molecules for which we currently have standards for our 482 

targeted lipidomics method (47 metabolites). However, we cannot ensure that these undetected 483 

compounds were absent. Some of the missing metabolites may be present in amounts lower than our 484 

LODs/LODs, or may be produced but masked by other molecules from the matrix. To overcome these 485 

two issues, it is possible to foresee improving sample preparation, and also the chromatographic 486 

procedure by working on the choice of column, solvents, and gradient. Furthermore, it is important 487 

to emphasize that more than 38 isoprostanoids may be present in the microalgae studied, but could 488 

not be identified because our analysis is based on a targeted lipidomics approach, and thus only 489 

detects the metabolites present in the analytical method. Therefore, we think it is important to 490 

consider extending the library of isoprostanoid/oxylipin standards through synthesis of new 491 

molecules by chemists, as well as to adopt an untargeted lipidomics method [53, 5455, 56] to expand 492 

investigation of algal isoprostanoids in the future. Another important observation is that there is a 493 

very large difference in the concentration of NEO-PUFAs in the four species investigated, although 494 

this can be partly smoothed out by applying the correction factors of extraction yield and matrix 495 

effect.  496 

Finally, recent studies have shown promising biological activities for PhytoPs, IsoPs and 497 
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NeuroPs [16, 5557]. For instance, Minghetti et al. showed the ability of the phytoprostane B1-PhytoP, 498 

through novel mechanisms involving PPAR-γ, to specifically affect immature brain cells, such as 499 

neuroblasts and oligodendrocyte progenitors, thereby conferring neuroprotection against oxidant 500 

injury and promoting myelination [56].[58]. Duda et al. showed the role, also as lipid mediator, of 501 

some phytoprostanes in the immediate effector phase of allergic inflammation [3638]. More recently, 502 

the work of Lee et al. put forward the hypothesis of the neuroprotective effect of 4-F4t-NeuroP in 503 

cellular and animal models [57].[59]. Early studies on the cardiovascular system demonstrated that 504 

AA oxidized derivatives induced platelet aggregation or show hypertensive effect [58, 5960, 61]. 505 

More recent studies showed that IsoPs and NeuroPs have beneficial effects in cardiovascular disease. 506 

Indeed, Leguennec et al. revealed that the lipid mediator 4-F4t-NeuroP derived from non-enzymatic 507 

peroxidation of DHA has anti-arrhythmia effect in ventricular cardiomyocytes and in post-508 

myocardial infarcted mice [60].[62]. They also demonstrated the capability of such derivative to 509 

prevent and protect rat myocardium from reperfusion damages following occlusion (ischemia) 510 

[6163]. Due to high amounts quantified in some of the tested microalgae, especially after copper 511 

exposure, it may be worth exploring these organisms as a potential natural resource for production 512 

of isoprostanoids. Extraction of these NEO-PUFAs from marine microalgae could be an interesting 513 

alternative to current production by complex chemical syntheses, as are macroalgae. In this context, 514 

further work should focus on assessing how culture conditions alter isoprostanoid content and 515 

diversity in selected algae, towards enhancing production for future extraction from natural 516 

resources. 517 

5. Conclusions 518 

The current investigation aimed at profiling isoprostanoids by micro-LC-MS/MS in selected 519 

marine microalgae belonging to different lineages: the cryptophyte Rhodomonas salina, the haptophyte 520 

Tisochrysis lutea, and the diatoms Phaeodactylum tricornutum and Chaetoceros gracilis. To our 521 

knowledge, this is the first report of such a wide variety of NEO-PUFAs produced in microalgae. For 522 

instance, our analysis allowed the detection of PUFAs oxidized derivatives never reported so far, and 523 

we detected no less than 38 different metabolites in T. lutea. Our study is also the first to establish a 524 

link between significant changes in the isoprostanoid profiles of some selected microalgae and heavy 525 

metal stress. It also highlights the impact of hydrogen peroxide stress on NEO-PUFAs in some cases. 526 

Based on recent studies showing promising biological activities for NEO-PUFAs and due to high 527 

amounts quantified in some of the tested microalgae, further work should focus on assessing how 528 

manipulating culture conditions could enhance the production of isoprostanoids in selected species, 529 

notably by targeting the PUFAs biosynthetic pathway.  530 

Supplementary Materials:  531 

Figure S1: Chromatogram of selected reaction monitoring (SRM) of metabolites detected in Chaetoceros 532 

gracilis. 533 

Figure S2: Distribution of oxidized metabolites (sum of concentrations) classified according to the original 534 

PUFAs in the four species studied. 535 

Table S1: Selected reaction monitoring (SRM) of the isoprostanes derived from polyunsaturated fatty acids.  536 

Table S2: Standards calibration curves 537 
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Tables S3a and Sb: Determination of matrix effect and extraction efficiency for isoprostanoids’ extraction 538 

from the four species studied : (a) P. tricornutum and T. lutea ; (b) C. gracilis and R. salina. Each data point is the 539 

mean of six replicates.  540 

Tables S4: Statistical results expressed with one-way ANOVA and Post-Hoc test analysis for the four 541 

species studied. Statistically relevant responses between control and stress conditions (one-way ANOVA) are 542 

indicated by asterisks: *, p < 5 × 10-2; **, p < 5 x 10-3; ***, p < 5 x 10-4; ns, not significant. 543 
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 Isoprostanoids are the products of non-enzymatic oxidation of polyunsaturated fatty acids (NEO-760 

PUFAs). 761 

 Isoprostanoid analysis in four microalgae was conducted using a liquid mass chromatography tandem 762 

mass method. 763 

 Exposure to heavy metal (copper), strongly altered production of NEO-PUFAs in the haptophyte 764 

Tisochrysis lutea and the diatom Phaeodactylum tricornutum  765 

 After hydrogen peroxide stress, changes in isoprostanoid content were observed in the cryptophyte 766 

Rhodomonas salina and Phaeodactylum tricornutum. 767 
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