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Animal-like prostaglandins in marine microalgae

Valeria Di Dato", Ida Orefice', Alberto Amato**, Carolina Fontanarosa®, Angela Amoresano?,
Adele Cutignano®, Adrianna Ianora® and Giovanna Romano®

'Department of Integrative Marine Ecology, Stazione Zoologica Anton Dohrn, Napoli, Italy; *Dipartimento di
Scienze Chimiche, Universita degli Studi di Napoli, Napoli, Italy and ®Istituto di Chimica Biomolecolare-CNR,

Pozzuoli, Napoli, Italy

Diatoms are among the most successful primary producers in ocean and freshwater environments.
Deriving from a secondary endosymbiotic event, diatoms have a mixed genome containing bacterial,
animal and plant genes encoding for metabolic pathways that may account for their evolutionary
success. Studying the transcriptomes of two strains of the diatom Skeletonema marinoi, we report,
for the first time in microalgae, an active animal-like prostaglandin pathway that is differentially
expressed in the two strains. Prostaglandins are hormone-like mediators in many physiological and
pathological processes in mammals, playing a pivotal role in inflammatory responses. They are also
present in macroalgae and invertebrates, where they act as defense and communication mediators.
The occurrence of animal-like prostaglandins in unicellular photosynthetic eukaryotes opens up new
intriguing perspectives on the evolution and role of these molecules in the marine environment as
possible mediators in cell-to-cell signaling, eventually influencing population dynamics in the

plankton.
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Prostaglandins (PGs) are considered ‘local hormones’
participating in intercellular signaling, sustaining both
homeostatic functions and mediating pathogenic
mechanisms (Wiktorowska-Owczarek et al.,, 2015).
They are enzymatically derived from 20-carbon
polyunsaturated fatty acids (PUFA) and together with
oxylipins constitute a unique class of lipid derivatives
known as eicosanoids (Wolfe, 1982).

PGs are present in all vertebrates, in some
terrestrial (Stanley, 2006) and aquatic invertebrates
(Rowley et al., 2005; Varvas et al., 2009), and have
also been identified in some macroalgae of the
genera Gracilaria and Laminaria (Sajiki and
Kakimi, 1998; Ritter et al., 2008).

Here we report, for the first time, the presence of
PGs in marine microalgae, specifically in two strains
of the diatom Skeletonema marinoi (FE7 and FE60),
known to differ for the production of oxylipins, high
in FE7 and low in FE60 (Gerecht et al., 2011).

Analysing the transcriptomes of the two strains,
we have identified the sequence of three main
enzymes involved in PG biosynthesis (Figure 1a,
Supplementary Figure S1), prostaglandin-endoperoxide
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G/H synthase 1 or cyclooxygenase-1 (COX-1), micro-
somal prostaglandin E synthase 1 (PTGES) and
prostaglandin-H2 D-isomerase (PTGHI or PTGDS),
and of a prostaglandin transporter (PTGT). Interest-
ingly, we found that the FE60 transcriptome lacked
the annotation for the enzyme COX-1 that initiates
PGs synthesis.

Real-time-qgPCR experiments confirmed the expre-
ssion of these transcripts in both strains, revealing
the presence of COX-1 also in the FE60 strain.
Expression levels varied slightly in different
phases of growth for each strain (Figures 1b-d;
growth curve in Supplementary Figure S2). In
particular, in strain FE7 COX-1 was down-regulated
(DR) in the senescent phase with respect to the
exponential phase, while in strain FE60 PTGDS and
PTGT were DR in the stationary phase (Figures 1b
and c). Overall, there was a lower expression level of
the PG pathway in the FE60 strain compared to FE7
(Figure 1d).

The presence of prostaglandin metabolites asse-
ssed by liquid chromatography/mass spectrometry
(LC/MSMS) analyses (Supplementary Figures S3 and
S4) confirmed gPCR results. The identified metabo-
lites derived not only from the main PUFA pre-
cursors eicosapentaenoic acid (EPA), the most
abundant in diatoms (Stonik and Stonik, 2015), but
also from eicosatrienoic (ETE) and arachidonic (AA)
acids, both found in very low amounts in diatoms
(d’Ippolito et al., 2004). In accordance with the gPCR
results, quantitative analysis revealed an overall
lower production of prostaglandins in the FE60
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Figure 1 The Prostaglandin pathway: expression and abundance of the prostaglandin metabolites synthesized by Skeletonema marinoi
FE7 and FE60 strains. (a) Schematic representation of prostaglandin synthesis pathway, starting from the three main precursors:
eicosatrienoic, arachidonic and eicosapentaenoic acids. The most abundant precursor PUFAs in diatoms is shown in red. Square box
contains the prostaglandins identified in our study in relation to their respective PUFA precursors. Colored rectangles or ovals indicate
presence of each enzyme in the annotation table of Skeletonema marinoi strains FE7 or FE60 (see legend). (b—d) Expression levels of
enzymes responsible for PGs synthesis and of the prostaglandin transporter measured by Real-time qPCR in exponential, stationary and
senescent phases of growth. Results were analysed with the REST software and reported as 2 log expression ratio in the exponential phase
(control) +s.d. (b, FE7 strain; ¢, FE60 strain) or as 2 log expression ratio of FE60 with respect to FE7 strain (d). Statistical analysis (N=3)
was performed using the Pair Wise Fixed Reallocation Randomization test by REST. Relative expression ratios above two fold were
considered significant. (e) Abundance of the prostaglandin metabolites identified in our Skeletonema marinoi strains, quantified with LG/
MSMS in the three different phases of growth (IN=3). Results are means of three technical replicates (b-e) for each biological replicate
(N=3).
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Figure 2 Phylogenetic analysis of the enzymes involved in the prostaglandin pathway. (a—c) Bayesian mid-point routed phylogenetic
trees of COX-1 (a), PTGE Synthase (b), PTGD Synthase (c) proteins from pennate and centric diatoms. Sequences from other organisms are
also included as outgroup. Sequences used for phylogenetic analyses are listed in Supplementary Table S3. The trees were built on scale
in the branch length (scale bars reported). Sequences are identified by the species name and annotation (where applicable), followed by
their MMETSP ID deprived of the taxon ID for simplicity or GenBank accession number. Posterior probability (PP) values are represented
with symbols at the nodes: star represents PP above or equal to 0.95; square PP between 0.75 and 0.95; triangle below 0.75. Branch coloring
refers to PP, color code is reported in figure. (a) COX and COX-like proteins (2 000 000 generations, split frequency standard deviation
(s.d.)=0.002); (b) PTGE synthase proteins (5 000 000 generations, split frequency s.d.=0.01 (¢) PTGD synthase (10 000 000 generations,
split frequency s.d.=0.04). For simplicity, large sequence clusters were condensed and identified by numbers and the nine main clades
were identified by letters highlighted with vertical bars on the right side of the picture. Numbers do not correspond to a rank (see details in

Nitzschia sp. 6887

Skeletonema marinoi 1511

4{, T

Gersemia fruticosa COX-AAAFI3168

Gersemia fruticosa COX-B AAS48061
Plexara 155-specific cydl
Plexara homomalia COX-1 AAF93169

Gammarussp. COX-1 ADB65786
mprem 5p. COX-1ADBE5785

Homo sapiens COX-1 NPOODI53
Qvis aries COX-1 NPO01009476
o

O%-1CAC10360

l_‘£ o
W Homosapiens COX-2 NPOD0O954
Ciona intestinalis COX-a XP002127674
3 Ciona intestinalis COX-b XP002127673

marinoi 31509

Pseudo-nitzschia pungens 74475
T—h‘k:mgﬂaﬁwm kerguelensis 13332
gretae 1168

AAUETA7

ta 10672

Coccotylus truncatus COX-1 AFN20596

Nostac sp. COX-1WP015113127
Chaetoceros cf. neogracile 1470

eanicu 5553

J‘Lt Staurosirasp. 23824

Skeletonema marinoi 4563
Skeletonema marinoi 26852
Skeletonema marinoi 783
Skeletonema marinoi 12376
Skeletonema marinoi 33289
Skeletonema costatum 556
Skeletonema marinoi 19182
Detonula confervacea 27510

T i ii3776

do-nitzschia 15499
Cyclotelia meneghiniona 4220
Cyclotella meneghiniana 12622
Odontella 17751

Chaetoceros debilis 3320
b= i

3844
Chaetoceros curvisetuts 51459
¥ >0.95 Chaetoceros affinis 9955
o> 0.75<0.95 Aulacoseira subarctica 17645
A Aufacoseira subarctica 57453
<0.75 llopsis glacialis 6459

g Chaetocerosneogracile 24195

Gossypium raimondii XPO1244 7452

Populus euphratica XP011003060

Archis duranensis XP015533988

Eucalyptus grondis ¥POL006I798

Comelina satiug ¥P010495074

Melumbo nucifero XPO10273922

Nicotiana sylvestris XPO0S7T72831

Porasteatolo tepidariorym XP015924263
ularis XPOO2A06052

EFIN78559

37
e Hyoha vulgoris XPO02161497
i APOOS785506

Nanaochloropsis gaditana EWM25410
fic 16150

Minutocellulus polyrmorphus 5091
Cyclaphora tenuis 3515

C s 203475
Thelossiotrix antarctica 3647
Thalassionema nitzschioides 14046
Tholossioneme frauenfeldii 1746
Liemaphara poradoxs 1305

286

Stephanopirys turis 15787
e tico 59152

Gdoniella 4973
Odontelia sinensis 17287

E Asterionellopsis glacialis 3078
a “heta 6519
Choetacers offins 66594

Chaetaceros neagracile 8419
Chaetoceros sp. 3741
| Choetoceroscf. neogracile 5187
Corethron hystrix 2064
Chaetaceros cunvisetus 41249
Chaetoceros debilis 6346

201
Praboscia olato 3501
Profioscia inermis 18304

Thalassiosira rotula 4534
Thelgssigsira minusculo 36184
Thalassiosira ontarctico 2730

— 26001
L Tholassiosira aceamed 7563
Detonula confenvacea 59290
alessiosire sp. 12737
Skeletonema morinol 5744
Thalgssiosicarsp. 6967
Tholassiosica weissfiogii 50683
Thalgssiosira weissflogii 2659
Thalassiosira weissflogli 715

EnRtomone(s p. 66539
i ‘ i 697
Amghigrora paludosa 57710

Cylindratheca cf 1529
¢

Nitzschinsp. P25505

! 69939
Pseudo-nitzschio multistriata compl5012 0
[ Pseudo-nitzschiz australis 8366 y

Fseudo-nitaschia frouduientn 56215
Pseuge-nifzschia heimii 783

Pseudo-nilzschia delicatissima 12455

Pseudo-nitzschia arenysensis 22727

1

Supplementary Information and Supplementary Figure S7).

The ISME Journal

W Chaetocer

C & 1
e i
FPyropia yezoensis ACV31082 Glutathione S-transferase
— o
PP “
1
D
E
I
ol
Attheya i 37398
Bolidomanos pacifico 15367
E Praboscia alata 18662
Proboscia alata 18662
:
— [ gigas EKC38075 ? quiring p in D synthase
9
10 I
—-A=___—______—j At I
fs sp. 68585
QOdontella3957
§% E Odonteiia sinensis 54523
Phytophthora sojoe EGZ23680
ynedropsis recta 1126
_E Ectocarpus siliculosus CBI30560 Glutathione S-transferase
— Chondrus crispus Glutathione S-transferase
Simiduia i AFV0054 like protein
ﬁ E Thauera phenylacetica WP004371111 Glutathione S-transferase
Plesiocystis pacifica WP006973551 Glutathione S-transferase
Salpingoeca rosetta XPO04998907
o 12 H
Laminaria digitata ABRO3274 Glutathione S-transferase 4
Asterioneliopsis glocialis 10541 o
|—  Aulacoseira subarctica 17710 i
i O z075<0.95
L Corethron pennattim 98897 A <0.75
Odontella sinensis 667
Tiigssiosira oceanica 1919

[



strain, even considering the biological variability
among replicates (Figure 1f, Supplementary Table
S1). Molecule quantity decreased during the station-
ary and senescent phases of growth, especially
in the FE7 strain, coherently with the DR of
COX-1 transcript expression. Interestingly, the major
EPA metabolite expected, prostaglandin E3 (PGE3),
is at least two and six times more abundant in the
FE7 strain with respect to FE60 during both
exponential and senescent phases, respectively,
while in the stationary phase the amounts are
comparable.

We also verified if a nutrient stress condition
(Supplementary information), such as silica starvation
(36 M Si(OH),), might affect the expression levels of
prostaglandin-synthesizing enzymes in the FE7 strain.
Results showed a high variability of expression levels
of the three enzymes with no significant differences in
silica starvation versus standard growth conditions
(Supplementary Figure S5).

The effect of stress conditions was extended
to all other diatom transcriptomes in the Marine
Microbial Eukaryote Sequencing Project database
(Keeling et al., 2014) through a bioinformatic
analysis. Results (Supplementary Table S2) revea-
led a huge variability among species and among
different culture conditions with only a few species
expressing all the genes of the pathway. For the
majority of species, COX-1 was not annotated.
Moreover, different treatments (nutrient depriva-
tion, temperature, CO, levels) did not have the
same effect on different species (see COX-1 Frag-
ments Per Kilobase of transcript per Million
mapped reads-FPKM value, where present, in
Supplementary Table S2). This new data disclose
similarities with previous studies showing high
genetic and metabolic variability among species
and clones in diatoms (Gerecht et al., 2011; Lamari
et al., 2013).

Alignment of SmCOX-1 with representative
COX-1 sequences showed conservation of the

aminoacidic residues involved in peroxidase
and cyclooxygenase activity (Supplementary
Figure S6).

A Bayesian phylogeny carried out with all COX-1
proteins from diatoms and other organisms
(Figure 2a) presented three main clades: one cluster-
ing most of the diatom species, including our strains,
together with the cyanobacterium Nostoc sp. and the
red alga C. truncates; a second clade, sister to the
first (posterior probability, PP=1.00) clustering
animals (crustaceans, Ciona intestinalis and mam-
mals); a third basal clade grouping only a small
portion of both pennate and centric diatom
sequences (PP=1.00). This topology may suggest
that in diatoms at least two different proteins can
exert the function of COX-1: the first in the large
diatom clade, confirmed to be a COX-1 protein due
to its phylogenetic proximity to red algal and
cyanobacterial COX-1 (Varvas et al., 2013; Brash
et al., 2014); the second was found only in four
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genera: Skeletonema, Pseudo-nitzschia, Fragilariopsis
and Nitzschia, possibly representing a different
protein sharing common domains with the first one.
Indeed, Skeletonema and Pseudo-nitzschia genera are
also present in the first clade, revealing that the two
proteins may coexist.

Figure 2 also shows the Bayesian tree for the
other enzymes required for PGs synthesis: PTGES
(Figure 2b) and PTGDS (Figure 2c). PTGES tree
showed a clear distinction between centric and
pennate diatoms clustering separately in two sister
clades (PP =0.59 for pennates and 0.97 for centrics).
Two exceptions were recorded, the two pennates
Cyclophora tenuis and Licmophora paradoxa clus-
tered with centric diatoms. PTGDS phylogeny
showed at least nine clades with nodes that were
variably supported statistically (PP from 0.53 to
1.00); five of these contained only diatom
sequences. All but one clade contained both centric
and pennate diatoms, suggesting that the nine
clades cluster different proteins present in both
diatom classes. This most likely indicates that in
diatoms different proteins can have the same
function or be expressed only in specific conditions
(see Supplementary Material for details and
Supplementary Figure S7). The relative PTGT
Bayesian tree was complex since its sequence
belongs to the broad family of ABC transporters.
Results are described in Supplementary Information
(Supplementary Figure S8).

Our findings show the existence of a canonical
animal pathway synthesizing most of the known
prostaglandins and their metabolites in a marine
unicellular eukaryote. This discovery may contribute
to unravel important aspects of the evolutionary
history of eukaryotes and the conservation of this
cell-signaling pathway from unicellular algae to
humans.

Future studies are needed to shed light on the
physiological and ecological role of PGs as chemical
mediators in diatoms and their possible influence on
plankton population dynamics.
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