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Prostaglandin A2 triggers a strong oxidative burst in Laminaria: 
a novel defense inducer in brown algae?
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We report an oxidative burst triggered by prostaglandin A
2
 (PGA

2
) in the brown algal kelp Laminaria digitata, consti-

tuting the first such discovery in an alga and the second finding of an oxidative burst triggered by a prostaglandin in a 

living organism. The response is more powerful than the oxidative burst triggered by most other chemical elicitors in 

Laminaria. Also, it is dose-dependent and cannot be inhibited by diphenylene iodonium, suggesting that another source 

than NAD(P)H oxidase is operational in the production of reactive oxygen species. Despite the very strong oxidative 

response, rather few effects at other levels of signal transduction pathways could be identified. PGA
2
 does not increase 

lipolysis (free fatty acids) in Laminaria, and only one oxylipin (15-hydroxyeicosatetraenoic acid; 15-HETE) was found to 

be upregulated in Laminaria. In a subsequent set of experiments in the genome model Ectocarpus siliculosus, none of 5 

selected candidate genes, all established participants in various stress responses, showed any significant differences in 

their expression profiles.

Key Words: Cyclopentenone; diphenylene iodonium; Phaeophyta; polyunsaturated fatty acids; prostaglandin A
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INTRODUCTION

Brown algae (Phaeophyta) make up most of the ben-

thic biomass on temperate and polar rocky shores. Kelp 

forests are key ecosystems of such coastal areas and they 

constitute habitat and breeding grounds for a very large 

diversity of marine life forms - besides offering a physical 

protection by providing a wave energy-absorbing buffer 

for coasts. Brown algae belong to a lineage that has been 

evolving independently of other major photosynthetic 
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synthesize compounds of direct antimicrobial toxicity 

such as reactive oxygen species (ROS), phytoalexins and 

pathogenesis-related proteins. Higher plants are also 

known to activate genes involved in the oxylipin cascade 

such as lipoxygenases, in a process that appears similar 

to the arachidonic acid cascade in mammals (Andreou et 

al. 2009). Many inducible defense genes are regulated by 

signalling pathways involving one or more low molecular 

weight signal molecules, such as jasmonic acid, salicylic 

acid, ethylene, and possibly H
2
O

2 
(Reymond and Farmer 

1998, Orozco-Cárdenas et al. 2001).

The oxidative burst was initially discovered in human 

macrophages (Baldridge and Gerard 1933). It is now rec-

ognized also as a key element of plant (Wojtaszek 1997, 

Mittler et al. 2004) and algal (Potin et al. 2002, Dring 2005, 

Cosse et al. 2007) defense, where it is considered both as a 

rapid defense response and an internal emergency signal. 

It consists of the rapid and massive production of ROS 

such as superoxide (O
2

-), hydrogen peroxide (H
2
O

2
), and 

hydroxyl radicals (•OH)which are likely produced via the 

interaction of plasma membrane-associated NAD(P)H 

oxidases (Wojtaszek 1997). Hence, pathogen attack trig-

gers both the production of ROS and the oxidation cas-

cade of fatty acids leading to the production of bioactive 

oxylipins in plants. In algal systems, the oxidative burst 

was initially discovered in response to injury in a red alga 

(Collén et al. 1994). Over the last decade, oxidative bursts 

in response to oligosaccharide elicitors were observed in 

a number of red and brown algal models, in most cases 

to control the growth of bacterial biofilms (Weinberger et 

al. 1999, Weinberger and Friedlander 2000a, 2000b, Küp-

per et al. 2001, 2002, 2006, 2009) or the attack of eukary-

otic endophytes (Bouarab et al. 1999, Küpper et al. 2002). 

More recently, the involvement of an oxidative burst in 

the wound healing response of a siphonalean green alga 

was highlighted (Ross et al. 2005), including its cross-

communication with nitric oxide signalling (Ross et al. 

2006). 

Most polyunsaturated fatty acids (PUFAs) in higher 

plants belong to the C
18

 family, whilst polyunsaturated C
20

 

fatty acids seem to occur only in very few species. In con-

trast, algal lineages such as the Phaeophyceae (Hofmann 

and Eichenberger 1997) produce both C
18 

and C
20

 PUFAs 

in significant amounts. A number of algae have become 

industrial sources of biotechnologically important PU-

FAs such as arachidonic acid (C20:4) or eicosapentaenoic 

acid (C20:5) (Colombo et al. 2006, Spolaore et al. 2006).

Oxylipins and prostaglandins in particular are impor-

tant intra- and intercellular messengers in all living or-

ganisms. Among the cellular signalling responses which 

lineages, in particular the green plants (Chlorophyta) 

and red algae (Rhodophyta). Instead, they are classi-

fied within the Stramenopiles and Chromalveolates to-

gether with diatoms, golden-brown algae and oomycetes 

(Baldauf 2003). As a consequence of this singular evolu-

tionary history, brown algae exhibit many unusual, and 

often unique, features. These features are adaptations to 

the marine coastal environments in which brown algae 

are usually the dominant organisms in terms of biomass, 

in particular by forming extensive kelp forests structuring 

these ecosystems. The key role of kelp forests, effectively 

constituting an interface between the ocean, the atmo-

sphere and land masses, in the biogeochemical cycle of 

halogens is well established (Carpenter et al. 2000, Küp-

per et al. 2008).

Ectocarpus siliculosus is a filamentous brown alga with 

a worldwide distribution along temperate coastlines, and 

is a nuisance as a “fouling” organism on many man-made 

surfaces in the sea. It has some significant advantages as 

an experimental model and constitutes one of the best-

studied seaweeds (Peters et al. 2004, Charrier et al. 2008); 

it can easily be cultivated in small volumes of seawater 

media both axenically and with associated bacteria (Mül-

ler et al. 2008); it belongs to a sister group of the ecologi-

cally and economically very important kelps; its entire, 

well-known life cycle can be completed within a few 

months in culture; many molecular tools are available, 

including mutant collections (Peters et al. 2004), micro-

arrays (Dittami et al. 2009) and proteomics (Ritter et al. 

2010). It has also recently become the first seaweed of 

which the entire genome has been sequenced and thus 

offers unprecedented opportunities for study (Cock et al. 

2010).

Like all other marine organisms, marine algae are sub-

ject to a virtually permanent onslaught of a broad spec-

trum of pathogens - including viruses (Müller and Knip-

pers 2001), chytrid fungi (Gleason et al. 2011), oomycetes 

(Strittmatter et al. 2009) and endophytic / parasitic algae 

(Ellertsdóttir and Peters 1997). While some algal patho-

gens have been known since the 19th century (e.g., Wright 

1877), mechanistic aspects have been studied only for lit-

tle more than a decade (e.g., Potin et al. 2002). A signifi-

cant finding of recent years was that brown and red algae 

share key defense mechanisms with animals and higher 

plants (Küpper et al. 2001, Potin et al. 2002).

The mammalian response to microbial attack involves 

the activation of immune response genes, including 

those involved in the arachidonic acid cascades, lead-

ing to the synthesis of leukotrienes and prostaglandins 

(Funk 2001, Gachon et al. 2010). In comparison, plants 
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with these studies, Wiesemeier et al. (2008) did not ob-

serve defense-related effects of jasmonate in other spe-

cies of brown algae.

Considering the paramount importance of prostaglan-

dins in the defense of mammalian cells, the scope of this 

study was to screen 5 prostaglandins as potential defense 

elicitors in brown algae. In analogy to our previous stud-

ies, we monitored Laminaria digitata for an oxidative 

burst response and changes in its fatty acid and oxylipin 

profile. Then, following the identification of PGA
2
 as a po-

tent trigger of an oxidative burst in Laminaria and taking 

advantage from the availability of the Ectocarpus genome 

(Cock et al. 2010), we investigated prostaglandin effects 

on the transcriptional induction of 5 candidate genes 

potentially related with oxidative stress, defense and cell 

rescue. 

MATERIALS AND METHODS

Chemicals

Prostaglandins (PGE
1
, PGE

2
, PF

2
α, PGB

1
, PGA

2
) were 

obtained from FLUKA and Cayman Europe (Tallinn, Es-

tonia), dissolved in dimethyl sulfoxide and stored at -20 C̊ 

until further use. These prostaglandins had been pre-

selected among a multitude of compounds due to their 

established, stress-related roles in other organisms.

Laminaria digitata

For experiments involving Laminaria, essentially the 

same procedures as described previously for studying 

the effects of lipopolysaccharides (Küpper et al. 2006) 

and free fatty acids and methyl jasmonate (Küpper et al. 

2009) were used. Briefly, young L. digitata sporophytes 

[produced from gametophyte strains CCAP 1321/1 (♀) 

and CCAP 1321/2 (♂) from Helgoland] were grown in 

half-strength Provasoli ES (PES) medium (Starr and Zei-

kus 1987) prepared from natural Atlantic open-ocean 

water. They were illuminated with daylight-type fluores-

cent lamps at an irradiance of 9 µE m-2 s-1 for 10 h per day 

and kept at 10 ± 1°C. Sporophyte thalli were transferred 

to fresh medium at one-or two-week intervals. They were 

used for experiments when they had reached a length of 

5 mm to 3 cm. 

For assessing the effects of prostaglandins on oxida-

tive metabolism in Laminaria, thalli were incubated in 

10 mL filtered seawater in petri dishes at 12°C, to which 

dilutions of PGE
1
, PGE

2
, PF

2
α, PGB

1
 or PGA

2 
were added 

ROS generation can trigger is the activation of fatty acids 

by the production of oxygenated PUFAs called oxylipins 

which play a key role against abiotic and biotic stress in 

plants and metazoans. In mammals, these compounds 

(which include leukotrienes and prostaglandins) are pro-

duced from the oxidation of C
20

 PUFAs. Prostaglandins 

mediate pivotal functions in immunity processes and 

cell development, allergic reactions and, in a broader 

sense, defensive stress responses (Funk 2001). Further-

more, in plants, their recruitment during wounding 

stress, pathogen and herbivore invasions has been fully 

confirmed in recent years (Farmer et al. 2003, Farmer 

and Schulze-Lefert 2005). In our previous work, we had 

shown that bacterial surface macromolecules (especially 

lipopolysaccharides) can trigger both an oxidative burst 

and induce the release of free fatty acids and synthesis 

of oxylipins in Laminaria (Küpper et al. 2006). More re-

cently, we observed similar effects following treatment of 

Laminaria with linolenic and arachidonic acid as well as 

methyl jasmonate (Küpper et al. 2009): besides triggering 

an oxidative burst, these compounds led to a release of 

free fatty acids and oxylipin synthesis and, significantly, 

to an induced resistance against the kelp endophyte 

Laminariocolax tomentosoides. However, in neither of 

these studies the formation of cyclopentenones such as 

prostaglandins or jasmonate was observed. However, 

cyclopentenones have recently been found to be synthe-

sized in Laminaria under copper stress (Ritter et al. 2008) 

constituting the only report of cyclopentenones in brown 

algae to date. Other than that, all reports of cyclopente-

nones reported from seaweeds originate from red, not 

brown algae - e.g., methyl jasmonate in Chondrus crispus 

(Bouarab et al. 2004), PGA
2
, PGE

2
, PGF

2
 and 15-keto-pros-

taglandins in Gracilaria verrucosa (Sajiki 1997, Imbs et al. 

2001, Dang et al. 2010) and PGE
2
 in Gracilaria tenuistipi-

tata (Hsu et al. 2008) and G. rhodocaudata (Sajiki 1997). 

In none of these cases, a function could be associated 

with these compounds yet, even though in several cases 

prostaglandin production was found to be upregulated 

by some form of stress (e.g., Sajiki 1997, Imbs et al. 2001, 

Bouarab et al. 2004, Gaquerel et al. 2007, Hsu et al. 2008). 

Interestingly, prostaglandin content (or production, re-

spectively) has been associated with occasional cases 

of toxicity of seaweeds to humans (Higa and Kuniyoshi 

2000). Contrasting with these, the observation of phloro-

tannin induction by airborne methyl jasmonate in Fucus 

by Arnold et al. (2001) and our finding of the activity of 

exogenous methyl jasmonate in Laminaria (Küpper et al. 

2009) so far remain the only cases of a cyclo pentenone 

showing a biological effect in a brown alga. Contrasting 
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Series II; Hewlett Packard, Palo Alto, CA, USA) coupled to 

mass spectrometry (HP 5971A; Agilent Technologies, San-

ta Clara, CA, USA) after appropriate derivatizations. Fatty 

acids were quantified by GC-MS as methyl esters from 

standard curves obtained by measuring the peak surfaces 

of authentic standards. Statistic significance for increases 

of PUFAs and oxylipins amounts after treatments com-

pared to controls was tested by a Student t-test.

Ectocarpus siliculosus

All experiments with Ectocarpus used the genome-

sequenced strain E. siliculosus CCAP 1310/4 (Cock et 

al. 2010). Monoeukaryotic, clonal cultures of this strain 

were grown in 650 mL filter cap suspension flasks (175 

cm²; Greiner Bio-One, Courtaboeuf, France) at 15°C us-

ing half-strength modified Provasoli-enriched sea water 

(West and McBride 1999), at 10 µE m-2 s-1 (daylight-type 

fluorescent lamps, 12 h photoperiod). 

Treatments with PGA
2
 (obtained from FLUKA and Cay-

man Europe, as above)
 
were performed at a final concen-

tration of 10 μM in an experimental procedure developed 

by Zambounis, Strittmatter and Gachon (unpublished / 

personal communication). Briefly, algal cell cultures were 

treated as follows: PGA
2
 or ethyl ester (controls; 10 µL 

per 15 mL of culture) was added for 2 h each day during 

seven consecutive days. Following incubation the mate-

rial was rinsed and placed in fresh half-strength modified 

at final concentrations of 100 µM. The concentration of 

hydrogen peroxide in the medium around algal thalli 

was determined using the luminol chemiluminescence 

method (Glazener et al. 1991) with a LUMAT LB 9507 lu-

minometer (EG&G Berthold, Bad Wildbach, Germany), 

as described before (Küpper et al. 2001).

For all further studies following the finding of PGA
2
 as 

a potent inducer of the oxidative burst, a dose-response 

curve for the oxidative burst was measured using the 

aforementioned chemiluminescence assay, with final 

PGA
2 
concentrations of 0.1, 1, 3, 6 and 10 µM, respectively. 

For analyses of free fatty acids and oxylipins, Laminaria 

thalli were incubated with PGA
2
 at a final concentration 

of 10 µM. Tissue samples were subsequently frozen and 

ground in liquid nitrogen. The frozen powder was trans-

ferred into borosilicate tubes and homogenized with 2 

mL of ethyl acetate. Lipids were extracted by mixing on a 

rotary shaker for 1 h at 4°C and then 1 mL of ice cold water 

was added. The mixture was kept 5 min on ice and then 

centrifuged at 4°C and 3,500 g. After recovery of the or-

ganic phase, ethyl acetate was evaporated under a stream 

of argon. Lipid analyses were performed as described 

previously (Küpper et al. 2006). Oxylipins were identified 

by reverse phase-high performance liquid chromatogra-

phy coupled to a mass spectrometer (HPLC-MS) (Finni-

gan, Manchester, UK) in atmospheric pressure ionisation 

(APCI) and negative ion mode. Structural assignments 

were confirmed by gas chromatography (GC) (HP 5890 

Table 1. Overview of the primers used for monitoring the response of stress gene candidates in Ectocarpus siliculosus

Primer name Primer sequence
Forward (5´-3´)
Reverse (5´-3´)

ID 
Ectocarpus siliculosus 
genomea

Reference

EF1a GCAAGGGCCTCAGCTCTG
ACAAGCCGTCTGGGTATATGTTAGC

Esi0387_0021 Le Bail et al. (2008)

vBPO_3 GGAACTGCCCAACCTTTCGG
GCTCGTCACAGAAGTCGTCTCC

Esi0009_0080 Strittmatter et al. 
  (unpublished)

MnSOD CGGTGGTGTCTGAGAACTAC
GTGGTGGAAGATAATCGCAATG

Esi0091_0024 Strittmatter et al. 
  (unpublished)

HSP70_1 AGGCGTTGGATTGGCTGGAC
ACAACTCGTCGTCTCCGAAGTC

Esi0002_0284 Strittmatter et al. 
  (unpublished)

GRX CGGCTTCTAAACAGGGCAGGAG
GGTCTACGCATCAGGGCTAACAC

Esi0010_0089 Zambounis, Strittmatter and 
Gachon (unpublished / per-
sonal communication)

GST ATGCCCGTGTTGGAGGTAGATG
GCACTGTCGGCGAAAGCG-

Esi0191_0054 De Franco et al. (2008)

mN TCATTTTTCATGTGGAGGTCTCTG
GCCAAACAAACAACAACCCTC

Esi0092_0006 Le Bail et al. (2008)

EF1a, elongation factor 1α; vBPO, vanadium-dependent bromoperoxidase; MnSOD, manganese superoxide dismutase; HSP70, heat shock protein 
70; GRX, glutaredoxin; GST, glutathione S-transferase.
aCock et al. (2010).
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melting curve analysis from 65 to 95°C with readings ev-

ery 0.5°C and 10 s hold between them. 

Relative variation in gene expression ratios was calcu-

lated as fold changes relative to the control experiments 

using REST 2009 software (Pfaffl et al. 2002). EF1a was 

used as internal reference gene. Expression ratios of test-

ed genes were determined between the control samples 

and the corresponding, treated samples using the geo-

metric means of each group. Statistical significance of the 

results was tested [p(H1)] with pairwise fixed reallocation 

randomization tests using the REST 2009 software (M. 

Pfaffl, Munich; Qiagen, Hilden, Germany).

RESULTS

Oxidative burst

Among the five prostaglandins (PGE
1
, PGE

2
, PF

2
α, PGB

1
, 

PGA
2
) tested in Laminaria, only PGA

2
 was found to be ac-

tive (Fig. 1). The threshold concentration was observed 

to be between 0.1 and 1 µM, and the response occurred 

within seconds after adding the compound (Fig. 1). The 

strongest response was in the range of 5 µmol hydrogen 

peroxide per gram fresh weight. Also, diphenylene iodo-

nium (DPI) at 10 µM did not inhibit the response of L. 

digitata to PGA
2 
(data not shown). 

Lipid metabolism

Fig. 2 provides an overview of free saturated and un-

saturated fatty acid contents in Laminaria upon incuba-

tion with PGA
2
. No significant differences in the amounts 

of individual and total free fatty acids, compared to con-

trols, were observed after this treatment. 

Three oxylipins, previously identified as relevant mark-

ers of fatty acid oxidation in Laminaria (Küpper et al. 

2006), were quantified (Fig. 3). When compared to con-

trol conditions, PGA
2
 treatment resulted, after 10 min, 

in significantly (p < 0.001) increased levels of free 15-hy-

droxyeicosatetraenoic acid (15-HETE). In contrast, no 

significant differences were observed for 13-hydroxyocta-

decatreienoic (13-HOTE) and 15-hydroxyeicosapentae-

noic acids (15-HEPE).

Gene expression analysis

In order to monitor the gene expression profiles ob-

tained after PGA
2
 treatment in Ectocarpus, five candidate 

genes (vBPO, MnSOD, HSP70, GRX, GST) were selected 

Provasoli-enriched seawater in 650 mL filter cap suspen-

sion flasks (175 cm²; Greiner Bio-One). The experimental 

procedure included two biological and three technical 

replicates each, respectively. Cultures were harvested for 

RNA extraction by concentrating the culture on 70 µm ny-

lon mesh filters (Cell Strainers™; BD Biosciences, Oxford, 

UK), quickly dried with an autoclaved paper towel, and 

immediately immersed in RNALater™ solution (Ambion, 

Austin, TX, USA), left for perfusion for 1 day at 4°C, fol-

lowed by storage at -80°C.

Total RNA was extracted from approximately 70 mg 

(fresh weight) of tissue using the Qiagen RNeasy® Plant 

Mini-kit (Qiagen, Crawley, UK) and DNase-treated 

(RNAse-free DNAse I; Invitrogen, Paisley, UK), accord-

ing to the manufacturer’s instructions with the following 

modifications: Two volumes (900 µL) of buffer RLC was 

added to the disrupted tissue (Step 2; see RNeasy® Plant 

Mini-kit protocol; Qiagen) which resulted in cleaner, 

higher yield RNA extraction. Quality and integrity as-

sessments as well as quantification of the RNA were per-

formed using a Bioanalyzer 2100™ (Agilent Technolo-

gies) with the corresponding Agilent RNA 6000 Nano Kit. 

From each RNA sample, 0.5 μg was reverse transcribed to 

cDNA using SuperScript® III First-Strand Synthesis Sys-

tem (Invitrogen) according to the manufacturer’s instruc-

tions. Subsequently, first strand cDNAs were diluted with 

nuclease-free water to a final concentration of 1 ng μL-1.

Potential molecular responses of E. silicilosus to PGA
2
 

treatment were monitored with five stress marker genes 

(Table 1), following the protocol of Zambounis, Stritt-

matter and Gachon (unpublished / personal communi-

cation). The specificity, efficiency and dynamic range of 

the primers were tested on 1/5 serial dilutions of cDNA 

(range, 0.24-150 ng for elongation factor 1α [EF1a], vana-

dium-dependent bromoperoxidase [vBPO], manganese 

superoxide dismutase [MnSOD] and heat shock protein 

70 [HSP70]; 0.12-75 ng for glutaredoxin [GRX]; 0.048-

30 ng for glutathione S-transferase [GST]). The absence 

of genomic DNA contamination was examined in each 

sample with the intron-specific primer mN (Table 1) (Le 

Bail et al. 2008). 

Quantitative expression analysis was performed using 

a QUANTICA™ real-time PCR system (Techne-Barlo-

world, Stone, Staffordshire, UK). Quantitative polymerase 

chain reactions (qPCRs) were run in a final volume of    

20 µL with 2 ng cDNA and 300 μM of each primer with Me-

saGreen™ reaction mix (Eurogentec, Southampton, UK). 

Reactions were run in triplicates. The cycle parameters 

were 10 min at 95°C, followed by 45 runs of 15 s at 95°C 

and 1 min at 60°C. Dissociation curves were obtained by 
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A

B

Fig. 1. Prostaglandin A2 (PGA2) triggers an oxidative burst in Laminaria digitata. The graphs show the time course of hydrogen peroxide 
production, following the addition of PGA2 to the medium at t = 30 min (indicated by an arrow). (B) is a magnification of the data for the control 
series as well as 0.1, 1, 3, 6, 10 and 50 µM PGA2, respectively, while (A) includes the response curve at 100 µM PGA2. (A, B) Dashes, 100 µM; crosses, 
50 µM; circles, 10 µM; asterisks, 6 µM; × crosses, 3 µM; triangles, 1 µM; squares, 0.1 µM; diamonds, control.  

Fig. 2. Effects of prostaglandin A2 (PGA2) on the liberation of free fatty acids in Laminaria. Laminaria seedlings were kept in seawater (control) 
for 10, 30 and 60 min and treated with: PGA2 (10 µM). Free saturated and unsaturated fatty acids from C14:0 to C20:5 (C14:0, C16:0, C18:0, C16:1, 
C18:1, C18:2, C18:3, C18:4, C20:4, C20:5) were quantified by gas chromatography-mass spectrometry. Results are the mean of triplicate experi-
ments and pie charts display the relative free fatty acid composition at each sampling time. Sizes of the pie charts are proportional to total free 
fatty acid pools. No changes were observed compared to controls in relative composition and overall total pool of free fatty acids. Statistical signi-
ficance of the level of each free fatty acid after treatment against control conditions was tested using a Student t-test.
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DISCUSSION

Significantly, this study reports the first case of an oxi-

dative burst triggered by a prostaglandin in an algal or 

plant-like organism. The finding is very remarkable even 

with regard to animal models, where prostaglandins are 

known as modulators rather than actual inducers of oxi-

dative bursts (Vaidya et al. 1999). To our knowledge, only 

one case of an oxidative burst triggered by a prostaglan-

din has been reported in eukaryotes, that of 15-deoxy-

delta(12,14)-prostaglandin J
2
, an agonist of peroxisome 

proliferator activated receptor gamma, which induces 

superoxide anion production in human cells, with an effi-

cacy similar to its action on ERK phosphorylation (Huang 

et al. 2002). In contrast, some prostaglandins have been 

reported to inhibit the oxidative burst (e.g., Ottonello et 

al. 1995). Also, the oxidative burst observed here is among 

the strongest in amplitude ever observed in a brown algal 

system: The PGA
2
-triggered oxidative burst is consider-

ably stronger with up to 5 µmol H
2
O

2
 g-1 FW observed, in 

contrast to around 1 mol H
2
O

2
 g-1 FW for oligoguluronates 

(Küpper et al. 2001, 2002), lipopolysaccharides (Küpper 

et al. 2006), polyunsaturated free fatty acids and methyl 

jasmonate (Küpper et al. 2009). In contrast to arachidonic 

acid and methyljasmonate (MeJA) (Küpper et al. 2009), 

the oxidative burst response to PGA
2
 in Laminaria in-

creased in a dose-response-like manner towards higher 

concentrations, with the strongest response observed at 

100 µM. Also, contrary to the response triggered by li-

popolysaccharides and methyl jasmonate, the oxidative 

burst in response to PGA
2 

occurs within seconds after 

treatment. 

Whilst the oxidative burst triggered by arachidonic 

acid, MeJA (Küpper et al. 2009), oligoguluronates (Küp-

per et al. 2001, 2002) and lipopolysaccharides (Küpper et 

al. 2006) can be inhibited by DPI, this does not apply to 

the response to PGA
2
. This finding indicates that at least 

two different sources of ROS co-operate in oxidative burst 

responses in brown algae. This is consistent with certain 

results in higher plants (Bolwell et al. 1998, Bestwick et 

al. 1999) which suggest that both an NAD(P)H oxidase, a 

neutrophil-like superoxide-generating enzyme, suscepti-

ble to inhibition by DPI, a suicide substrate of flavin-con-

taining oxidases (O’Donnell et al. 1993), and peroxidases 

should be involved in the oxidative burst.

Moreover, it is noteworthy that besides activating an 

oxidative burst, lipopolysaccharides (Küpper et al. 2006), 

polyunsaturated free fatty acids, MeJA (Küpper et al. 2009) 

and PGA
2
 (this study) also induce fatty acid oxidation in 

Laminaria leading to the synthesis of hydroxyl-PUFAs 

based on our results in a parallel proteomics study of Ec-

tocarpus subject to biotic stress (infection by Eurychasma 

dicksonii; Strittmatter, Gachon, Grenville-Briggs, van 

West, Potin and Küpper unpublished) in order to repre-

sent different functional categories related to oxidative 

stress, defense and cell rescue. Their respective transcript 

accumulations were quantified by a qPCR approach; in 

both biological repetitions after PGA
2
 treatment the rela-

tive expression ratios of all target genes did not exhibit 

any significant differences compared to control samples 

[p(H1) > 0.05] (Table 2). 
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Fig. 3. Effects of prostaglandin A2 (PGA2) on the synthesis of 
oxidized fatty acids in Laminaria. Laminaria seedlings were kept 
in seawater (control) for 10, 30 and 60 min and treated with PGA2 
(10 µM, the same periods of time as the control). 13-hydroxyoctade-
catrienoic acid (13-HOTE) (A), 15-hydroxyeicosatetraenoic acid (15-
HETE) (B), and 15-hydroxyeicosapentaenoic acid (15-HEPE) (C) were 
quantified by HPLC-APCI(-)-MS. Results are the mean of triplicate 
experiments and expressed (+/- SE) in µg g-1 of wet mass. Statistical 
significance of treatments against control conditions were tested 
using a Student t-test (**p < 0.001). HPLC-APCI(-)-MS, reverse phase-
high performance liquid chromatography coupled to a mass spectro-
meter in atmospheric pressure ionisation and negative ion mode.
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tors of cyclooxygenase and prostaglandin biosynthesis, 

indomethacin and aspirin (Jaworek et al. 2001), allene 

oxide synthase, aspirin (Pan et al. 1998) and of lipoxygen-

ase (salicylhydroxamic acid) on the oxidative burst trig-

gered by arachidonic acid in Laminaria which we have 

recently reported (Küpper et al. 2009) may be considered 

as first indications in this aspect. But neither in terrestrial 

plants nor in algae, any evidence exists so far for PPAR-

like receptors. On the other hand, the possibility that ara-

chidonate and PGA
2
 selectively activate the production of 

two independent sources of ROS could explain the lack of 

inhibitor effects.

Evidence is growing that if terrestrial plants recognize 

their own lipid-based signals, they may also be able to 

recognize those of herbivores. For instance, caterpillar re-

gurgitant contains aminated eicosanoids (peptidolipids) 

that are perceived by higher plants and induce elevated 

defenses (Arimura et al. 2000, Turlings et al. 2000). In this 

respect, it is noteworthy that prostaglandins have been 

described as elicitors from the oral secretions of herbi-

vores (Schultz and Appel 2004) recognized by plants. A 

similar interpretation might be considered for the role of 

prostaglandins in the defense of Laminaria - even though 

PGA
2
 has been shown to be synthesized in brown algae 

(Ritter et al. 2008), it cannot be ruled out to be produced 

by grazers and pathogens attacking brown algae as well.

The substantial knowledge about the important model 

Ectocarpus (Peters et al. 2004, Charrier et al. 2008), in-

cluding the recently-accomplished genome sequencing 

project (Cock et al. 2010), prompted us to investigate this 

alga for potential molecular responses to PGA
2
 treatment. 

However, our results with Ectocarpus showed no expres-

- even though in the case of PGA
2 

only one product (15-

HETE) was present in significantly increased amounts. 

The major compounds observed in these studies, 13-

HOTE, 15-HETE and 15-HEPE, have been described in 

Laminaria (Gerwick 1994) as putative ω-6 lipoxygen-

ase metabolites. These three compounds (derivatives of 

C18:3, C20:4 and C20:5, respectively) have been reported 

to be anti-inflammatory mediators in mammals (Miller et 

al. 1990) but their physiological relevance in brown algae 

remains enigmatic. In our recent studies, we demonstrat-

ed that levels of these fatty acid hydroxides were highly 

increased after treatment of Laminaria plantlets with 

either bacterial lipopolysaccharides (Küpper et al. 2006), 

PUFAs or arachidonic acid (Küpper et al. 2009) and excess 

of copper (Ritter et al. 2008). The activation of such an in-

tensity of PUFA oxidation was not reproduced here after 

treatment with PGA
2
 - in fact, the low levels of free fatty 

acid release and fatty acid oxidation after PGA
2
 treatment 

compared to the effects of lipopolysaccharide, MeJA and 

PUFAs are quite remarkable. This would support the no-

tion that fatty acid oxidation is either not essential for the 

establishment of an oxidative burst when thalli are treat-

ed with PGA
2
, i.e., that this prostaglandin activates signal-

ling events considerably down-stream of PUFA oxidation 

- or that PGA
2 
itself is a major agonist in defense reactions 

not recognized in previous studies. Further studies will be 

needed to address this question.

Furthermore and like for the peroxisome-proliferator 

activated receptors α and γ (PPAR α and γ) in mammals 

(Kliewer et al. 1995), arachidonic acid could be recog-

nized by the same target receptors in L. digitata as its 

prostaglandin derivative: The absence of effects of inhibi-

Table 2. Effects of prostaglandin A2 (PGA2) on relative gene expression in Ectocarpus siliculosus

Gene
Reaction 
efficiency

Expression ratio Standard error p(H1)

1st 
biological 
repetition 

2nd 
biological 
repetition

1st 
biological 
repetition

2nd 
biological 
repetition

1st 
biological 
repetition

2nd 
biological 
repetition

EF1a 1.300 1.000 1.000

vBPO 1.078 0.748 1.140 0.355-1,231 0.604-1.764 0.623 0.767

MnSOD 1.292 0.802 0.631 0.622-1,000 0.498-0.819 0.297 0.087

HSP70 1.273 0.716 0.580 0.492-0.971 0.383-0.899 0.153 0.107

GRX 1.144 0.611 0.821 0.450-0.768 0.355-2.015 0.202 0.702

GST 1.369 0.901 1.161 0.556-1.327 0.821-1.671 0.749 0.429

Relative expression ratios of the five E. siliculosus genes (after seven days of PGA2 treatment). The results represent two independent experiments 
(exp.) (n = 3). p(H1) values were calculated based on a pairwise fixed reallocation randomization test statistical model inferring 2,000 iterations 
and indicate the probability of alternate hypothesis that difference between sample and control groups is due only to chance (p < 0.05). 
EF1a, elongation factor 1α; vBPO, vanadium-dependent bromoperoxidase; MnSOD, manganese superoxide dismutase; HSP70, heat shock protein 
70; GRX, glutaredoxin; GST, glutathione S-transferase. 



Zambounis et al.   Prostaglandin A2 in Laminaria digitata

29 http://e-algae.kr

REFERENCES 

Andreou, A., Brodhun, F. & Feussner, I. 2009. Biosynthesis of 

oxylipins in non-mammals. Prog. Lipid Res. 48:148-170.

Arimura, G., Ozawa, R., Shimoda, T., Nishioka, T., Boland, W. 

& Takabayashi, J. 2000. Herbivory-induced volatiles elicit 

defence genes in lima bean leaves. Nature 406:512-515.

Arnold, T. M., Targett, N. M., Tanner, C. E., Hatch, W. I. & Fer-

rari, K. E. 2001. Evidence for methyl jasmonate-induced 

phlorotannin production in Fucus vesiculosus (Phaeo-

phyceae). J. Phycol. 37:1026-1029.

Baldauf, S. L. 2003. The deep roots of eukaryotes. Science 

300:1703-1706.

Baldridge, C. W. & Gerard, R. W. 1933. The extra respiration of 

phagocytosis. Am. J. Physiol. 103:235-236.

Bestwick, C., Bolwell, P., Mansfield, J., Nicole, M. & Wojtaszek, 

P. 1999. Generation of the oxidative burst - scavenging 

for the truth. Trends Plant Sci. 4:88-89.

Bolwell, G. P., Davies, D. R., Gerrish, C., Auh, C. -K. & Murphy, 

T. M. 1998. Comparative biochemistry of the oxidative 

burst produced by rose and French bean cells reveals 

two distinct mechanisms. Plant Physiol. 116:1379-1385.

Bouarab, K., Adas, F., Gaquerel, E., Kloareg, B., Salaün, J. -P. & 

Potin, P. 2004. The innate immunity of a marine red alga 

involves oxylipins from both the eicosanoid and octade-

canoid pathways. Plant Physiol. 135:1838-1848.

Bouarab, K., Potin, P., Correa, J. & Kloareg, B. 1999. Sulfated 

oligosaccharides mediate the interaction between a ma-

rine red alga and its green algal pathogenic endophyte. 

Plant Cell 11:1635-1650.

Carpenter, L. J., Malin, G., Liss, P. S. & Küpper, F. C. 2000. 

Novel biogenic iodine-containing trihalomethanes and 

other short-lived halocarbons in the coastal East Atlan-

tic. Global Biogeochem. Cycles 14:1191-1204.

Charrier, B., Coelho, S. M., Le Bail, A., Tonon, T., Michel, G., 

Potin, P., Kloareg, B., Boyen, C., Peters, A. F. & Cock, J. 

M. 2008. Development and physiology of the brown alga 

Ectocarpus siliculosus: two centuries of research. New 

Phytol. 177:319-332.

Cock, J. M., Sterck, L., Rouzé, P., Scornet, D., Allen, A. E., 

Amoutzias, G., Anthouard, V., Artiguenave, F., Aury, J. 

-M., Badger, J. H., Beszteri, B., Billiau, K., Bonnet, E., 

Bothwell, J. H., Bowler, C., Boyen, C., Brownlee, C., Car-

rano, C. J., Charrier, B., Cho, G. Y., Coelho, S. M., Collén, 

J., Corre, E., Da Silva, C., Delage, L., Delaroque, N., Ditta-

mi, S. M., Doulbeau, S., Elias, M., Farnham, G., Gachon, 

C. M. M., Gschloessl, B., Heesch, S., Jabbari, K., Jubin, C., 

Kawai, H., Kimura, K., Kloareg, B., Küpper, F. C., Lang, D., 

Le Bail, A., Leblanc, C., Lerouge, P., Lohr, M., Lopez, P. J., 

Martens, C., Maumus, F., Michel, G., Miranda-Saavedra, 

sion response to PGA
2
 treatment for all five genes tested, 

highlighting that at most levels including gene expres-

sion, the overall effects of PGA
2
 remain unclear at the cur-

rent stage. Nevertheless, the unprecedented finding of a 

strong oxidative burst triggered by PGA
2
 in Laminaria, 

suggesting that this compound is a potent defense induc-

er, warrants more in-depth mechanistic investigations 

going beyond the scope of this manuscript. 

In conclusion, the discovery of an oxidative burst in 

an alga triggered by a prostaglandin is intriguing. Pros-

taglandins - in particular, PGA
2
 and its derivatives - are 

well established as feeding deterrents in corals (Gerhart 

1984, Whalen et al. 2010): the findings presented in this 

study highlight new perspectives of PGA
2 

being a more 

widespread defense molecule and inducer in the marine 

environment, in very distantly related lineages.

ACKNOWLEDGEMENTS

F. C. K. was supported by fellowships from Studien-

stiftung des Deutschen Volkes (Bonn) and the European 

Commission (Program MAST-III) during his graduate 

studies in Roscoff and Konstanz, and through funding 

from the Natural Environment Research Council (NERC, 

UK) since taking up his appointment at SAMS (in par-

ticular, grants NE/D521522/1 and NE/F012705/1 as well 

as core funding to SAMS within the framework of Oceans 

2025 WP4.5 and NF-3 CCAP). EG received a fellowship 

from the Ministère de l’Education Nationale, de la Re-

cherche et de la Technologie and the Max-Planck-Ge-

sellschaft. This study has been conducted under the Pro-

gramme de Recherche d'Intérêt Régional financed by the 

Conseil Régional de Bretagne (PRIR-N° 560408; A3CBL9). 

PP was also supported by the Institut Français de la Biodi-

versité (Programme Biodiversité et Changement Global). 

We are also grateful to the TOTAL Foundation (Paris) for 

funding the projects “Macroalgal and oomycete benthic 

diversity in the Canadian Marine Arctic” and “Brown algal 

biodiversity and ecology in the Eastern Mediterranean 

Sea”, to the European Commission for a Marie Curie PhD 

fellowship to MS (ECOSUMMER MEST-CT-2005-20501) 

and a travel grant to AZ via the ASSEMBLE program 

(Transnational Access scheme, Integrated Infrastructures 

Initiative, grant agreement no. 227799). We would also 

like to thank the Scottish Association for Marine Science 

(SAMS) for a SAMS Bursary to AZ. In particular, we would 

also like to thank Claire M. M. Gachon for assisting with 

the protocol for monitoring the transcription response of 

Ectocarpus genes to PGA
2
 treatment.



Algae 2012, 27(1): 21-32

http://dx.doi.org/10.4490/algae.2012.27.1.021 30

in eicosanoid biology. Science 294:1871-1875.

Gachon, C. M. M., Sime-Ngando, T., Strittmatter, M., Cham-

bouvet, A. & Kim, G. H. 2010. Algal diseases: spotlight on 

a black box. Trends Plant Sci. 15:633-640.

Gaquerel, E., Hervé, C., Labrière, C., Boyen, C., Potin, P. & 

Salaün, J. P. 2007. Evidence for oxylipin synthesis and in-

duction of a new polyunsaturated fatty acid hydroxylase 

activity in Chondrus crispus in response to methyljas-

monate. Biochim. Biophys. Acta 1771:565-575.

Gerhart, D. J. 1984. Prostaglandin A
2
: an agent of chemical 

defense in the Caribbean gorgonian Plexaura homomal-

la. Mar. Ecol. Prog. Ser. 19:181-187.

Gerwick, W. H. 1994. Structure and biosynthesis of marine al-

gal oxylipins. Biochim. Biophys. Acta 1211:243-255.

Glazener, J. A., Orlandi, E. W., Harmon, G. L. & Baker, C. J. 

1991. An improved method for monitoring active oxy-

gen in bacteria-treated suspension cells using luminol-

dependent chemiluminescence. Physiol. Mol. Plant 

Pathol. 39:123-133.

Gleason, F. H., Küpper, F. C., Amon, J. P., Picard, K., Gachon, 

C. M. M., Marano, A. V., Sime-Ngando, T. & Lilje, O. 2011. 

Zoosporic true fungi in marine ecosystems: a review. 

Mar. Freshw. Res. 62:383-393.

Higa, T. & Kuniyoshi, M. 2000. Toxins associated with medici-

nal and edible seaweeds. J. Toxicol. Toxin Rev. 19:119-

137.

Hofmann, M. & Eichenberger, W. 1997. Lipid and fatty acid 

composition of the marine brown alga Dictyopteris 

membranacea. Plant Cell Physiol. 38:1046-1052.

Hsu, B. -Y., Tsao, C. -Y., Chiou, T. -K. & Hwang, D. -F. 2008. 

Factors affecting PGE
2
 production in seaweed Gracilaria 

tenuistipitata. J. Food Drug Anal. 16:59-65.

Huang, W. -C., Chio, C. -C., Chi, K. -H., Wu, H. -M. & Lin, W. 

-W. 2002. Superoxide anion-dependent Raf/MEK/ERK 

activation by peroxisome proliferator activated receptor 

γ agonists 15-deoxy-∆12,14-prostaglandin J
2
, ciglitazone, 

and GW1929. Exp. Cell Res. 277:192-200.

Imbs, A. B., Vologodskaya, A. V., Nevshupova, N. V., Khotim-

chenko, S. V. & Titlyanov, E. A. 2001. Response of prosta-

glandin content in the red alga Gracilaria verrucosa to 

season and solar irradiance. Phytochemistry 58:1067-

1072.

Jaworek, J., Bonior, J., Tomaszewska, R., Jachimczak, B., Kot, 

M., Bielański, W., Pawlik, W. W., Sendur, R., Stachura, J., 

Konturek, P. C. & Konturek, S. J. 2001. Involvement of cy-

clooxygenase-derived prostaglandin E
2
 and nitric oxide 

in the protection of rat pancreas afforded by low dose of 

lipopolysaccharide. J. Physiol. Pharmacol. 52:107-126.

Kliewer, S. A., Lenhard, J. M., Wilson, T. M., Patel, I., Morris, D. 

C. & Lehmann, J. M. 1995. A prostaglandin J
2
 metabolite 

D., Morales, J., Moreau, H., Motomura, T., Nagasato, C., 

Napoli, C. A., Nelson, D. R., Nyvall-Collén, P., Peters, A. F., 

Pommier, C., Potin, P., Poulain, P., Quesneville, H., Read, 

B., Rensing, S. A., Ritter, A., Rousvoal, S., Samanta, M., 

Samson, G., Schroeder, D. C., Ségurens, B., Strittmatter, 

M., Tonon, T., Tregear, J. W., Valentin, K., Von Dassow, 

P., Yamagishi, T., Van de Peer, Y. & Wincker, P. 2010. The 

Ectocarpus genome and the independent evolution of 

multicellularity in the brown algae. Nature 465:617-621.

Collén, J., Pedersén, M. & Bornman, C. H. 1994. A stress-in-

duced oxidative burst in Eucheuma platycladum (Rho-

dophyta). Physiol. Plant. 92:417-422.

Colombo, M. L., Risè, P., Giavarini, F., De Angelis, L., Galli, 

C. & Bolis, C. L. 2006. Marine macroalgae as sources of 

polyunsaturated fatty acids. Plant Foods Hum. Nutr. 

61:67-72.

Cosse, A., Leblanc, C. & Potin, P. 2007. Dynamic defense of 

marine macroalgae against pathogens: from early acti-

vated to gene-regulated responses. Adv. Bot. Res. 46:221-

266.

Dang, H. T., Lee, H. J., Yoo, E. S., Hong, J., Choi, J. S. & Jung, 

J. H. 2010. The occurrence of 15-keto-prostaglandins 

in the red alga Gracilaria verrucosa. Arch. Pharm. Res. 

33:1325-1329.

De Franco, P. -O., Rousvoal, S., Tonon, T. & Boyen, C. 2008. 

Whole genome survey of the glutathione transferase 

family in the brown algal model Ectocarpus siliculosus. 

Mar. Genomics 1:135-148.

Dittami, S. M., Scornet, D., Petit, J. L., Ségurens, B., Da Silva, 

C., Corre, E., Dondrup, M., Glatting, K. H., König, R., 

Sterck, L., Rouzé, P., Van de Peer, Y., Cock, J. M., Boyen, 

C. & Tonon, T. 2009. Global expression analysis of the 

brown alga Ectocarpus siliculosus (Phaeophyceae) re-

veals large-scale reprogramming of the transcriptome 

in response to abiotic stress. Genome Biol. 10:R66.

Dring, M. J. 2005. Stress resistance and disease resistance in 

seaweeds: the role of reactive oxygen metabolism. Adv. 

Bot. Res. 43:175-207.

Ellertsdóttir, E. & Peters, A. F. 1997. High prevalence of in-

fection by endophytic brown algae in populations of 

Laminaria spp. (Phaeophyceae). Mar. Ecol. Prog. Ser. 

146:135-143.

Farmer, E. & Schulze-Lefert, P. 2005. Biotic interactions: from 

molecular networks to inter-organismal communities. 

Curr. Opin. Plant Biol. 8:343-345.

Farmer, E. E., Alméras, E. & Krishnamurthy, V. 2003. Jas-

monates and related oxylipins in plant responses to 

pathogenesis and herbivory. Curr. Opin. Plant Biol. 

6:372-378.

Funk, C. D. 2001. Prostaglandins and leukotrienes: advances 



Zambounis et al.   Prostaglandin A2 in Laminaria digitata

31 http://e-algae.kr

sponse to wounding, systemin, and methyl jasmonate. 

Plant Cell 13:179-191.

Ottonello, L., Morone, M. P., Dapino, P. & Dallegri, F. 1995. 

Cyclic AMP-elevating agents down-regulate the oxida-

tive burst induced by granulocyte-macrophage colony-

stimulating factor (GM-CSF) in adherent neutrophils. 

Clin. Exp. Immunol. 101:502-506.

Pan, Z., Camara, B., Gardner, H. W. & Backhaus, R. A. 1998. 

Aspirin inhibition and acetylation of the plant cyto-

chrome P450, allene oxide synthase, resembles that of 

animal prostaglandin endoperoxide H synthase. J. Biol. 

Chem. 273:18139-18145.

Peters, A. F., Marie, D., Scornet, D., Kloareg, B. & Cock, J. M. 

2004. Proposal of Ectocarpus siliculosus (Ectocarpales, 

Phaeophyceae) as a model organism for brown algal ge-

netics and genomics. J. Phycol. 40:1079-1088.

Pfaffl, M. W., Horgan, G. W. & Dempfle, L. 2002. Relative ex-

pression software tool (REST©) for group-wise compari-

son and statistical analysis of relative expression results 

in real-time PCR. Nucleic Acids Res. 30:e36.

Potin, P., Bouarab, K., Salaün, J. -P., Pohnert, G. & Kloareg, 

B. 2002. Biotic interactions of marine algae. Curr. Opin. 

Plant Biol. 5:308-317.

Reymond, P. & Farmer, E. E. 1998. Jasmonate and salicylate as 

global signals for defense gene expression. Curr. Opin. 

Plant Biol. 1:404-411.

Ritter, A., Goulitquer, S., Salaün, J. -P., Tonon, T., Correa, J. A. 

& Potin, P. 2008. Copper stress induces biosynthesis of 

octadecanoid and eicosanoid oxygenated derivatives in 

the brown algal kelp Laminaria digitata. New Phytol. 

180:809-821.

Ritter, A., Ubertini, M., Romac, S., Gaillard, F., Delage, L., 

Mann, A., Cock, J. M., Tonon, T., Correa, J. A. & Potin, P. 

2010. Copper stress proteomics highlights local adapta-

tion of two strains of the model brown alga Ectocarpus 

siliculosus. Proteomics 10:2074-2088.

Ross, C., Küpper, F. C. & Jacobs, R. S. 2006. Involvement of 

reactive oxygen species and reactive nitrogen species in 

the wound response of Dasycladus vermicularis. Chem. 

Biol. 13:353-364.

Ross, C., Küpper, F. C., Vreeland, V., Waite, J. H. & Jacobs, R. S. 

2005. Evidence of a latent oxidative burst in relation to 

wound repair in the giant unicellular chlorophyte Dasy-

cladus vermicularis. J. Phycol. 41:531-541.

Sajiki, J. 1997. Effects of acetic acid treatment on the concen-

trations of arachidonic acid and prostaglandin E
2
 in the 

red algae, Gracilaria asiatica and G. rhodocaudata. Fish. 

Sci. 63:128-131.

Schultz, J. C. & Appel, H. M. 2004. Cross-kingdom cross-talk: 

hormones shared by plants and their insect herbivores. 

binds peroxisome proliferator-activated receptor γ and 

promotes adipocyte differentiation. Cell 83:813-819.

Küpper, F. C., Carpenter, L. J., McFiggans, G. B., Palmer, C. 

J., Waite, T. J., Boneberg, E. -M., Woitsch, S., Weiller, M., 

Abela, R., Grolimund, D., Potin, P., Butler, A., Luther, G. 

W., Kroneck, P. M. H., Meyer-Klaucke, W. & Feiters, M. C. 

2008. Iodide accumulation provides kelp with an inor-

ganic antioxidant impacting atmospheric chemistry. 

Proc. Natl. Acad. Sci. U. S. A. 105:6954-6958.

Küpper, F. C., Gaquerel, E., Boneberg, E. -M., Morath, S., 

Salaün, J. -P. & Potin, P. 2006. Early events in the percep-

tion of lipopolysaccharides in the brown alga Laminaria 

digitata include an oxidative burst and activation of 

fatty acid oxidation cascades. J. Exp. Bot. 57:1991-1999.

Küpper, F. C., Gaquerel, E., Cosse, A., Adas, F., Peters, A. F., 

Müller, D. G., Kloareg, B., Salaün, J. -P. & Potin, P. 2009. 

Free fatty acids and methyl jasmonate trigger defense 

reactions in Laminaria digitata. Plant Cell Physiol. 

50:789-800.

Küpper, F. C., Kloareg, B., Guern, J. & Potin, P. 2001. Oligogu-

luronates elicit an oxidative burst in the brown algal kelp 

Laminaria digitata. Plant Physiol. 125:278-291.

Küpper, F. C., Müller, D. G., Peters, A. F., Kloareg, B. & Potin, 

P. 2002. Oligoalginate recognition and oxidative burst 

play a key role in natural and induced resistance of spo-

rophytes of Laminariales. J. Chem. Ecol. 28:2057-2081.

Le Bail, A., Dittami, S. M., De Franco, P. O., Rousvoal, S., Cock, 

M. J., Tonon, T. & Charrier, B. 2008. Normalisation genes 

for expression analyses in the brown alga model Ecto-

carpus siliculosus. BMC Mol. Biol. 9:75.

Miller, C. C., Ziboh, V. A., Wong, T. & Fletcher, M. P. 1990. Di-

etary supplementation with oils rich in (n-3) and (n-6) 

fatty acids influences in vivo levels of epidermal lipoxy-

genase products in guinea pigs. J. Nutr. 120:36-44.

Mittler, R., Vanderauwera, S., Gollery, M. & Van Breusegem, 

F. 2004. Reactive oxygen gene network of plants. Trends 

Plant Sci. 9:490-498.

Müller, D. G., Gachon, C. M. M. & Küpper, F. C. 2008. Axenic 

clonal cultures of filamentous brown algae: initiation 

and maintenance. Cah. Biol. Mar. 49:59-65.

Müller, D. G. & Knippers, R. 2001. Phaeovirus. In Tidona, C. 

& Darai, G. (Eds.) The Springer Index of Viruses. Springer 

Verlag, Berlin, Heidelberg, New York, pp. 732-736. 

O’Donnell, V., Tew, D. G., Jones, O. T. G. & England, P. J. 1993. 

Studies on the inhibitory mechanism of iodonium com-

pounds with special reference to neutrophil NADPH 

oxidase. Biochem. J. 290:41-49.

Orozco-Cárdenas, M. L., Narváez-Vásquez, J. & Ryan, C. A. 

2001. Hydrogen peroxide acts as a second messenger for 

the induction of defense genes in tomato plants in re-



Algae 2012, 27(1): 21-32

http://dx.doi.org/10.4490/algae.2012.27.1.021 32

Weinberger, F. & Friedlander, M. 2000b. Response of Graci-

laria conferta (Rhodophyta) to oligoagars results in 

defense against agar-degrading epiphytes. J. Phycol. 

36:1079-1086.

Weinberger, F., Friedlander, M. & Hoppe, H. -G. 1999. Oligo-

agars elicit a physiological response in Gracilaria con-

ferta (Rhodophyta). J. Phycol. 35:747-755.

West, J. A. & McBride, D. L. 1999. Long-term and diurnal car-

pospore discharge patterns in the Ceramiaceae, Rho-

domelaceae and Delesseriaceae (Rhodophyta). Hydro-

biologia 398/399:101-113.

Whalen, K. E., Lane, A. L., Kubanek, J. & Hahn, M. E. 2010. 

Biochemical warfare on the reef: the role of glutathione 

transferases in consumer tolerance of dietary prosta-

glandins. PLoS One 5:e8537.

Wiesemeier, T., Jahn, K. & Pohnert, G. 2008. No evidence for 

the induction of brown algal chemical defense by the 

phytohormones jasmonic acid and methyl jasmonate.  

J. Chem. Ecol. 34:1523-1531.

Wojtaszek, P. 1997. Oxidative burst: an early plant response 

to pathogen infection. Biochem. J. 322(Pt 3):681-692.

Wright, E. P. 1877. On a species of Rhizophydium parasitic on 

species of Ectocarpus, with notes on the fructification of 

the Ectocarpi. Trans. R. Ir. Acad. 26:369-380.

Ecology 85:70-77.

Spolaore, P., Joannis-Cassan, C., Duran, E. & Isambert, A. 

2006. Commercial applications of microalgae. J. Biosci. 

Bioeng. 101:87-96.

Starr, R. C. & Zeikus, J. A. 1987. UTEX: the culture collection 

of algae at the University of Texas at Austin. J. Phycol. 

23(Suppl):1-47.

Strittmatter, M., Gachon, C. M. M. & Küpper, F. C. 2009. Ecol-

ogy of lower oomycetes. In Lamour, K. & Kamoun, S. 

(Eds.) Oomycete Genetics and Genomics: Diversity, Plant 

and Animal Interactions, and Toolbox. John Wiley and 

Sons, Hoboken, NJ, pp. 25-46.

Turlings, T. C. J., Alborn, H. T., Loughrin, J. H. & Tumlinson, 

J. H. 2000. Volicitin, an elicitor of maize volatiles in oral 

secretion of Spodoptera exigua: isolation and bioactivity. 

J. Chem. Ecol. 26:189-202.

Vaidya, S., Somers, E. P., Wright, S. D., Detmers, P. A. & Bansal, 

V. S. 1999. 15-deoxy-∆12,14-prostaglandin J
2
 inhibits the 

β
2
 integrin-dependent oxidative burst: involvement of 

a mechanism distinct from peroxisome proliferator-

activated receptor γ ligation. J. Immunol. 163:6187-6192.

Weinberger, F. & Friedlander, M. 2000a. Endogenous and ex-

ogenous elicitors of a hypersensitive response in Graci-

laria conferta (Rhodophyta). J. Appl. Phycol. 12:139-145.


