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Diatoms are an important group of phytoplankton 
widespread in freshwaters and oceans. In addition 
to the carbon cycle, in which they are critical for CO2 
capture (Scala and Bowler, 2001), they play significant 
roles in other geochemical cycles via the biogenic 

conversion of nitrogen (Dolch et al., 2017; McCarthy  
et al., 2017) or silica (Benoiston et al., 2017). They are at the 
base of the aquatic microbial food web and are grazed 
by copepods and juvenile invertebrates (Buchan et al., 
2014). Their ecological success requires a remarkable 
ability to cope with all types of stress, including biotic 
interactions with grazers, resistance to physicochemi-
cal variations, such as temperature, light, salinity, and 
nutrient availability, and exposure to a multitude of 
toxic compounds, including anthropogenic pollutants 
(Conte et al., 2018). Studies in diatoms have benefited 
from developments in the model species Phaeodacty-
lum tricornutum, whose lipidome has been fully char-
acterized under various stress conditions (Abida et al., 
2015).

Common responses in diatoms to a variety of stresses 
include growth arrest (Abida et al., 2015; Collins et al.,  
2016; Conte et al., 2018), photosynthesis impairment 
and activation of photoprotection (Roháček et al., 2014; 
Taddei et al., 2016), emission of reactive oxygen species 
(ROS; Allen et al., 2008; Burch and Franz, 2016; Collins 
et al., 2016), and extensive remodeling of membrane 
glycerolipids (Abida et al., 2015; Collins et al., 2016; 
Conte et al., 2018).
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The ecological success of diatoms requires a remarkable ability to survive many types of stress, including variations in tem-
perature, light, salinity, and nutrient availability. On exposure to these stresses, diatoms exhibit common responses, including 
growth arrest, impairment of photosynthesis, production of reactive oxygen species, and accumulation of triacylglycerol (TAG). 
We studied the production of cyclopentane oxylipins derived from fatty acids in the diatom Phaeodactylum tricornutum in re-
sponse to oxidative stress. P. tricornutum lacks the enzymatic pathway for producing cyclopentane-oxylipins, such as jasmonate, 
prostaglandins, or thromboxanes. In cells subjected to increasing doses of hydrogen peroxide (H2O2), we detected nonenzymatic 
production of isoprostanoids, including six phytoprostanes, three F2t-isoprostanes, two F3t-isoprostanes, and three F4t-neuro-
prostanes, by radical peroxidation of α-linolenic, arachidonic, eicosapentaenoic, and docosahexanoic acids, respectively. H2O2 
also triggered photosynthesis impairment and TAG accumulation. F1t-phytoprostanes constitute the major class detected (300 
pmol per 1 million cells; intracellular concentration, ∼4 µm). Only two glycerolipids, phosphatidylcholine and diacylglyceryl-
hydroxymethyl-trimethyl-alanine, could provide all substrates for these isoprostanoids. Treatment of P. tricornutum with nine 
synthetic isoprostanoids produced an effect in the micromolar range, marked by the accumulation of TAG and reduced growth, 
without affecting photosynthesis. Therefore, the emission of H2O2 and free radicals upon exposure to stresses can lead to glycer-
olipid peroxidation and nonenzymatic synthesis of isoprostanoids, inhibiting growth and contributing to the induction of TAG 
accumulation via unknown processes. This characterization of nonenzymatic oxylipins in P. tricornutum opens a field of research 
on the study of processes controlled by isoprostanoid signaling in various physiological and environmental contexts in diatoms.
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Some of these general responses are physiologically  
or metabolically linked, explaining why they are com-
monly encountered. In particular, photosynthesis 
impairment is marked by an imbalance between the 
absorption of light energy and the capacity to use it, 
leading to the generation of superoxide anion (O2

•−) 
and derivatives, such as hydrogen peroxide (H2O2) and 
hydroxyl radical (OH•; Mullineaux et al., 2018). Before 
oxidative damage to PSII becomes significant, excess 
excitation energy usually is dissipated safely by anti-
oxidant compounds like carotenoids or by processes 
acting as electron sinks. One of the energy dissipation 
processes involves the reduction of oxygen to O2

•− via 
the Mehler reaction in the water-water cycle and gives 
rise to H2O2 by the action of superoxide dismutases 
(two genes in the diatom P. tricornutum, Phatr3_J12583 
and Phatr3_J42832; Curien et al., 2016; Mullineaux  
et al., 2018). Whereas water-water cycle activity is low 
in angiosperms, it accounts for up to 49% of total elec-
tron flux in diatoms (Warring et al., 2014). ROS chem-
istry is complex, and species can arise from different 
parallel routes, such as production of the free radical 
OH• from H2O2 either by interaction with O2

•− via the 
Heiber-Weiss reaction or by interaction with metal ions 
via the Fenton reaction (Longini et al., 2017). The free 
radical O2

•− can be produced not only by chloroplasts 
but also through mitochondrial electron transfer chain 
leakage directly to oxygen or by some endomembrane 
NADPH oxidases. Eventually, H2O2 can be generated 
by a variety of peroxisomal enzymes (Milne et al., 2011; 
Mullineaux et al., 2018).

The free radical OH• can trigger lipid peroxidation 
by hydrogen abstraction from polyunsaturated fatty 
acids (PUFAs) and the addition of molecular oxygen 
to form a peroxyl radical (Milne et al., 2011; Longini 
et al., 2017). The produced intermediates can undergo 
a nonenzymatic series of cyclization, addition of a 
second molecular oxygen, and reduction to form iso-
prostanoids (Galano et al., 2017), which are more stable 
than other peroxidation products, such as aldehydes 
or peroxyl radicals (Longini et al., 2017).

Therefore, an important interplay between ROS- 
dependent signaling and glycerolipid status is expected. 
Glycerolipids consist of a glycerol backbone, esterified 
at positions sn-1 and sn-2 to fatty acids (FAs) of various  
carbon chain lengths and desaturation levels and 
harboring a polar head or a third FA at position sn-3. 
Glycerolipid classes include (1) phosphoglycerolip-
ids usually present in endoplasmic reticulum and en-
domembranes, such as phosphatidylcholine (PC); (2) 
betaine lipids, such as diacylglyceryl-hydroxymethyl- 
N,N,N-trimethyl-β-alanine (DGTA); and (3) plastid 
glycoglycerolipids, such monogalactosyldiacylglyc-
erol (MGDG) or digalactosyldiacylglycerol (DGDG). 
When the polar head is substituted by an FA, (4) tri-
acylglycerols (TAGs) are produced and accumulate in 
lipid droplets. Each of these classes is characterized 
by a profile of FAs, ranging from medium-chain sat-
urated FAs (e.g. palmitic acid with 16 carbons and no 
double bonds [16:0]) to very-long-chain (VLC) PUFAs  

(e.g. eicosapentaenoic acids, with 20 carbons and five double  
bonds [20:5]; Lupette and Maréchal, 2018). Stress- 
induced remodeling involves changes in the propor-
tions of glycerolipid classes and, within a class, a tuning 
of the relative proportions of FAs. Nonstressed dia-
toms have high levels of VLC-PUFAs, whereas stressed 
cells accumulate TAG, usually with higher proportions 
of saturated and monounsaturated FAs (Abida et al., 
2015; Dolch et al., 2017; Conte et al., 2018).

When P. tricornutum is subjected to acute treatment 
with 150 µm H2O2, changes occur in the proportions of 
the oxidized forms of FAs, or oxylipins (Collins et al., 
2016). However, this analysis did not allow the deter-
mination of the precise oxylipin molecular structures 
for each mass spectrometry peak assigned (Collins  
et al., 2016). Interestingly, a recent screen for small chem-
icals triggering TAG accumulation in P. tricornutum 
identified compounds known to interfere with specific 
oxylipins in animal cells; they included misoprostol, a 
phosphatidylglycerol (PG) E1 analog, and azapropa-
zone and meloxicam, two prostanoid-signaling mod-
ulators acting as potent PG-endoperoxide synthase 
inhibitors (Conte et al., 2018). This suggests that oxy-
lipins containing a prostane ring (e.g. prostaglandins 
D–F) or at least a cyclopentane cycle (e.g. jasmonic 
acids) might be derived from PUFA peroxides, down-
stream of H2O2 treatment, and be associated with lipid 
remodeling.

Cyclopentane-containing oxylipins are produced 
via two major routes: enzymatic synthesis and non-
enzymatic chemical synthesis (Supplemental Fig. S1). 
Concerning the first route, in the genome of P. tricornu-
tum, we could not detect any homolog of the enzymes 
classically involved in cyclopentane-oxylipin metabo-
lism in animals (Funk, 2001) or plants (Blée, 1998, 
2002; Feussner and Wasternack, 2002; Andreou and 
Feussner, 2009). Neither could we detect any homolog 
of enzymes involved in the synthesis of thromboxane 
(Funk, 2001), which has an ether-containing ring in 
place of a cyclopentane, or enzymes involved in the 
synthesis of noncyclic oxylipins in plants (Feussner 
and Wasternack, 2002). P. tricornutum, therefore, lacks 
the enzymatic equipment to produce cyclopentane- 
oxylipin and differs from other diatom species, such 
as Skeletonema marinoi, in which enzymatic pathways 
have been described (Gerecht et al., 2011; Gallina et al., 
2016; Di Dato et al., 2017). Therefore, the presence of a 
high basal level of oxidized FAs (5%–7%) reported in 
the lipidome of P. tricornutum (Collins et al., 2016), with 
apparently a high structural but unresolved diversity, 
is puzzling.

The nonenzymatic formation of cyclopentane- 
oxylipins, isomers of prostanoids, also called isopros-
tanoids (Morrow et al., 1990), requires the presence of 
free radicals such as OH• (Mallick and Mohn, 2000; 
Roy et al., 2017) and the presence of at least three dou-
ble bonds in the PUFA. PUFA peroxidation occurs in 
three steps: initiation by the attack of a radical species, 
propagation, and termination with the intervention 
of antioxidants (Montuschi et al., 2004). Depending 
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on the PUFA precursors, different groups of PG-like 
compounds (i.e. isoprostanes) are generated: phyto-
prostanes (PhytoPs) from the radical peroxidation of 
α-linolenic acid (18:3ω3; Parchmann and Mueller, 1998); 
F2t-isoprostanes (F2t-IsoPs) and F3t-isoprostanes (F3t-IsoPs) 
from arachidonic acid (20:4ω6) and eicosapentaenoic 
acid (20:5ω3), respectively (Morrow et al., 1990; Guy 
et al., 2014); and F4t-neuroprostanes (F4t-NeuroPs) from 
docosahexaenoic acid (22:6ω3; Nourooz-Zadeh et al., 
1998; Roberts et al., 1998; Fig. 1).

In a previously reported mass spectrometry-based 
profiling of oxidized lipids (Collins et al., 2016), H2O2 
treatment did not significantly increase the overall 
proportion of oxidized acyl moieties, but a selective 
modulation of some peaks was observed and was 
consistent with a possible modulation of PUFA oxida-
tion, as described in numerous cell models in response  
to H2O2 in both plants (Buseman et al., 2006; Andreou 
et al., 2009; Vu et al., 2012) and animals (Janssen, 2001; 
Wenk, 2010; Strassburg et al., 2012; Galano et al., 2017; 
Roy et al., 2017). Therefore, we sought to determine 
whether isoprostanoids could be synthesized via a 
nonenzymatic pathway in P. tricornutum, whether this 
synthesis could be modulated by H2O2, and eventually  
whether this class of oxylipins might have a role in 
stress responses.

RESULTS AND DISCUSSION

P. tricornutum Lacks Genes Coding for Enzymes 
Synthesizing Cyclopentane-Oxylipins

We sought to determine whether any homologs of 
genes coding for enzymes classically involved in the 
production of cyclopentane-oxylipins could be detected 
in the genome of P. tricornutum. We used, as templates, 
sequences from the animal kingdom (Funk, 2001) that 
belong to lipoxygenases (Uniprot identifier P09917), 
PG-endoperoxide synthases or COX2 (P35354), prosta-
cyclin synthases (Q16647), PG-H2 d-isomerases (P41222), 
prostamide/PG F synthases (Q8TBF2), and PG E syn-
thases (O14684), and sequences from the plant king-
dom (Blée, 1998, 2002; Feussner and Wasternack, 2002; 
Andreou and Feussner, 2009) that belong to plastidial 
lipoxygenases (TAIR identifier AT3G45140), allene ox-
ide synthases (AT5G42650), and allene oxide cyclases 
(AT3G25770). Based on BLAST searches (Altschul et al.,  
1990) using the Blosum62 similarity matrix and an 
e-value threshold of 0.1, no homologous sequence 
could be retrieved in the complete genomic sequences  
available via the Ensembl portal (http://protists.
ensembl.org/Phaeodactylum_tricornutum). We could 
not detect any homolog of enzymes involved in the 
synthesis of thromboxane (e.g. Uniprot identifier 
P24557; Funk, 2001) or of enzymes involved in the 
synthesis of noncyclic oxylipins in plants (e.g. B3LF83 
and Q9FPM6; Feussner and Wasternack, 2002). There-
fore, P. tricornutum lacks the enzymatic equipment 

to produce cyclopentane-oxylipin and differs from 
other diatom species, such as S. marinoi, in which  
cyclopentane-oxylipin enzymatic pathways have been 
described (Gerecht et al., 2011; Gallina et al., 2016; Di 
Dato et al., 2017).

Detection of Isoprostanoids in P. tricornutum and Their 
Modulation upon Treatment with H2O2

We analyzed Pt1 (P. tricornutum CCMP632/CCAP 
1055/1) wild-type cells incubated in the presence of  
increasing concentrations of H2O2 (0, 0.25, and 0.75 mm; 
Fig. 2). The total FA profile in membrane and storage 
glycerolipids showed moderate variations following 
48 h of treatment with H2O2 (Fig. 2A). Consistent with 
past analyses (Abida et al., 2015; Popko et al., 2016), 
our study showed that P. tricornutum contains PUFA 
precursors for nonenzymatic oxylipins, marked by 
very low proportions of α-linolenic acid (18:3; less than 
2% of total FAs; up to ∼400 pmol per 1 million cells), 
ω6-arachidonic acid and ω3-eicosatetraenoic acid (20:4; 
less than 1%; less than 100 pmol per 1 million cells), 
and docosahexaenoic acid (22:6; less than 1%; less than 
100 pmol per 1 million cells), and a very high content 
of eicosapentaenoic acid (20:5; 32%–35%; up to 10 ng 
per 1 million cells). After the H2O2 treatment, the only 
significant changes observed were a decrease in 16:3 
and 20:5, two FAs found in galactolipids, indicating 
chloroplast impairment and, therefore, suggesting the 
amplification of ROS production following the impair-
ment of photosynthetic capacity.

In line with previous studies (Burch and Franz, 2016), 
increasing doses of H2O2 affected P. tricornutum growth 
(Supplemental Fig. S2A) and triggered stress marked 
by the impairment of PSII, whose efficiency was eval-
uated by measuring the Fv/Fm ratio (Supplemental Fig. 
S2B). We observed an increased level of staining with 
Nile Red (Cooksey et al., 1987), a fluorescent marker  
of neutral lipids, only after treatment with 0.75 mm 
H2O2 (Supplemental Fig. S2C). This occurred with 
a significant increase in the number and size (radius = 
0.423 µm, n = 71) of lipid droplets observed in P. tricor-
nutum cells by epifluoresence imaging (Supplemental 
Fig. S2, C–E). The strong impact on chloroplasts sug-
gests increased ROS production as a combined result 
of the external addition of H2O2 and the production of 
O2

•-, H2O2, and OH• following organellar dysfunction.
We evaluated the presence of isoprostanoids in the 

same samples by using a sensitive mass spectrometry 
method developed recently to analyze 24 macroalgal 
species (Barbosa et al., 2015; Vigor et al., 2018). We 
sought to determine the presence of fragmentation ion 
products from deprotonated molecules of PhytoP, IsoP, 
and NeuroP in multiple reaction monitoring mode, 
and their detection relied on the search for previously 
known structures (targeted lipidomic approach). Con-
centrations were obtained based on calibration curves 
calculated using internal standards. We could detect 
peaks for isoprostanoids generated from all PUFAs 
present in P. tricornutum, such as PhytoP from C18:3 
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Figure 1. Chemical structures of isoprostanoids, nonenzymatic oxylipins generated from the free radical peroxidation of PU-
FAs. Free radicals such as OH• trigger the peroxidation of lipids, by hydrogen abstraction from PUFAs, and the addition of mo-
lecular oxygen to form a peroxyl radical. The intermediates produced undergo a nonenzymatic series of cyclization, addition of 
a second molecular oxygen, and reduction to form prostanoids. A, Main PUFAs. B, PhytoPs from α-linolenic acid. C, F2t-IsoPs 
from arachidonic acid. D, F3t-IsoPs from eicosapentaenoic acid. E, F4t-NeuroPs from docosahexaenoic acid. A large number of 
isoprostanoids can be formed from each PUFA substrate. The scheme shows the main structures analyzed in this study.
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(ent-16-epi-16-F1t-PhytoP, 9-F1t-PhytoP, ent-16-B1t-Phy-
toP, ent-9-l1t-PhytoP, and peaks corresponding to ei-
ther 16-F1t-PhytoP or 9-epi-9-F1t-PhytoP; Fig. 2B), IsoP 
from C20:4 (15-F2t-IsoP, 15-epi-15-F2t-IsoP, and 5(R/S)-
5-F2t-IsoP; Fig. 2C), IsoP from C20:5 (peaks correspond-
ing to either 8-F3t-IsoP or 8-epi-8-F3t-IsoP; Fig. 2D), and 
NeuroP from C22:6 (4(RS)-4-F4t-NeuroP, 10F4t-NeuroP, 
and 10-epi-10-F4t-NeuroP; Fig. 2E).

Based on these targeted analyses, although C18:3 
represents a minor FA substrate, PhytoPs constitute the 
main family of nonenzymatic oxylipins in P. tricornutum 
(up to 300 pmol of total PhytoP per 1 million cells), in the 
same concentration range as that of nonoxidized C18:3 
(up to 400 pmol per 1 million cells). The F1t-PhytoP 
series is the most abundant, as recorded previously in 

C18:3-rich plant species (Collado-González et al., 2015) 
and in all studies on Chlorophyta, Phaeophyta, and 
Rhodophyta macroalgae so far (Barbosa et al., 2015). In 
plants, F1t-PhytoPs are in the same concentration range 
as phytooxylipins of the enzymatic pathway, such as 
12-oxo-phytodienoic acid or jasmonic acid (Parchmann 
and Mueller, 1998; Imbusch and Mueller, 2000; Thoma 
et al., 2003). The low concentrations of ent-16-B1t-PhytoP 
as well as the very low level of 16(RS)-16-A1t-PhytoPs 
indicate that radical peroxidation of α-linolenic acid 
preferentially activates the pathway of F1t-PhytoP. In-
terestingly, we did not detect any D1- and J1-PhytoP 
in the cultures of P. tricornutum cells, two series of phy-
toprostanes commonly found in higher plants (Jahn  
et al., 2010; Collado-González et al., 2015).

Figure 2. Characterization of PhytoPs, NeuroPs, and IsoPs in P. tricornutum cells. The incubation was performed in a volume of 
50 mL, inoculated at 5 × 106 cells mL−1. Lipids were extracted and analyzed after 48 h of incubation in the presence of H2O2 at 
the indicated doses. A, Total FA profile for increasing doses of H2O2. B, Concentration of phytoprostanes from α-linolenic acid 
normalized with the cell concentration. C18:3 and corresponding phytoprostanes are shown in blue. C and D, Concentrations 
of F2t-IsoPs and F3t-IsoPs from eicosatetraenoic and eicosapentaenoic acids. C20:4 and C20:5 and corresponding isoprostanes 
are shown in brown and green, respectively. E, Concentration of F4t-NeuroPs from docosahexaenoic acid. C22:6 and corre-
sponding neuroprostane are shown in purple. Values correspond to three biological replicates. Statistically relevant responses 
(two-way ANOVA with Dunnett’s posthoc test) are indicated by asterisks: *, P < 5 × 10−2; **, P < 5 × 10−3; and ****, P < 10−4.
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A significant increase in the F1t-PhytoP concentration 
occurred after treatment with 0.25 mm H2O2 (P = 0.0163 
for ent-16-epi-16-F1t-PhytoP, P = 0.0012 for 9-F1t-PhytoP, 
and P < 0.0001 for compounds with fragmentation 
peaks corresponding to those of 16-F1t-PhytoP and/or 
9-epi-9-F1t-PhytoP), whereas a wild-type concentration 
level was observed after a nearly lethal treatment with 
0.75 mm H2O2. Concentrations of A1t-, B1t-, and L1t-Phy-
toPs remained very low and appeared unaffected by 
the treatment (less than 1 ng per 1 million cells; Fig. 
2B). H2O2 is known to further oxidize isoprostanoids 
into toxic aldehydes (Long et al., 2008). We do not ex-
clude the possibility that PhytoPs might be further ox-
idized under very strong oxidative stress conditions.

In P. tricornutum, only a minor portion of C20:4 cor-
responds to ω6-arachidonic acid (ω6-C20:4), the main 
being eicosatetraenoic acid (ω3-C20:4; Arao et al., 1987, 
1994; Arao and Yamada, 1994; Abida et al., 2015; Dolch 
and Maréchal, 2015). Nevertheless, three isoprostanes 
of the F2t series (15-F2t-IsoP, 15-epi-15-F2t-IsoP, and 
5(RS)-5-F2t-IsoP) derived from ω6-C20:4 could be de-
tected (Fig. 2C). These F2t-IsoPs remained in very low 
concentrations and did not accumulate in high levels 
upon H2O2 treatment.

Surprisingly, although C20:5 is the most abundant 
FA in unstressed P. tricornutum cells (∼300 ng per 
1 million cells; Fig. 2A), due to its very high level in 
some classes of membrane lipids (Abida et al., 2015; 
Dolch and Maréchal, 2015), only a low concentration 
of 8(RS)-8-F3t-IsoP could be detected (∼2–30 pmol per 
1 million cells; Fig. 2D). As observed for IsoPs derived 
from C20:4, the concentration of 8(RS)-8-F3t-IsoP in-
creased as a function of H2O2 (P < 0.0001).

Although C22:6 is a very minor FA in P. tricornutum, 
we detected three neuroprostanes, 10-F4t-NeuroP, 10-epi-
10-F4t-NeuroP, and 4(RS)-4-F4t-NeuroP, in the same con-
centration range as nonoxidized C22:6 (Fig. 2E). No 
significant difference was observed in NeuroP concen-
trations after treatment with higher doses of H2O2.

PC and/or DGTA Are Potential Precursors for 
Nonenzymatic Production of Isoprostanoids

By contrast with enzymatically produced pros-
tanoids, isoprostanoids are generated on esterified 
lipids prior to their release as free oxidized lipids by 
phospholipases A2 (Morrow et al., 1992; Ibrahim et al., 
2011a). Phytoprostanes of the F1 series being the most 
abundant in P. tricornutum, we sought to determine 
which lipid class could represent a likely source of the 
corresponding C18:3 substrate, both in unstressed con-
ditions and upon treatment with H2O2 (Fig. 3).

The complete profile of glycerolipids showed a sig-
nificant decrease in MGDG and an increase in TAG at 
0.75 mm H2O2 (Fig. 3A). In striking contrast to other 
stress conditions, which trigger the accumulation of 
TAGs enriched in C16:0 and C16:1 (Abida et al., 2015), 
treatment with H2O2 triggered the accumulation of TAG 
molecular species enriched in PUFAs and VLC-PUFAs  
(Fig. 3B). This indicates a synthesis from recycled 

C16:2-, C16:3-, and C20:5-rich membrane lipids rather  
than de novo synthesis from C16:0- and C16:1-rich 
diacyl precursors. Such diversion of PUFAs to TAG 
has been reported previously in Drosophila melanogas-
ter stem cells exposed to oxidative damage, including 
H2O2 treatment, and interpreted to be a mechanism 
to protect PUFAs from excessive and harmful perox-
idation (Bailey et al., 2015). The presence of C16:3 in 
TAG reflects the incorporation of acyl moieties derived 
from chloroplast lipids that contain this FA in high 
proportions, possibly from MGDG and, to a lower ex-
tent, DGDG (Fig. 3C). An MGDG-to-TAG conversion is 
supported further by the decrease in C16:3- and C20:5-
rich MGDG molecular species. The concentration of 
another chloroplast lipid, SQDG, also declines (Fig. 
3C), with little modifications in its molecular species. 
By contrast, the PG level decreases significantly at high 
H2O2 concentration, mainly due to a decrease in C16:0/
C16:1 and C16:1/C16:1 molecular species, possibly re-
flecting the impact on one of the PG pools in P. tricor-
nutum cells (i.e. in the chloroplast, the mitochondrion, 
or the endoplasmic reticulum). Since no subcellular 
lipidome has been identified to date for any of these 
compartments in diatoms, the identity of the pool of 
PG affected by H2O2 could not be characterized further.

It is interesting that the global DGDG level is unaf-
fected by H2O2 treatment (Fig. 3A). Nevertheless, the FA 
profile of DGDG is modified, showing an increase in the 
level of molecular species such as C20:5/C16:0, C20:5/
C16:2, and C20:5/C16:3, some of which could be derived 
from MGDG. In addition to an MGDG-to-TAG conver-
sion, the MGDG-to-DGDG pathway likely is activated.

Galactolipids contain high levels of C20:5 (Fig. 3C). 
The ratio of F3t-IsoP/unoxidized C20:5 being lower 
than 1% to 10%, it is possible that galactolipids are not 
an important platform for F3t-IsoP production. Such a 
low proportion of isoprostanoids has been reported 
earlier in a comprehensive analysis of oxylipins esteri-
fied to plant galactolipids (Ibrahim et al., 2011b).

Only PC and DGTA contained sufficient amounts of 
C18:3 to justify a role as a substrate glycerolipid for the 
production of PhytoP (taking into account that 2 nmol 
of FA corresponds to 1 nmol of glycerolipid; Fig. 3C). 
In addition, these two glycerolipid classes also contain 
C20:4, C20:5, and C22:6 acyl groups, which could be 
involved in the production of other IsoPs and NeuroPs 
detected in P. tricornutum. Therefore, one or both of 
these lipids might be the platform for the nonenzymatic  
production of prostanoids in P. tricornutum. Given the 
fact that the ratio of total PhytoP to nonoxidized C18:3 
is close to 1 and that of NeuroP to nonoxidized C22:6 
is higher than 1, one would expect the production of 
isoprostanoids from PC and DGTA to be intense and to 
have a biological function.

Dose-Response Effect of Isoprostanoids on P. tricornutum

Isoprostanoids have been considered indicators of 
oxidative stress for decades. The study of their biological 
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Figure 3. Glycerolipid profile following treatment with H2O2. P. tricornutum cells were cultivated in Enriched Seawater, Arti-
ficial Water medium using 10 times enriched nitrogen and phosphate sources (ESAW 10N10P) until a cell density of 5 × 106 
cells mL−1 was reached. Cells then were incubated for 48 h in the presence or absence of H2O2, as indicated. Lipids were 
extracted and analyzed as described in “Materials and Methods.” A, Glycerolipid profile following treatments with increasing 
doses of H2O2. Glycerolipid concentrations are expressed in nmol per 1 million cells. B, Fatty acid profile of TAG. C, Fatty acid 
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action is still in its infancy, particularly in photosyn-
thetic organisms. Evidence on specific functions that 
could be attributed to isoprostanoids was sought ini-
tially in animal models. Thus, IsoPs were shown to act 
as agonists or antagonists binding to prostanoid re-
ceptors, among them the thromboxane receptor, PG F2  
receptor, PG E2 subtype 3 receptor, and PG D2 subtype  
2 receptor (Janssen, 2001; Milne et al., 2011; Galano et 
al., 2017). Recently, drugs acting on prostanoid recep-
tors were identified in a pharmacological screen, which 
screened for the accumulation of lipid droplets in  
P. tricornutum cells (Conte et al., 2018), suggesting that 
prostanoid/isoprostanoid-sensing systems also could 
be present and control TAG biosynthesis in diatoms.

Therefore, we investigated if some of the compounds 
identified here could have a similar impact on P. tricor-
nutum phenotype. To that purpose, we analyzed P. tri-
cornutum cell culture incubated in the presence of nine 
synthetic isoprostanoids added at concentrations in the 
micromolar range (i.e. at 0, 5, 25, and 50 µm; Fig. 4). For 
PhytoP, we tested the B1 and L1 series and their diaste-
reoisomers (Fig. 4, A–D), which are minor compounds 
in the P. tricornutum cultures (Fig. 2B). We analyzed the 
effects of four F3t-IsoPs, which could be derived from 
the peroxidation of C20:5 (Fig. 4, E–H). Eventually, we 
tested the NeuroP detected in P. tricornutum cells (i.e. 
4(RS)-4-F4t-NeuroP, derived from the peroxidation of 
C22:6; Figs. 2D and 4I). We observed similar effects 
for all isoprostanoids, most strikingly a 10% to 20% 
decrease in the cell concentration at the lowest doses  
(5 µm), with the exception of 9-l1-PhytoPs, with growth 
being affected at 25 µm (Fig. 4). An impact on cell di-
vision has been reported previously in Arabidopsis 
(Arabidopsis thaliana), in which a treatment with 25 µm 
A1-PhytoP reduced the growth of roots by almost half 
(Mueller et al., 2008). This impact on growth also was 
noticed in mutant plants that lack tocopherols, which 
results in a lack of control of nonenzymatic lipid perox-
idation during early development (Sattler et al., 2006).

Staining with Nile Red showed a 10% to 30% in-
crease in the levels of the four PhytoPs at 50 µm at 48 h 
after incubation; this supports the induction of neutral 
lipid accumulation (Fig. 4, A–D). An increase in Nile 
Red staining also was observed at low doses of IsoP 
and NeuroP (5 µm), and the levels returned to the con-
trol level at higher concentrations (50 µm; Fig. 4, E–I). 
The activity of PSII as assessed by the Fv/Fm ratio was 
stable in cultures incubated with any of the tested iso-
prostanoids regardless of the concentration (Fig. 4).

Isoprostanoids, therefore, seem to trigger some of 
the effects observed after H2O2 treatment, in particu-
lar, a decrease in growth and an increase in the lev-
els of neutral lipids; however, no deleterious impact 
of H2O2 on photosynthesis was observed. Assuming 

an average cell volume of 65 µm3 (Li et al., 2012) for 
P. tricornutum, the consolidated cell volume in 1 × 106 
cells can be calculated to be 65 µL. The bioactive con-
centrations of isoprostanoids (i.e. triggering an effect 
on P. tricornutum) ranged from 10 to 300 pmol per  
1 million cells (Fig. 2; i.e. in the 0.15 to 4 µm range). 
Are these concentrations consistent with a role in cell-
to-cell communication (i.e. as molecules known as 
infochemicals) or a role as intracellular mediators? In 
the oceanic environment, the expected concentrations 
for a possible role as a cell-to-cell mediator is in the 
low picomole to nanomole range, which is far below 
the concentrations found in this study to speculate on 
isoprostanoids serving as infochemicals. Rather, the 
dose-response analyses we performed, which showed 
a biological effect on P. tricornutum cells (Fig. 4), rep-
resent realistic conditions for intracellular mediators. 
Thus, we propose a model for the induction of isopros-
tanoids in P. tricornutum and their activity (Fig. 5). First, 
this model considers environmental conditions that in-
duce stress in diatoms, leading directly or indirectly to 
the dysfunction of organelles like the chloroplast, the 
mitochondrion, or the peroxisome or triggering an ox-
idative burst, such as that occurring in some biotic in-
teractions in plants. Such series of cellular effects occur 
in the majority of abiotic and biotic stresses. ROS are 
then produced, including O2

•-, H2O2, and, following 
the different reactions described above, OH•. If protec-
tive systems fail to control the oxidative stress, lipid 
peroxidation can occur, essentially at the level of PC 
and/or DGTA, containing the sufficient amounts of FA 
substrates to allow the generation of PhytoP, IsoP, and 
NeuroP. These isoprostanoids inhibit growth and in-
duce the production of TAG via an unknown process. It 
is possible that isoprostanoids regulate the MGDG-to- 
TAG conversion and, thus, contribute to this PUFA 
protection mechanism. Isoprostanoids apparently have 
no effect on photosystems, indicating that another 
mechanism is involved to account for the susceptibil-
ity of PSII to H2O2. Other biological actions might be 
controlled by isoprostanoid signaling, possibly at the 
transcriptional level. In plants, PhytoPs were shown to 
regulate gene expression (Thoma et al., 2003; Loeffler et 
al., 2005; Mueller et al., 2008), up-regulating genes re-
lated to detoxification, stress response, and pathways 
not associated with chloroplasts and photosynthesis.

CONCLUSION

The production of oxidized FAs in P. tricornutum has re-
mained unexplained for decades. No gene equipment 
seems present to allow the production of canonical 
prostanoids, such as jasmonic acids or prostaglandins 

profiles of membrane glycerolipids following treatment with increasing doses of H2O2. Data correspond to biological triplicates 
± sd. SQDG, Sulfoquinovosyldiacylglycerol. Values correspond to three biological replicates. Statistically relevant responses 
(two-way ANOVA with Dunnett’s posthoc test) are indicated by asterisks: *, P < 5 × 10−2; **, P < 5 × 10−3; and ****, P < 10−4.

Figure 3. (Continued.)
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and thromboxanes. This phenomenon is not specific to 
all diatoms, since other species, such as S. marinoi, have 
oxylipin biosynthetic pathways producing prostanoids 
(Gerecht et al., 2011; Gallina et al., 2016; Di Dato et al., 
2017). A first line of investigation focused on the possi-
ble production of polyunsaturated aldehydes (PUAs). 
After wounding or exposure to nutrient stresses, dia-
tom PUFAs were shown to be oxidized enzymatically 
into volatile PUAs, including 2E,4E-decadienal (Miralto 
et al., 1999). PUAs initially were considered potent 
interspecific and intraspecific signaling compounds, 
triggering programmed cell death (Casotti et al., 2005; 
Vardi et al., 2006) and possibly acting as infochemicals 

in population size control. However, PUAs could not be 
detected in P. tricornutum lipidomic analyses (Collins  
et al., 2016); therefore, they might be present at ex-
tremely low levels. Effects of PUAs on P. tricornutum 
were detected in the high 20 µm range, which seems 
above the concentration expected for a cell-to-cell 
mediation by multiple orders of magnitude, making 
PUAs unlikely infochemicals. The mode of action of 
PUAs via the activation of nitric oxide was reevaluated 
recently (Dolch et al., 2017). That study characterizes 
nonenzymatic cyclopentane-oxylipins in P. tricornutum, 
in high intracellular concentrations, which is consis-
tent with their function as signaling compounds. Not 

Figure 4. Effects of PhytoPs, IsoPs, and NeuroPs on P. tricornutum cells. Values correspond to three biological replicates. A 
48-h incubation was performed in a volume of 2 mL, on 24-well plates, inoculated at 106 cells mL−1, with immediate addition 
of chemicals. Three concentrations of each isoprostanoid were tested (5, 25, and 50 µm). Incubations were performed with 
9-l1-PhytoP (A), ent-9-l1-PhytoP (B), 16-B1-PhytoP (C), ent-16-B1-PhytoP (D), 8-F3t-IsoP (E), 8-epi-8-F3t-IsoP (F), 18F3t-IsoP (G), 
18-epi-18F3t-IsoP (H), and 4(RS)-4-F4t-NeuroP (I). Cell growth (circles), Nile Red accumulation (squares), and the PSII quantum 
efficiency Fv/Fm (triangles) were measured after 48 h of treatment as described in “Materials and Methods.” Results were nor-
malized to untreated controls. Statistically relevant responses (two-way ANOVA) are indicated by asterisks: *, P < 5 × 10−2; **, 
P < 5 × 10−3; ***, P < 1.1−3; and ***, P < 1.1−4.
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all membrane lipids seem to be appropriate for their 
production, since only PC and DGTA have the most 
coherent FA profile with the molecular diversity of 
isoprostanoids produced. F1t-PhytoP produced from 
C18:3 is the most abundant form. The production of 
NeuroP also can explain why a very low basal level of 
C22:6 is maintained in PC and DGTA, whereas other 
glycerolipids seem to contain only traces of this FA or 
to not contain any. We provide evidence that isopros-
tanoids are potential intracellular mediators, partly re-
sponsible for TAG accumulation triggered by oxidative 
stress.

The high content of PUFAs and VLC-PUFAs inside 
these lipid droplets suggests a role in the protection of 
FAs sensitive to oxidation. A similar mechanism might 
control the accumulation of small lipid droplets in  
P. tricornutum exposed to nitric oxide, as NO• is known 
to react with O2

•− to form ONOO− ions, which is in-
volved in the nitrosylation and peroxidation of lipids 
(Janssen, 2001). Excessive oxidative conditions can 
lead to the conversion of isoprostanoids into toxic al-
dehydes (Long et al., 2008), as one of the entry points 
toward necrosis. Potential foci for future research  
include the exploration of environmental conditions 

Figure 5. Model for nonenzymatic isoprostanoid production and a specific role in ROS-dependent signaling pathways in  
P. tricornutum.
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triggering isoprostanoid production in P. tricornutum 
and the identification of molecular and cell compo-
nents involved in their control. Large-scale cultures 
treated with synthetic isoprostanoids should allow 
refined analyses of transcriptomic, proteomic, and 
lipidomic changes that will help characterize the com-
ponents of the signaling pathways. Finally, microalgal 
oil is considered a promising resource for the develop-
ment of biofuels and green chemistry; therefore, it is  
relevant to identify the molecular mechanisms driving 
the accumulation of unsaturated FA/monounsaturated  
FA inside TAGs in conditions such as nutrient stress 
and those involved in the protection of PUFAs inside 
TAGs under oxidative stress and the likely combina-
tion of both under numerous conditions.

MATERIALS AND METHODS

Chemicals

The chemicals used in the composition of growth media and 30% (v/v) H2O2 
were obtained from Sigma-Aldrich. Eight PhytoP standards (9-l1-PhytoP, ent-9-
l1-PhytoP, ent-16-epi-16-F1t-PhytoP, 9F1t-PhytoP, 16F1t-PhytoP + 9-epi-9-F1t-PhytoP, 
16(RS)-16-A1t-PhytoP, 16-B1-PhytoP, and ent-16-B1-PhytoP), three NeuroP stan-
dards (4(RS)-4-F4t-NeuroP, 10-F4t-NeuroP, and 10-epi-10-F4t-NeuroP), and eight 
IsoP standards (8-F3t-IsoP, 8-epi-8-F3t-IsoP, 18F3t-IsoP, 18-epi-18F3t-IsoP, 15-F2t-IsoP, 
15-epi-15-F2t-IsoP, 5-F2t-IsoP, and 5-epi-5-F2t-IsoP) were chemically synthesized 
(Durand et al., 2004; El Fangour et al., 2005; Oger et al., 2010; Guy et al., 2014, 
2015). The internal standard d4-15-F2t-IsoP was acquired from Cayman Chemicals.

Cultivation of Phaeodactylum tricornutum

P. tricornutum (Pt1) Bohlin Strain 8.6 CCMP2561 (Culture Collection of Ma-
rine Phytoplankton, now known as NCMA: National Center for Marine Algae 
and Microbiota) was used in all experiments. Pt1 cells were maintained and 
grown in a volume of 50 mL in 100-mL flasks or in a volume of 2 mL on 24-well 
plates at 20°C in a modified ESAW 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, and thiamine [vitamin B1] 0.594 µm; Falciatore et al., 
2000) using ESAW 10N10P, containing 5.49 mm NaNO3 and 0.224 mm NaH3PO4;  
Abida et al., 2015). Cells were grown on a 12/12-h light (50 μE m−2 s−1)/
dark cycle. Growth was evaluated by cell counting using a TECAN Infinite 
M1000Pro plate reader and determined following the equation y = 1.834 × 10−08 
x + 0.03758, where x = the A730 and y = the number of cells (Conte et al., 2018).

Incubation of P. tricornutum with H2O2

From a stock solution of 9.79 m H2O2 (Sigma-Aldrich), a 0.5 m stock solu-
tion was prepared freshly and dissolved in ESAW 10N10P medium. A 50-mL 
volume of P. tricornutum was incubated at a cell density of 5 × 106 cells mL−1, 
in 100-mL flasks, with different concentrations of H2O2 (0, 0.25, and 0.75 mm) 
during 48 h. These H2O2 concentrations were defined empirically based on 
P. tricornutum growth. Incubations were performed in independent biological 
triplicates. Growth was quantified based on absorption at 730 nm using a TECAN 
Infinite M1000Pro plate reader and normalized with the untreated control 
(Conte et al., 2018).

Incubation of P. tricornutum with PhytoPs, NeuroPs, and 
IsoPs

A 2-mL volume of a P. tricornutum culture was inoculated at a cell density of 
106 cells mL−1, on 24-well plates, and incubated with different concentrations 

of isoprostanoids (0, 5, 25, and 50 µm) solubilized in methanol (final concen-
tration, 1%) during 48 h. Growth was quantified based on absorption at 730 
nm using a TECAN Infinite M1000Pro plate reader and normalized with the 
untreated control (Conte et al., 2018).

Chlorophyll Fluorescence and Photosynthetic Parameters

To determine photosynthesis parameters in cell cultures, room tempera-
ture fast chlorophyll fluorescence kinetics was measured using a Speedzen MX 
fluorescence imaging system (JBeamBio) with previously described settings 
(Johnson et al., 2009; Allorent et al., 2013). To this end, a 150-µL volume of P. tri-
cornutum culture was transferred to a transparent 96-well plate and dark incu-
bated for 15 to 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, and Fm is the maximal fluorescence after a saturating light pulse with 
green light (520 nm) of dark-adapted cultures. Fv is the difference between Fm 
and F0. With these parameters, the maximum efficiency of energy conversion 
of PSII can be calculated as Fv/Fm (Butler and Kitajima, 1975; Misra et al., 2012).

Imaging of TAG Accumulation in P. tricornutum Cells 
Based on Nile Red Staining

The accumulation of TAG droplets in lipid droplets in the cytosol was mon-
itored using Nile Red (Sigma-Aldrich) fluorescent staining (excitation wave-
length at 485 nm, emission at 525 nm) as described previously (Cooksey et al., 
1987; Abida et al., 2015; Conte et al., 2018). In brief, cells were diluted and ad-
justed to a cell density that was linearly correlated with Nile Red fluorescence. 
Nile Red solution (40 μL of a 2.5 μg mL−1 stock solution in dimethyl sulfoxide) 
was added to 160-μL cell suspensions. Nile Red fluorescence values were nor-
malized to the cell concentration. Lipid droplets stained with Nile Red were 
then visualized using a Zeiss LSM800 confocal laser scanning microscope 
equipped with a Zeiss Plan-APO 63× numerical aperture, 1.46 oil-immersion 
objective and enlarged 4×. Nile Red fluorescence was monitored by excitation 
at 488 nm and a capture zone ranging from 579 to 641 nm. Chlorophyll auto-
fluorescence was monitored by excitation at 488 nm and a capture zone rang-
ing from 650 to 700 nm. Bright-field acquisition was performed in parallel. 
Acquired images were imported and analyzed with ImageJ 1.48v using the 
BIO-FORMATS plugins 5.7.2. Student’s t test was performed to compare the 
means of lipid droplet dimensions (radius).

Glycerolipid Extraction and Profiling

Glycerolipids were extracted from freeze-dried P. tricornutum cells grown 
in 50 mL of ESAW medium. About 50 × 106 to 100 × 106 cells are required for 
a triplicate analysis. First, cells were harvested by centrifugation and immedi-
ately frozen in liquid nitrogen. Once freeze dried, the pellet was suspended in 
4 mL of boiling ethanol for 5 min to prevent lipid degradation, and lipids were 
extracted as described previously (Simionato et al., 2013) by the addition of 2 
mL of methanol and 8 mL of chloroform at room temperature. The mixture 
was then saturated with argon and stirred for 1 h at room temperature. After 
filtration through glass wool, cell debris was rinsed with 3 mL of chloroform:-
methanol (2:1, v/v), and 5 mL of 1% NaCl was then added to the filtrate to 
initiate phase separation. The chloroform phase was dried under argon before 
solubilizing the lipid extract in 1 mL of chloroform. Total glycerolipids were 
quantified from their FAs: in a 10-µL aliquot fraction, a known quantity of 
saturated 15-carbon FA (15:0) was added and all FAs were methanolyzed into 
methyl esters (FAMEs) by a 1-h incubation in 3 mL of 2.5% H2SO4 in pure meth-
anol at 100°C (Jouhet et al., 2003). The reaction was stopped by the addition 
of 3 mL of water, and 3 mL of hexane was added for phase separation. After 
20 min of incubation, the hexane phase was transferred to a new tube. FAMEs 
were extracted a second time via the addition, incubation, and extraction of 
another 3 mL of hexane. The combined collected hexane fractions (6 mL) were 
argon dried, and FAMEs were suspended in 40 µL of hexane for analysis by 
gas chromatography coupled with flame ionization detection (Perkin-Elmer), 
using a BPX70 (SGE) column. FAMEs were identified by comparison of their 
retention times with those of standards (Sigma-Aldrich) and quantified by the 
surface peak method using 15:0 for calibration.

Extraction and quantification were performed with three biological rep-
licates. Glycerolipids were then analyzed and quantified by HPLC-tandem 
mass spectrometry, with appropriate standard lipids (Jouhet et al., 2017). In 
brief, lipid extracts corresponding to 25 nmol of total FAs were dissolved in 
100 µL of chloroform:methanol (2:1, v/v) containing 125 pmol of each internal 
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standard. The internal standards used were phosphatidylethanolamine 18:0-
18:0 and diacylglycerol 18:0-22:6 from Avanti Polar Lipids and SQDG 16:0-18:0 
extracted from spinach (Spinacia oleracea) thylakoid (Demé et al., 2014) and hy-
drogenated (Buseman et al., 2006). Lipids then were separated by HPLC and 
quantified by tandem mass spectrometry. Lipid classes were separated using 
an Agilent 1200 HPLC system using a 150-mm × 3-mm (length × i.d.) 5-µm 
diol column (Macherey-Nagel) at 40°C. The mobile phases consisted of hex-
ane:isopropanol:water:1 m ammonium acetate, pH 5.3 (625:350:24:1, v/v/v/v; 
A), and isopropanol:water:1 m ammonium acetate, pH 5.3 (850:149:1, v/v/v; 
B). The injection volume was 20 µL. After 5 min, the percentage of B was in-
creased linearly from 0% to 100% in 30 min and kept at 100% for 15 min. This 
elution sequence was followed by a return to 100% A in 5 min and an equil-
ibration for 20 min with 100% A before the next injection, leading to a total 
run time of 70 min. The flow rate of the mobile phase was 200 µL min−1. The 
distinct glycerophospholipid classes were eluted successively as a function of 
the polar head group.

Mass spectrometric analysis was performed on a 6460 triple quadrupole 
mass spectrometer (Agilent) equipped with a jet stream electrospray ion 
source under the following settings: drying gas heater at 260°C, drying gas 
flow at 13 L min−1, sheath gas heater at 300°C, sheath gas flow at 11 L min−1, 
nebulizer pressure at 25 p.s.i., capillary voltage at ±5,000 V, and nozzle voltage 
at ±1,000 V. Nitrogen was used as the collision gas. PC and DGTA analyses 
were carried out in positive ion mode by scanning for precursors of mass-to-
charge ratio 184 and 236, respectively, at collision energy (CE) of 34 and 52 eV. 
SQDG analysis was carried out in negative ion mode by scanning for precur-
sors of mass-to-charge ratio −225 at CE of −56 eV. Phosphatidylethanolamine, 
phosphatidylinositol, PG, MGDG, and DGDG measurements were performed 
in positive ion mode by scanning for neutral losses of 141, 277, 189, 179, and 
341 D at CEs of 20, 12, 16, 8, and 8 eV, respectively. Diacylglycerol and TAG 
species were identified and quantified by multiple reaction monitoring as sin-
gly charged ions [M+NH4]

+ at CE of 16 and 22 eV, respectively. Each lipid spe-
cies was quantified by multiple reaction monitoring with a 50-ms dwell time 
and the various transitions recorded previously (Abida et al., 2015). Mass spec-
tra were processed using the MassHunter Workstation software (Agilent) for 
the identification and quantification of lipids. Lipid amounts (pmol) were cor-
rected for response differences between internal standards and endogenous 
lipids and by comparison with a qualified control. Qualified control extracts 
correspond to a known P. tricornutum lipid extract qualified previously and 
quantified by thin-layer chromatography and gas chromatography coupled to 
flame ionization detection, as described earlier (Jouhet et al., 2017).

Isoprostanoid Extraction and Mass Spectrometry Analyses

Samples (30 mg dry weight) of P. tricornutum cells were ground for 30 s 
into 1 mL of 0.025% (w/v) butylated hydroxytoluene in methanol, using a 
FastPrep-24 (MP Biomedicals) homogenizer set at maximum velocity (6.5 m 
s−1). Samples were then transferred to clean vials, to which were added 1 mL of 
MeOH, 1.5 mL of phosphate buffer (pH 2), and 6 µL of isoprostanoid internal 
standard mix. This mixture was stirred for 1 h at 100 rpm (1.7g) at room tem-
perature. Then, samples were centrifuged at 3,000g for 5 min. The supernatant 
was recovered, and 4 mL of cold chloroform was added. Samples were then 
stirred for 30 s and centrifuged at 3,000g for 5 min at room temperature. The 
chloroform phase was separated and concentrated under nitrogen (0.7 bar) 
at 40°C during 1 h. Hydrolysis then was performed with 950 µL of 1 m KOH 
mixed during 30 min at 40°C. At the end, 1 mL of 0.04 m formic acid (pH 4.5) 
was added. Then, a solid phase extraction procedure was performed with Oa-
sis MAX mixed polymer phase cartridges, preconditioned with 2 mL of meth-
anol and equilibrated with 2 mL of formic acid (0.02 m, pH 4.5). Samples were 
loaded onto the cartridges, and successive washings were performed using 2 
mL of 2% (v/v) NH3, 2 mL of a methanol:formic acid (0.02 m, pH 4.5) mixture 
(30:70), 2 mL of hexane, and 2 mL of a hexane:ethyl acetate mixture (70:30). 
Columns were dried for 5 min. The retained PhytoPs, NeuroPs, and IsoPs 
were collected following two elutions with 1 mL of a hexane:ethanol:acetic 
acid mixture (70:29.4:0.6). Samples were concentrated under nitrogen at 40°C 
for 30 min and reconstituted in 100 µL of mobile phase (solvent A, water with 
0.1% formic acid; solvent B, acetonitrile:MeOH, 8:2 [v/v] with 0.1% formic 
acid; A/B ratio, 83:17) for injection. Isoprostanoids were separated as de-
scribed earlier (Vigor et al., 2018). Mass spectrometry analyses were performed 
using an AB SCIEX QTRAP 5500 (Sciex Applied Biosystems). The ionization 
source was electrospray, operated in negative mode. The source voltage was 
kept at ×4.5 kV, and N2 was used as the curtain gas. Detection of the fragmenta-
tion ion products from each PhytoP, NeuroP, and IsoP deprotonated molecule 

[M−H]− was performed in multiple reaction monitoring mode. Quantification 
of PhytoPs, NeuroPs, and IsoPs was carried out by measuring the area under 
the specific peak using MultiQuant 3.0 software (Sciex Applied Biosystems). 
Area values were normalized to the cell concentration. The concentration of 
the analytes was obtained by calibration curves calculated by the area ratio of 
the analytes and the isoprostanoid internal standard (Vigor et al., 2018).

Genomic Sequence Analyses

The search for genes coding for potential homologs of reference sequences 
characterized in other organisms, such as human or Arabidopsis (Arabidopsis 
thaliana), was achieved using BLAST (Altschul et al., 1990). Reference genes 
were selected in the Uniprot (https://www.uniprot.org/) and TAIR (https://
www.arabidopsis.org/) databases. Parameters selected for BLAST searches 
were as follows: scoring matrix, Blosum62; penalty for gap opening, 11; pen-
alty for gap extension, 1; and with a filter for low-complexity regions. The 
last version of the P. tricornutum genome was obtained via the Ensembl portal 
(http://protists.ensembl.org/Phaeodactylum_tricornutum).

Statistical Analyses

Analyses were performed in biological triplicates. Statistical analyses were 
achieved using GraphPad Prism software 6.07 (GraphPad Software). One-way 
and two-way ANOVA followed by Dunnett’s posthoc test were carried out. 
The difference between groups was considered significant at P ≤ 0.05.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Examples of enzymatic prostanoids from plants 
and animals and of nonenzymatic isoprostanoids.

Supplemental Figure S2. Effect of H2O2 on P. tricornutum cells after 48 h 
of treatment.
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