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Abstract 13 

The metabolic profile of seaweeds can fluctuate depending on the environmental factors and biotic/abiotic stresses. 14 

Osmundea pinnatifida is a red alga, known as Pepper Dulse in the UK, harvested from the wild and sold as 15 

seasoning due to its unique peppery taste. This paper highlights the seasonal variation in the metabolic profile of 16 

biomass harvested from a single location over 12 months, linking this to variation in flavour. Hydrophilic 17 

interaction chromatography with tandem mass spectrometry (HILIC-PDA-MS) analysis putatively identified 28 18 

major components. Some of these have been noted in other Osmundea species (e.g. chilenones), or identified as 19 

osmoregulators in other seaweeds (e.g. mycosporines, betaines or sugar-glycerol components). Central metabolites 20 

were identified (e.g. amino or organic acids), as were others that have not previously been recorded in seaweeds. 21 

The metabolites varied in abundance across the seasons and could be allocated into five trends those that varied 22 

(increased/decreased) during winter, autumn, or summer, those which did not vary between seasons, and those 23 

where there was no apparent pattern. Components were identified that increased in abundance in winter when the 24 

flavour of Pepper Dulse is more potent. Many of these components were also extracted under aqueous conditions 25 

that replicate those in the mouth and could therefore contribute to the flavour of this seaweed. This information 26 

increases our knowledge about the biochemical composition and its seasonal variation of Osmundea pinnatifida 27 

providing insights on compounds that might be related to its taste, thus providing information relevant to future 28 

commercialization and harvest management of this species.  29 

Keywords: Osmundea pinnatifida, metabolic profile, HILIC-MS analyses, flavour, red seaweed  30 
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Introduction 33 

Seaweeds are increasingly being investigated for multiple applications, including increased use in sectors such as 34 

food, animal feed, fertilizer and hydrocolloids, but also newer areas e.g. cosmetic, nutraceutical, biomaterial, and 35 

bioenergy (Bixler and Porse 2011; Holdt and Kraan 2011; FAO 2020). These developments have also led to a 36 

recent rise in seaweed production, which reached US$13.2 billion from 32.3 Mt wet weight (wwt) between by 37 

2018 (FAO 2020). Metabolomics has become a high-resolution biochemical phenotyping tool capable of 38 

advancing our understanding of both primary and secondary metabolism. It has been used in the assessment of 39 

responses to environmental stress, biomarker analysis, chemotaxonomy, comparing mutants and different growth 40 

stages, drug discovery, studying global effects of genetic manipulation, and natural product discovery (Higashi 41 

and Saito 2013; Muranaka and Saito 2013; Putri et al. 2013; Kim et al. 2011). However, the application of 42 

metabolomics in seaweeds is still beginning compared to more intensely studied terrestrial plants (Gaubert et al. 43 

2019; Davis and Vasanthi 2011) and much of the work in seaweeds has been restricted to targeted identification 44 

of single classes of metabolites (Kumari et al. 2013a,b; Kundel et al. 2012). There is a lack of information on the 45 

global metabolomic response of seaweeds, especially in relation to changing environment conditions (Greff et al. 46 

2017a; Kumar et al. 2016), with most studies focusing on specific classes of compounds overlooking the interplay 47 

of many metabolites likely to have important ecological functions. In 2011, the first high coverage metabolomic 48 

study on red algae was published (Nylund et al. 2011), which described changes in metabolites produced by 49 

Agarophyton vermiculophylla (Ohmi) Gurgel, J.N.Norris et Fredericq in relation to defence responses. Metabolite 50 

concentrations in seaweed vary between and within species (Oliveira et al. 2013; Wright et al. 2000) and can be 51 

affected by environmental factors (biotic and abiotic) (Slattery et al. 2014). Attempts to constitute a reference 52 

library for seaweed metabolites have also been made (Davis and Vasanthi 2011).  53 

Algae have been part of the human diet for thousands of years (e.g. 14,000 yBP in Chile; Dillehay et al. 2008; in 54 

China, 300 A.D.; in Ireland, 600 A.D.; Newton 1951; Tseng 1981; Aaronson 1986; Craigie 2010). The FAO (2014) 55 

reported that 38 % of the 23.8 million tonnes of seaweeds in the 2012 global harvest was directly eaten by humans 56 

(e.g. kelps, nori/laver) and nowadays food products for human consumption account for almost 85% of the total 57 

seaweed industry value (FAO 2018). While nutritional value is the main quality aspect of food (Picone et al. 2011), 58 

molecular nutritional studies offer the possibility to detect thousands of distinct chemical identities in food 59 

(Wishart 2008). Osmundea pinnatifida (Hudson) Stackhouse has a strong peppery flavour, suggested to be derived 60 

from secondary metabolites (Faulkner 1986; Bittner et al. 1985; Erickson 1983; Bano et al. 1988; Ahmad and Ali 61 

1991). Although these molecules may also provide protective functions (e.g. deter grazing by molluscs and fish, 62 

Brito et al. 2002), for humans, the taste makes this seaweed a high value food ingredient. O. pinnatifida has also 63 

been shown to have antimicrobial activity against bacteria (Usmanghani et al. 1984), antileishmanial (Sabina and 64 

Aliya 2011) and antifungal activities (Silva et al. 2018). Recent studies have focused on the bioactivity (Campos 65 

et al. 2019) and chemical, structural, and cytotoxic characterization of the species (Rodrigues et al. 2019). 66 

However, the origin of its flavour has not as yet been delineated. 67 

This study reports on a metabolic profiling approach to examine the seasonal variation in samples of O. pinnatifida 68 

collected at the same site over a 12-month period. The  changes in major components across the year were 69 

compared to the known flavour quality of the seaweed. Using this information, we can identify the best harvesting 70 
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periods for the species for taste/flavour, according to seasonal patterns identified, which could be useful for further 71 

cultivation and commercial applications.  72 

 73 

Materials and methods 74 

Collection of samples 75 

Wild samples of Osmundea pinnatifida (whose identity was confirmed prior to the biochemical analyses first 76 

through observation at the microscope of the identifying characters- according to the key characters identified by 77 

Maggs and Hommersand (1993) as representative of the species-and then through molecular barcoding, Biancacci 78 

2019), were collected monthly at low tide from Dunstaffnage bay (North-West coast of Scotland, UK, 79 

56°27'06.8"N 5°26'44.9"W), on a rocky shore over a 1-year period from August 2016 until July 2017.  80 

Environmental conditions in proximity of the investigated site are assessed yearly through surveys at the Scottish 81 

Association for Marine Science (SAMS). The site as a typical annual cycle of surface water temperatures that goes 82 

from a winter minimum of ~ 8 °C in March to a summer maximum of ~ 14 °C in August (Fig. S8a). Salinity ranges 83 

between 29.14 and 33.6 g kg-1 with significant variability throughout the year mediated by rainfall runoff events 84 

that lead to low salinity incursions in the surface waters (Fig. S8b). All nutrient concentrations decrease in spring 85 

through algal growth with nitrate being exhausted in late May before increasing again in July as water column 86 

stratification breaks down (Fig. S9). Air temperature data from Met Office and light (intensity and hours of light) 87 

from Centre for Environmental Data Analyses (CEDA) are presented in Fig. S10.  88 

Samples (composed by the entire specimen without holdfast) were then carried to the lab, cleaned manually to 89 

remove any visible epiphytes and/or grazers, rinsed with filtered and UV sterilised seawater three times, rinsed 90 

quickly with distilled water (dH₂O) to remove excess of salt, blotted dry with paper towels, and wrapped in 91 

aluminium foil. They were then plunged into liquid nitrogen and stored at -80°C for at least 24 hours. Samples 92 

were freeze-dried until completely dry. The initial moisture contents varied between 80 and 88 % (see 93 

Supplementary information, Fig. S1). They were ground with a mortar and pestle (particle size < 2-3 mm), the 94 

powder flushed with nitrogen and then stored at -80 °C until analysis. 95 

Extraction of seaweed samples 96 

Triplicate samples (100 mg ± 5 mg) of freeze-dried milled material were weighed and extracted with 1 ml of 50% 97 

acetonitrile/ ultrapure water (UPW) containing 0.1% (v/v) formic acid. This extraction procedure has been found 98 

to give good coverage of metabolites from plants and previous work on selected seaweeds (Gaubert et al. 2019; 99 

Dailey and Vuong 2015). Samples were vortexed thoroughly then extracted on a blood rotator for 30 minutes at a 100 

constant speed of 40 rpm with vortex mixing every 10 minutes. After centrifugation (16,100 rcf at 5 °C for 10 101 

minutes), the supernatants were decanted into separate tubes and completely dried in a Speed Vac rotatory 102 

evaporator. Prior to HILLC-MS, dried samples were re-suspended in 600 µL of 20% acetonitrile/UPW, vortexed 103 

and placed in an ultrasonic bath for 10-15 minutes filled with iced water until fully re-suspended. They were then 104 

centrifuged at 16,100 rcf (13,200 rpm) for 10 minutes at 5°C. 105 

Seaweed samples, from November and May, were also extracted under aqueous conditions using 4-(2-106 

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer to replicate the conditions in the mouth and 107 

compare against the total set of components extracted using solvent. These two months were chosen as they are 108 
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representative of winter and summer conditions and because they correspond with when the seaweed reaches the 109 

maximal biomass and it is of the best quality (November) and the reproductive season (May) (Maggs and 110 

Hommersand 1993), before the biomass decreases and eventually bleaches in the summer (Prathep et al. 2003). 111 

Freeze-dried samples were weighed out in triplicate (100 ± 5 mg) and extracted with 1 mL of 100 mM HEPES 112 

containing 300 mg CaCl2 L⁻¹ at pH 6.8 to more closely mimic salivary pH and conditions as outlined above. After 113 

centrifugation, the pellet was re-extracted with 1.5 mL HEPES solution and the extracts combined.  114 

Hydrophilic interaction chromatography with tandem mass spectrometry (HILIC-PDA-115 

MS) analysis 116 

HPLC separations were performed on solvent and aqueous extracts using a Dionex U3000 UHPLC system coupled 117 

with a U3000 PDA and an LTQ-Orbitrap XL MS system (Thermo-Fisher Ltd. Hemel Hempstead U.K). The MS 118 

and PDA systems were tuned and calibrated according to the manufacturers recommended procedures. The HPLC 119 

was operated at a flow rate of 300 µl/min and the column and guard column (Sequant ZicP HILIC 150 x 4.6 mm, 120 

5 µm particle size), Sequant ZicP HILIC Guard 20 x 2.1 mm, Merck Ltd.) were maintained at 30°C. The solvents 121 

employed were: A, 20 mM ammonium carbonate prepared in HPLC grade water and solvent B: HPLC grade 122 

acetonitrile (both J.T. Baker, Scientific Chemical Supplies Ltd.). A sample injection volume of 20 µl was applied 123 

in partial-loop mode. The gradient programme was 80-20% B 0-30 min, 20-5% B 30-30.01 min, hold 5% B 30.01-124 

35 min, 5-80% 35-35.01 mins, hold 80% B 35.01-45 min. The eluent was first monitored by the U3000 PDA 125 

detector in wavelength/absorbance mode (from 200-600 nm; filter bandwidth/ wavelength step of 1 nm, filter rise 126 

time 1 sec, sample rate at 5 Hz). The PDA detector eluate was then transferred to a Thermo LTQ-Orbitrap XL 127 

mass spectrometry system operated under Xcalibur software (Thermo-Fisher Ltd. UK). Mass spectra were 128 

collected with a primary full scan event (m/z 80-1000) at a mass resolution of 30,000 full width at half maximum 129 

(FWHM defined at m/z 400) within the Fourier Transform (FT) detector, and a secondary data-dependent analysis 130 

(DDA) MS2 scan for the top 3 most intense ions. Helium was the collision gas for CID at a normalised collision 131 

energy of 45%. Only singly charged ions were selected for DDA, and isotopic ions were excluded. A scan speed 132 

of 0.1 seconds and 0.4 seconds were applied in the LTQ-IT and FT-MS respectively. The Automatic Gain Control 133 

was set to 1 x 105 and 1 x 106 for the LTQ-IT and FT-MS respectively. The ESI settings were spray voltage -3.5 134 

kV and +4.0 kV; sheath gas 60; Aux gas 30; Capillary voltage -35 V +35 V; Tube lens voltage -100 V and +100 135 

V; Capillary temperature 280°C; ESI probe temperature 100°C.  136 

The analyses on the 12 samples with 3 replicate extracts were conducted in two different blocks. To ensure 137 

conformity of analysis, two samples were chosen from the first block of analyses and re-run with the second block 138 

of samples. The peaks and intensity were not significantly different between both runs (ANOVA, p<0.05), proving 139 

the robustness of the method applied and the consistency of the analyses. Furthermore, the samples were analysed 140 

in randomised order as two independent analytical blocks respective of ESI positive and ESI negative polarities. 141 

For each analytical block, initially three injections of a mixed sample were performed for LC-MS system 142 

conditioning. A control blank sample was analysed at the start and end of the analytical block. 143 

The positive and negative mode MS data was examined, and major peaks identified using the MS (m/z value), 144 

derived molecular formula from the exact mass data and MS2 fragmentation data. Putative identifications were 145 

obtained by finding formula matches in suitable databases and in literature and backed by MS2 data. The level of 146 

identification was based on the model proposed by Sumner et al. (2007), where class 1 identification required 147 

matching against pure standard compounds, class 2 required matching of MS, MS2 data and molecular formula 148 

with database or literature data, class 3 required matching of MS and formula data with database or literature data 149 
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without MS2 backing and class 4 represents either unknown components or MS data was similar to known 150 

components.  151 

The relevant m/z values were then used to generate peak area data from the triplicate samples using the Quant 152 

browser facility of the resident XcaliburTM software using default peak width and limit of detection parameters. 153 

Blank samples were used to exclude background and carry-over peaks. The values were transferred into Excel 154 

software and graphs of peak area ± standard error (SE) against month of sampling were generated. Statistical 155 

significance was assessed using ANOVA (p<0.05). Traces showing the MS peaks across retention time were 156 

generated in Qual Browser section of the resident XcaliburTM software and were smoothed at the lowest level to 157 

reduce signal noise for presentation.  158 

 159 

Results and Discussion 160 

LC-MSn profiles of seasonal samples  161 

The MS profiles of the samples across the year were compared (Figs 1 and 2). The sampleswere displayed into 162 

two groups, from August to January and from February to July and in negative and positive mode, as the MS 163 

software could not compare all 12 plots. The major peaks detected in negative mode are listed in the Table 1 and 164 

those in positive mode in Table 2. In negative mode, the compounds included chilenones A & B and a related 165 

methyl furanone derivative, lipid derivatives, fumarate, 1,4-thiazane-3-carboxylic acid S-oxide (TCSO), 166 

carbohydrates (e.g. floridoside and digeneaside) and trans- and cis-aconitic acids. These compounds have been 167 

previously reported in other seaweeds as having bioactive properties, e.g. antimicrobial, antiviral, antifungal, anti-168 

grazing and anti-carcinogenic capabilities (San-Martín et al. 1983; Gianturco et al. 1964; de Nys et al. 1998; 169 

Plouguerné et al. 2010; Tominaga and Oka 1963; Kuriyama et al. 1960; Omar et al. 2018). Chilenone A was 170 

identified by San-Martín et al. (1983) in Laurencia chilensis and is a dimer of 2-methyl-3(2H)-furanone, which 171 

has been reported as a volatile constituent of roasted coffee (Gianturco et al. 1964). San-Martín et al. (1987) 172 

isolated chilenone B, a trimer of 2-methyl-3(2H)-furanone, from the same species. Another component was 173 

putatively identified as an unsaturated version of chilenone B. These methyl furanone derivatives are 174 

sesquiterpenoids (Fraga 2012) that have reported roles as signal molecules, and they may have anti-carcinogenic, 175 

antimicrobial, antiviral, antifungal, and anti-grazing activities, or act as attraction signals (Slaughter 1999). In 176 

plants and fruits, they have been identified as aroma compounds (e.g. in strawberry; Schieberle and Hofmann 177 

1997). Furthermore, halogenated furanones isolated from other red algae (e.g. Delisea pulchra) have been reported 178 

to have anti-microbial and anti-grazing effects (Kjelleberg et al. 1997; de Nys et al. 1998; Dworjanyn et al. 1999). 179 

Fumarate has been reported in other red macroalgae and has previously been shown to have antioxidant activities 180 

(Kang et al. 2014; Grina et al. 2020). It is also used as a flavouring additive for beverages, baked food, and baked 181 

goods (Winter 2009). Vitamin C was identified from MS data and by co-elution of the pure component also eluted 182 

at this retention time. Vitamin C has a key role in the metabolism of seaweeds, being associated with their 183 

morphogenetic, vegetative and reproductive phases (Anantharaman et al. 2011). Submerged species are usually 184 

richer in vitamin C irrespective of their taxonomical grouping (Sarojini and Sarma 1999). Maximum levels of 185 

vitamin C have been reported for green and brown algae in summer and for red algae in winter (Nielsen et al. 186 

2021); however, in this study higher concentrations of this compound were observed in summer. This may be due 187 

to the higher antioxidant content accumulated by this intertidal seaweed to overcome desiccation stresses due to 188 

high levels of radiation and warmer temperature typical of the spring-summer in the west coast of Scotland (Figs 189 
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S8 & S10), a defence mechanism previously reported also for other seaweeds growing closer to the water surface 190 

(Škrovánková 2011). 191 

Some lipid derivatives were putatively identified by MS and predicted formula evidence as methyl-docosanoic 192 

acid, eicosatrienoic acid, tricosenoic acid and hydroxy-hexadecanoic acid. These were accumulated especially in 193 

the summer, when the species is more exposed to intense light radiation and temperature (Figs S8 & S10), hence 194 

acting as protection and stress relieved mechanism. These properties are in line with what previously reported for 195 

other seaweeds. Omar et al. (2018) reported the presence of methyl-docosanoic acid in extracts of the red alga 196 

Laurencia papillosa, which had anti-microbial activity. Furthermore, previous reports have indicated that fatty 197 

acid derivatives from seaweeds have shown strong anti-fouling activity (Bazes et al. 2009; Plouguerné et al. 2010).  198 

An interesting compound putatively identified in this study was 1,4-thiazane-3-carboxylic acid S-oxide (TCSO), 199 

a sulphur-containing amino acid, which has been previously identified in two other seaweeds, the brown alga 200 

Undaria pinnatifida (Tominga and Oka 1963) and the red alga Chondria crassicaulis (Tominga and Oka 1963; 201 

Kuriyama et al. 1960). This component is similar to cycloalliin (which is effectively a 5-methyl derivative of 202 

TSCO), an organosulphur compound found in onion and garlic, which contributes to flavour and also has several 203 

reported biological activities (Ichikawa et al. 2006). Therefore, it is plausible that TSCO plays a role in the 204 

particular taste of this seaweed. 205 

Aspartate was identified, which, along with glutamate, has been associated with Umami taste (Chandrashekar et 206 

al. 2006; Li et al. 2002). Higher levels of glutamate and aspartate are usually associated with more flavourful 207 

seaweeds e.g. S. japonica (Mouritsen et al. 2012; Mouritsen 2013). The levels of these Umami-active components 208 

may be worth examining by employing more targeted approaches in future studies.  209 

The sugar glycerides floridoside and digeneaside were identified and these components are commonly found in 210 

marine red seaweeds (Meng et al. 1987). They are and considered to act as osmolytes and compatible solutes, with 211 

stabilizing effects on enzymes, membranes and structural macromolecules under hypersaline concentrations 212 

(Barrow et al. 1995). This was confirmed in this study where the highest content of these compounds was reported 213 

between April and July, when the salinity levels were also at their highest, ranging from 31.23 to 33.6 g kg-1 (Fig 214 

S8a).  215 

Digeneaside (2-O-α-D-mannopyranosyl glycerol) is the dominant low-molecular carbohydrate in most members 216 

of the Ceramiales and it was proposed as a chemotaxonomic marker to distinguish between Ceramiales and other 217 

orders of Rhodophyta (Kremer 1978b). However, However, Barrow et al. (1995), recorded floridoside in various 218 

Ceramiales species, included O. pinnatifida, denying the initial proposition. This study recorded both floridoside 219 

and digeneaside in samples of O. pinnatifida, confirming that floridoside is present also in species of the order 220 

Ceramiales, such as O. pinnatifida.  However, this is assuming that these two sugar glycerides ionize to a similar 221 

extent, which seems reasonable. Floridoside (2-O-glycerol-α-D-galactopyranoside) is believed to play important 222 

roles in carbon storageand in the regulation of osmotic balance (Kirst 1980; Reed et al. 1980; Ekman et al. 1991). 223 

Indeed, floridoside synthesis is enhanced by high osmotic pressure conditions (Reed 1985; Ekman et al. 1991). In 224 

this study, accumulation of floridoside was reported in the summer (Fig. S3 i1-i3), when the light radiation, 225 

temperature, and salinity are higher, (Figs S8 & S10) and O. pinnatifida, as intertidal species, during low tides (up 226 

to 12 hours per day) is exposed to air and desiccation, hence favouring the accumulation of compounds like this 227 

that can help with desiccation and stress tolerance. It constitutes the major soluble pool of carbon fixed by 228 

photosynthesis and is a precursor for cell wall polysaccharides in some species (Li et al. 2002). Hellio et al. (2004) 229 
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reported that floridoside inhibited the settlement of cryptid larvae on the surface of underwater devices, suggesting 230 

its application as non-toxic, natural compound for preventing biofouling, a worldwide billion-dollar problem to 231 

the marine industry (Callow and Callow 2002). Moreover, floridoside is a potential therapeutic agent with the 232 

ability to modulate the immune response (Courtois et al. 2008; Kim et al. 2013) and has also been reported to 233 

promote bone formation (Ryu et al. 2015). The structural similarity with 2-O-α-d-glucopyranosylglycerol (GG), a 234 

compatible solute accumulated by cyanobacteria, suggests that floridoside might have functional applications as a 235 

moisturizing agent (Thiem et al. 1997), a non-cariogenic, low calorie sweetener (Takenaka and Uchiyama 2000) 236 

and a protein stabilizer (Sawangwan et al. 2010). However, industrial applications for floridoside have not been 237 

developed yet due to limited compound availability (Martínez-García et al. 2016). Trans- and cis-aconitic acid 238 

were identified. These organic acids have been investigated in other algae (Kurata et al. 1998) and halogenated 239 

forms have been linked to antioxidant capacity. 240 

The positive ESI mode MS data identified many nitrogenous components, including choline, betaine, proline, 241 

glutamine, and acetyl carnitine, as well as heterocyclic amino acids (e.g. domoic acid and the isodomoic acid 242 

derivative) and the  mycosporine-like amino acids (MAAs - palythene, porphyra-334, asterina-330, shironine & 243 

palythine). Another peak was putatively identified as an alkaloid.  244 

Nutrient limited conditions can induce a stress response in algal cells. The N containing kainic acid neurotoxin 245 

domoic acid (DA) is known to accumulate in the marine diatom Pseudo-nitzschia when N remains finite, but Si 246 

or P become limiting to growth (Fehling et al. 2004). Figure S2a demonstrates a similar relationship between 247 

nutrient concentration and domoic content in O. pinnatifida, which reported low concentrations of DA in the 248 

months of June and July when N, P and Si in the investigated area are depleted (Fig. S9). Domoic acid (DA) was 249 

originally isolated from Chondria armata and has subsequently been reported in other algae (Zaman et al. 1997).  250 

It has been investigated for its insecticidal and anthelmintic activities (Maeda et al. 1986, 1987b). Domoic acid 251 

can cause poisoning as it is similar in structure to the excitatory dicarboxylic amino acid, kainic acid, and acts as 252 

antagonist at the glutamate receptor in the central nervous system (Debonnel et al. 1989). However, DA poisoning 253 

from red algae is unknown (Higa and Kuniyoshi 2000). Glutamine is a central amino acid in red seaweed (Cole 254 

and Sheath 1990), and it has been investigated for its relationship with Umami taste in other seaweeds (e.g. Ulva 255 

sp. and Gelidium sp., Nagahama et al. 2009). It is unknown if the domoic acids themselves could influence Umami 256 

sensors in the mouth and, with glutamate, contribute to the Umami profile of Osmundea. 257 

Betaine was identified, which has recognised osmoregulation properties, facilitating adaptation to saline and dry 258 

environments (Blunden 2003) and that reported higher concentration in the species during the summer, when the 259 

species undergo dehydration/desiccation during low tide, which can be exacerbated by high level of light, 260 

temperature and of salinity reported for the site, particularly from May to July (Figs S8 & Fig S10a & b). Other 261 

betaines (acetyl carnitine, hydroxyl betaine and proline) were identified and have previously reported in red 262 

seaweeds e.g. Pyropia yezoensis (Mao et al. 2019). Proline, which together with histidine, valine and methionine 263 

is associated with a bitter taste (Kato et al. 1989) is known to accumulate in terrestrial plants in response to 264 

environmental stresses (Ashraf and Foolad 2007), including as a non-toxic, protective osmolyte under high salinity 265 

(Khatkar and Kuhad 2000). Acetyl carnitine, a naturally occurring amino acid, previously reported in brown algae 266 

(e.g. Undaria sp.) may also influence seaweed taste. This compound has been used as a diet supplement, for thyroid 267 

control, for treatment of hypertension, and cardiovascular diseases (Jeukendrup and Randell 2011; Pereira 2011). 268 
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One of the major classes of compounds reported in this study were mycosporine-like amino acids (MAAs). These 269 

algal secondary metabolites have characteristic absorbance maxima between 310 and 360 nm (Karsten and 270 

Wiencke 1999; Shick and Dunlap 2002) and > 30 different MAAs have been identified, with Rhodophyta 271 

accounting for the highest concentration and greatest variety among the different algal divisions (Karsten et al. 272 

1998; Sinha et al. 1998). The MAA compounds identified included palythene, shinorine, palythine, asterina 330 273 

and porphyra-334, previously reported in other algae (Barceló-Villalobos et al. 2017; Hartmann et al. 2017; Carreto 274 

and Carignan 2011). They are accumulated by the species investigated in the summer (Fig. S3 b & c), due to an 275 

increase in light radiation and hours of light (Fig. S10) and temperature (Figs S8b & S10a & b), therefore acting 276 

as stress-resistance mechanism for this intertidal species. The structure of MAAs allows the absorption of UV 277 

radiation and dissipation of energy without forming Reactive Oxygen Species (ROS, Sinha et al. 1998; Tao et al. 278 

2008) and they are thought to act as UV-radiation protectors in macroalgae (e.g. P. palmata, P. tenera, Devaleraea 279 

ramentacea, Bostrychia scorpioides), corals (e.g. Palythoa tuberculosa), sea squirts (Lissoclinum stellatus) and 280 

krill (Euphausia superba) (Takano et al. 1978b; Karsten and Wiencke 1999; Newman et al. 2000; Yuan et al. 281 

2009; Orfanoudaki et al. 2020). They also have antioxidant properties (Dunlap and Yamamoto 1995) and 282 

osmoregulatory roles (Hartmann et al. 2017). They have been investigated for potential in photo-protective 283 

formulations (Karsten and Wiencke 1999; Bedoux et al. 2014) and in addition to UV-protection, they have 284 

cytoprotective, immunoregulatory and anti-inflammatory properties (Suh et al. 2014, 2017; Ryu et al. 2015). 285 

Indeed, shinorine and porphyra-334 extracted from the red macroalga Porphyra umbilicalis have already been 286 

commercialised for use in cosmetics under the trade name of Helioguard 365 (Borowitzka 2013).  287 

Octanoic acid, nonanoic acid, decanoic acid, dodecanoic acid and hexadecanoic acid are central fatty acids and 288 

with amino-heptanoic acid have also been reported as precursors to seafood flavours. However, there is no 289 

information available for seaweeds (Josephson and Lindsay 1986) and this is the first report of their presence in 290 

red algae.  291 

A peak with MS properties and predicted formula that suggested an alkaloid-like derivative was identified, but it 292 

could not be specifically classified. Alkaloids in seaweed include simple phenylamines (e.g. tyramine & 293 

hordenine) and catecholamines (e.g. dopamine) as well as sulphur-containing bromoalkaloids, found commonly 294 

in red algae (Güven et al. 2010). Pharmacologically activities have been recognized for these compounds including 295 

antibacterial (e.g. terrestrial and some marine bacteria), anticancer, and cytotoxic activities (Güven et al. 2010).  296 

Identification of these compounds and its variation in the seasons can have considerable relevance in understanding 297 

the biochemical composition that regulate the taste of O. pinnatifida. The putatively identified components were 298 

grouped together into five categories, depending on the trends that those compounds followed across the year of 299 

sampling. The five main trends identified were “Levels up in summer/Down in winter”, “Levels down in 300 

summer/Up in winter”, “Random”, “No variation” and “Levels changed in autumn” (Tables 3 and 4). In positive 301 

ESI mode, compounds particularly representative of “Levels down in summer/Up in winter” were domoic acid, 302 

the putative domoic acid derivative, choline, and the putative alkaloid derivative (Table 3; Fig. S2 a-d). Particularly 303 

representative of “Levels up in summer/Down in winter” were the MAAs (Porphyra 334 and Shironine), 304 

aminoheptanoic acid, and betaine (Fig S3 a-d), while the hydroxy betaine derivative showed little change across 305 

the seasons (Fig. S4). Acetyl carnitine, glutamine and proline had more random trends (Fig S5 a-c), whereas the 306 

MAAs, Palythene and Asterina 330 (with lower content reported also in early winter), were showed a “Down in 307 

autumn” trend (Fig S6 a & b).  308 
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In negative ESI mode, the components particularly representative of “Levels down in summer/Up in winter” were 309 

fumarate, 1,4-thiazane-3-carboxylic acid S-oxide (TSCO), and homocitric acid (Table 4; Fig. S2 e-g). Particularly 310 

representative of “Levels up in summer/Down in winter” were the lipid derivatives, vitamin C, cis-aconitic acid 311 

and potential osmoregulatory components such as floridoside and digeneaside (Fig. S3 e-k). Unsaturated chilenone 312 

B, chilenone A and trans-aconitic acid had “Random” trends (Fig S5 d-f). Chilenone B was elevated in the autumn 313 

and some winter months (Fig. S7). 314 

Accumulation of compounds in summer suggests a response of the seaweed to high irradiation, day light length, 315 

desiccation, and higher temperatures that characterized the West coast of Scotland in the summer months, 316 

especially for this intertidal species exposed to tides, with associated variations in light, temperature and salinity 317 

(Karsten and Wiencke 1999; Aguilera et al. 2002, Burritt et al. 2002; Yuan 2007). On the other hand, the 318 

taste/flavour of Osmundea pinnatifida is generally thought to be more potent in the winter months. Therefore, 319 

compounds that were lower in summer (or generally higher in winter) may be related to taste and palatability, and 320 

these included components such as fumarate, 1,4-thiazane-3-carboxylic acid S-oxide (TSCO), homocitric acid, 321 

domoic acid, the putative domoic acid derivative, choline, and the putative alkaloid derivative. Chilenone B was 322 

elevated in autumn and some winter months and could also influence taste/flavour.  323 

Interestingly, glutamine, previously linked to Umami taste in other seaweeds, had the highest levels in June, 324 

followed by March and April, and the lowest in October. As Pepper Dulse is considered to be at its most 325 

flavoursome in winter, higher levels of glutamine could be expected in these months, rather than in June, March 326 

and April. However, although it varied between months, glutamine was present throughout the year (Fig S5b) and 327 

could influence flavour through synergetic effects with different compounds (e.g. TCSO, domoic acids, 328 

chilenones, etc.) that were more abundant in winter months. These synergies could also occur between any subset 329 

or all these components. 330 

 331 

Simulating oral conditions 332 

The HILIC profiles of the aqueous extracts were compared against the solvent extracted samples (Figs 4 a & b) to 333 

assess which components were more likely to be available in the mouth when the alga is eaten. The HEPES was 334 

carried over in the oral samples and was the major peak in these HILIC runs (see arrow in Figs 4 a & b). The 335 

abundance of peaks in positive ESI mode in the solvent and aqueous extracts are shown in Fig. 5a and those for 336 

the negative mode in Fig. 5b. the abundance  of compounds differed from the solvent extracted samples but no 337 

peaks were observed in the aqueous extracts that were not also present in the solvent extracts (Figs 5a & b). Almost 338 

all components were reduced in abundance compared to the solvent extracts. In negative mode, the chilenone B 339 

derivative (m/z 291), fumarate (m/z 112), vitamin C (m/z 175), methyl furanone chilenone-like derivative (m/z 340 

287), the lipid derivatives (m/z 273 & m/z 353), chilenone B (m/z 293), TCSO (m/z 162), digeneaside (m/z 267) 341 

and trans-aconitic acid (m/z 173) were significantly higher in the solvent extracts. Some components were equally 342 

abundant in the oral and solvent extracts, e.g. homocitric acid (m/z 205).  Only floridoside appeared to be higher 343 

in the oral extracts (Fig. 5a) and only for the levels of the formate adduct of this compound (i.e. m/z 299). This 344 

may be due to improved extraction in the HEPES buffer.  345 

In positive mode, domoic acid (m/z 312), the isodomoic acid derivative (m/z 330), the MAA-like derivative (m/z 346 

383), betaine (m/z 118), acetyl carnitine (m/z 204) and choline (m/z 104) were higher in the solvent extracts. Many 347 
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other components such as the MAAs (palythene at m/z 285, asterina 330 at m/z 289, & shinorine at m/z 333), the 348 

hydroxy betaine derivative (m/z 134), and proline (m/z 116) were not significantly different between the solvent 349 

and oral extracts (Fig. 5b). Moreover, the components showed the same seasonality patterns in both the aqueous 350 

and solvent-extracted samples, i.e. if a compound was higher in May and lower in November in the solvent 351 

extracts, this was reflected in the aqueous extracts. No components detected in positive mode were higher in the 352 

aqueous extracts compared to the solvent extracts. 353 

The fact that these compounds can be extracted in the aqueous saliva-like conditions, strengthens the hypothesis 354 

that these metabolites may influence the flavour of the species. However, a sensory panel test would be required 355 

to confirm the enhanced flavour in winter and further targeted analyses would help to confirm the identity and 356 

levels of the key compounds associated with peak flavour.  357 

The MS approach applied in this study has strengths as well as limitations. A wide array of techniques can be 358 

applied to obtain data for metabolomics analyses; however, MS-based and NMR spectroscopic approaches are 359 

most popular. Through NMR is it possible to characterize species and ecospecies, and to investigate endogenous 360 

changes in response to biological interactions or environmental changes in macroalgae (Nylund et al. 2011; Greff 361 

et al. 2017a, b; Gaubert et al. 2019). Nonetheless, MS-based approaches are often preferred techniques for 362 

metabolite profiling due to their moderate to high sensitivity, high reproducibility and superior separation of 363 

metabolites (Gupta et al. 2014). The hydrophilic interaction chromatography (HILIC) technique used in this study 364 

gives better metabolite coverage than reverse phase chromatography (Gika et al. 2014). While terpenoid, non-365 

terpenoid C15 and halogenated metabolites have been reported previously in this species (Norte et al. 1989; Bano 366 

et al. 1988; Ahmad and Ali 1991), these compounds were not detected in this study. This is probably because they 367 

have been obscured by other more abundant metabolites as no special extraction or targeted clean-up procedures 368 

commonly used for pre-selection and detection of specific components were applied.  369 

Indeed, this study focused on major peaks in the HILIC traces and only discussed the abundance of those 370 

components that could be at least putatively identified. However, the MS data was very rich and non-targeted 371 

analysis using various data-handling software techniques (such as. XCMS data deconvolution and use of 372 

multivariate statistics, e.g. McDougall et al. 2014) could be applied to compare the abundance of all peaks across 373 

the months and pick out those which showed similar seasonal trends (e.g. “Levels up in summer/Down in winter”), 374 

and compare them to those identified peaks.  375 

 376 

Conclusions 377 

Seasonal variation in the major components of O. pinnatifida was reported for the first time, providing new 378 

information regarding seasonal variation in composition as related to flavour. Certain metabolites increased over 379 

the summer months, whereas others increased in the autumn and winter, confirming the importance of harvesting 380 

time for the quality of this commercially valuable product. Potential taste active components were identified and 381 

some of these (e.g. 1,4-thiazane-3-carboxylic acid S-oxide, chilenones, glutamine, fumarate, homocitric acid, 382 

choline, domoic acid and derivatives) were enriched in winter samples when the flavour of Pepper Dulse is 383 

generally considered to be more intense. On the other hand, components potentially associated with stress 384 

alleviation and resistance were accumulated during the summer months when the seaweed would be subject to 385 



11 
 

increased abiotic stresses (such as higher levels of ultraviolet light). Selected samples were extracted under 386 

aqueous conditions which more closely mimicked those in the mouth, and this confirmed that the identified 387 

compounds could be related to the taste of the species.  388 

Overall, our findings enhance our understanding of the metabolic profile of O. pinnatifida harvested across 389 

different seasons and provides useful information for the quality assessment of the species. The diversity in 390 

metabolites noted has demonstrated that O. pinnatifida has a significant potential for further processing for 391 

nutraceutical, pharmaceutical and cosmetic fields, or for direct food applications. 392 
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Fig. 1a) Overlaid profiles of MS peaks of samples from August 2016 to January 2017. Negative mode base peak FTMS ESI, Full MS m/z 80-1000, FSD = full scale deflection; b) Overlaid 

profiles of MS peaks of samples from February to July 2017. Negative mode base peak FTMS ESI Full MS m/z 80-1000 RT= retention time 
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Fig. 2a) Overlaid profiles of MS peaks of samples from August 2016 to January 2017. Positive mode FTMS ESI Full MS m/z  80-1000; b) Overlaid profiles of MS peaks of samples from 

February to July 2017. Positive mode FTMSESI Full MS m/z 80-1000, FSD = full scale deflection, RT=retention time 
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Table 1 Peaks with putative IDs and retention time (negative ESI mode) 

PEAK RT m/z [M-H]- MS2* Mol. Formula** Putative ID ID level*** Reference/ Database**** 

1 4.15 291.0171 211, 203, 193, 169, 97; C15H16O6 Unsaturated Chilenone B 3 ID based on similarity to Chilenone B 

2 4.15 293.1020 275, 205, 195 C15H18O6 Chilenone B 2 San-Martín et al. 1987 

3 4.74 195.0656 177, 109, 107, 87, 85 C10H12O4 Chilenone A  2 San-Martín et al. 1987 

4 5.35-8.00 112.9931 95, 87, 69 C4H2O4 Fumarate (as [M-H]2- ion) 2 CS 4573886 

5 5.35-8.00 175.0245 115, 113 C6H8O6 Vitamin C 1 CS 10189562 

6 5.35-8.00 353.0174 None C23H46O2 Methyl-docosanoic acid 3 Omar et al. 2018 

7 5.35-8.00 305.0869 287, 261, 229, 211, 201, 181, 169 C20H34O2 Eicosatrienoic acid derivative 4 MS similarity to Eicosatrienoic acid 

8  351.0175 None C23H44O2 Tricosenoic acid  3 CS 16170 

9 5.35-8.00 273.0609 None C16H32O3 Hydroxy-hexadecanoic acid 3 CS 83805 

10 11.37 162.0226 118, 112, 100, 92, 75 C5H9O3NS 1, 4-Thiazane-3-carboxylic acid 

S-oxide  

2 Tominaga and Oka 1963; Kuriyama et al. 

1960 

11 12.30 132.0661 71 C₅H₁₁O₃N Amino-oxy pentanoic acid 2 Rajasekar et al. 2014 

12 13.11 & 

13.57 

253.0916 

(299) 

235, 199, 187, 179, 161, 143, 125, 

113, 101, 89 

C9H18O8 Isomers of floridoside and 

isofloridoside (2-O-α-D-

galactopyranosyl glycerol) 

2 Major neutral loss is 92 amu = glycerol 

Barrow et al. 1995 

13 14.61 96.9694 53 H3PO4 Phosphoric acid 2 CS 979 

14 15.36 267.0710 

(303) 

249, 237, 219, 161, 143, 105, 89, 87 C9H16O9 Digeneaside (2-O-α-D-

mannopyranosyl glycerol)  

2 Ascêncio et al. 2006 

Barrow et al. 1995 

15 15.65 132.0299 115, 114, 88, 71 C₄H₇NO₄ Aspartic acid 2 CS 411 

16 17.89 205.0347 187, 125 C7H10O7 Homocitric acid 2 CS 26392 

17 18.64 & 

19.05 

173.0084 129, 111, 85 C6H6O6 Trans-aconitic acid  2 MS2 matches trans form   

Kurata and Amiya 1975 

18 20.15 173.0085 129, 85 C6H6O6  Cis-aconitic acid  2 MS2 different to trans form  

CS 558863 

* - Major fragments in bold and underlined; ** - predicted formula as Molecular weight, formate adducts in brackets. CS = ChemSpider database number; ***- Based on Sumner et al.(2007);  

* **** - Comment on ID, reference and/or CS database entry number. 
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Table 2 Peaks with putative IDs and retention time (positive ESI mode) 

PEAK RT m/z [M+H]+ MS2* Mol. Formula** Putative ID ID level*** Reference/ Database**** 

1a 4.28 312.1437 295, 294, 226, 214, 128  C
15

H
21

O
6
N Domoic acid 2 CS 4445428 

1b 4.40 330.1542 312, 295, 277, 215, 197
 
  

C
15

H
23

O
7
N Amino acid derivative similar to 

isodomoic acid + water 

3 Zaman et al. 1997; Maeda 

et al. 1986, 1987b 

2 6.83 410.1802 392, 324, 312, 226   C
20

H
27

O
8
N  Putative alkaloid 2 Ide and Buck 1937 

4 8-10 383.1806 325, 297, 285, 245, 209 C
18

H
26

O
7
N

2
 Mycosporine-like AA (MAA) 3 Major neutral loss of 98 yields palythene 

5 9-11 285.1440 270, 267, 241, 226, 197  C
13

H
20

O
5
N

2
 Palythene (MAA) 2 Barceló-Villalobos et al. 2017 

6 10.67 204.1227 144, 85, 60   C
9
H

17
O

4
N Acetyl carnitine 2 CS 21243783 

7 11.10 118.0858 100, 59, 58 C
5
H

11
O

2
N Betaine  

 

2 Blunden et al., 2010, 1986; Tyihák et al. 
1994; Kumar and Kaladharan 2007; Černá 
2011 

8 12.45 134.0809 117, 116, 72, 73, 63, 62 C
5
H

11
O

3
N Hydroxybetaine derivative 3 Similarity to betaine  

9 12.77 116.0703 70 C
5
H

9
O

2
N Proline 2 Hardjani et al. 2017; Mouritsen et al. 2012, 

2013; Černá 2011 

10 13.36 347.1443 303, 227    C
14

H
22

O
8
N

2
 Porphyra 334 (MAA) 2 Hartman et al. 2017; Guihéneuf et al. 2018 

11 13.41 146.1171 87, 60    C
7
H

15
O

2
N Aminoheptanoic acid 2 CS 198338 

12 13.93 289.1389 274, 230, 186    C
12

H
20

O
6
N

2
 Asterina-330 (MAA) 2 Carreto and Carignan 2011 

13 14.23 333.1288 None C
13

H
20

O
8
N

2
 Shinorine (MAA) 3 Cardozo et al. 2006; Carreto and Carignan 

2011 

14 14.44 245.1127 230, 227, 209, 186    C
10

H
16

O
5
N

2
 Palythine (MAA) 2 Carreto 2011; Hartmann et al. 2017; 

Carreto and Carignan 2011 

15 15.22 147.0761 130, 117   C
5
H

10
O

3
N

2
 Glutamine 2 Cole and Sheath 1990; Dominguez 2013 

16 20.24 104.1065 86, 61, 60   C
5
H

13
ON Choline  2 CS 299 

* - Major fragments in bold and underlined; ** - predicted formula as Molecular weight. CS = ChemSpider database number; ***- Based on Sumner et al. (2007); **** - Comment on 

ID, reference and/or CS database entry number. 
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Table 3 Putatively identified components grouped into seasonal trends (positive ESI mode) 

RT* m/z [M+H]+ Putative ID Trend 

4.40 330 Putative isodomoic acid 

derivative Down in summer/Up in 

winter  
6.83 410 Putative Alkaloid 

20.24 104 Choline 

9.68 285 Palythene (MAA) 
Down in autumn  13.93 289 Asterina 330 (MAA) 

11.17 118 Betaine 

Up in summer/Down in 

winter 

  

13.36 347 Porphyra 334 (MAA) 

13.41 146 Aminoheptanoic acid 

14.23 333 Shinorine (MAA) 

10.67 144 Acetyl carnitine 

Random  15.22 147 Glutamine 

12.77 116 Proline 

12.45 134 Hydroxy Betaine 

derivative 
Little change 

 

*Retention times do not match to Table 2 because different samples were used as templates for quantification and identification 

 

Table 4 Putatively identified components grouped into seasonal trends (negative ESI mode) 

 

 

*Retention times do not match to Table 1 because different samples were used as templates for quantification and identification. 

RT* m/z [M-H]- Putative ID Trend 

5.35-8.00 112 Fumarate 

Down in summer/Up in winter 

 

11.37 162 1, 4-Thiazane-3-carboxylic acid S-

oxide 

17.89 205 Homocitric acid 

4.33 293 Chilenone B Up in autumn 

 

5.35 175 Vitamin C 

Up in summer/Down in winter  

5.76, 6.40, 7.17, 

& 7.31 

Various Lipid derivatives (Hydroxy-

hexadecanoic acid, Methyl-

docosanoic acid, Eicosatrienoic acid 

derivative) 

13.11 and 13.57 253 2-O-α-D-galactopyranosyl glycerol 

(Floridoside isomers) 

15.36 267 2-O-α-D-mannpyranosyl glycerol 

(Digeneaside) 

20.39 173 Cis-aconitic acid 

31.84 287 Methyl furanone derivative 

4.30 291 Unsaturated Chilenone B 

Random 4.71 195 Chilenone A 

18.80 173 Trans- aconitic acid 
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Fig. 4a) MS profiles from May aqueous extract (black), November aqueous extract (red), May (green) and November (blue), positive mode b) MS profiles from May 

aqueous extract (black), November aqueous extract (red), May (green) and November (blue), negative mode. Arrow denotes HEPES peak in oral samples 
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Fig. 5) Abundance of main peaks identified in MS profiles for solvent and aqueous extracted samples a) Negative mode; b) Positive mode. Black bars = Nov, white bars = 

Nov aqueous extract, dark grey bars = May, light grey bars = May aqueous extract. Values are averages (n-3) ± SE. Asterisks indicate compounds significantly different in 

solvent extracts (p<0.05) while the cross indicates the compound significantly different in aqueous extract (p<0.05)
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Supplementary information  

 

 

Supplementary Fig. S1 Moisture content of monthly samples expressed as % (n=3 ± SD). Values are averages 

± SE. For each compound, bars with different letters were statistically different at p < 0.05, ANOVA 
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Supplementary Fig. S2 Putative components that showed lower levels in summer a) Domoic acid (m/z 312.14, 

pos); b) Putative Alkaloid (m/z 410.18, pos); c) Isodomoic acid + 18 (H2O) (m/z 330.15, pos); d) Choline (m/z 

118.08, pos); e) Fumarate (m/z 112.99, neg); f) TCSO (m/z 162.02,  neg); g) Homocitric acid (m/z 205.03, neg). 

Values are averages ± SE. For each compound, bars with different letters were statistically different at p < 0.05, 

ANOVA 
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Supplementary Fig. S3 Putative components that showed higher levels in summer a) Betaine (m/z 118.08,  

pos);  b) Porphyra 334 (m/z 347.14, pos); c) Shinorine (m/z 333.12pos); d) Amino heptanoic acid (m/z 146.11, 

pos); e) Vitamin C (m/z 175.02,  neg); f) Hydroxy-hexadecanoic acid (m/z 273.06, neg); g) Methyl-docosanoic 

acid (m/z 351.13, neg); h) Eicosatrienoic acid derivative (m/z 305.08, neg); i.1, i.2, & i.3) Floridoside isomers, 

present as m/z ions and +FA adduct (m/z 299.09, 253.09, & 253.09,neg); j) Digeneaside (m/z 267.07,neg); k) 

Cis-aconitic acid (m/z 173, neg). Values are averages ± SE. For each compound, bars with different letters were 

statistically different at p < 0.05, ANOVA. 
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Supplementary Fig. S4 Component that showed little change across the year. Hydroxy Betaine derivative (m/z 

134.08,  pos). Values are averages ± SE. Bars with different letters were statistically different at p < 0.05, 

ANOVA 
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Supplementary Fig. S5 Components that showed more random trends across the year a) 

Acetyl carnitine (m/z 204.12, pos); b) Glutamine (m/z 147.07,, pos); c) Proline (m/z 116.07, 

pos); d) Unsaturated Chilenone B (m/z 291.01, neg); e) Chilenone A (m/z 195.06, neg); f) 

Trans-aconitic acid (m/z 173, RT neg). Values are averages ± SE. Within compounds, bars 

with different letters were statistically different at p < 0.05, ANOVA 
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Supplementary Fig. S6 Components that showed lower levels in autumn a) Palythene (m/z 285.14, pos); b) 

Asterina 330 (m/z 289.13, pos). Values are averages ± SE. Within compounds, bars with different letters were 

statistically different at p < 0.05, ANOVA 

 

Supplementary Fig. S7 Putative component that showed higher levels in autumn. Chilenone B (m/z 293.10, 

neg). Values are averages ± SE. Bars with different letters were statistically different at p < 0.05, ANOVA 
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Supplementary Fig. S8 a) seawater salinity (g kg-1) from surface to 5 m depth b) seawater temperature (°C) from surface to 5 m depth. Labels are shown only for the major 

marks 
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Supplementary Fig. S9 Inorganic nutrient for the sampling site as µM from 3 to 10 m depth  

 

 

 

Supplementary Fig. S10 a) Max (dark grey line) and Min (light grey line) air temperature for 2016-2017 and 

b) 2017-2018 (data obtained MET Office, Dunstaffnage station), c) Radiation (W hr/m²) for 2016-2017 and d) 

2017-2018 in Dunstaffnage bay (data obtained from CEDA-Centre for Environmental Data Analyses) 

 

 


