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The giant kelp (Macrocystis pyrifera (Linnaeus) C. Agardh 1820) is a habitat-forming brown seaweed in temperate systems with an unexplored potential as a source of seaweed bioproducts. This study used M. pyrifera sporophytes sourced in Tasmania, Australia, to investigate the effect of photoperiod and temperature on growth rates and the nutritional characteristics of the resulting juvenile biomass. Four cultivation treatments combined growth temperatures of 12 °C, 15 °C, 18 °C with light:dark (L:D) of 12:12 and 16:8 (L:D) photoperiods, (12 °C – (12:12); 12 °C – (16:8); 15 °C – (12:12); 18 °C – (12:12) to investigate their effect on the number and size of sporophytes, biomass  accumulation and nutritional composition. After 60 days of cultivation the 12 °C – (12:12) treatment had the greatest number of juvenile sporophytes, and the greatest biomass of 14 ± 1.3 g dry weight (DW). The lowest biomass of 1 g DW, was obtained from the 18 °C – (12:12) treatment. The protein content across all treatments ranged from 16-22.48% DW, with the 12 °C (12:12) treatment having largest range, then the 12°C (16:18) treatment was next with 18.48-22.48% DW, and the 15°C (12:12) treatment had the lowest protein range with 16.48-18% DW. These results are in the range of protein content previously reported for brown seaweeds of 5-20%. Total polysaccharide content ranged from 9.6-16.2% DW with the highest content of 16.2% DW obtained for the 15 °C – (12:12) treatment, and the lowest total polysaccharide content of 9.6% DW obtained for the 12 °C (16:18) treatment. After 66 days of cultivation, the highest yield of sulphated polysaccharides of 0.4% DW was obtained for the 12 °C (12:12) treatment. Total fatty acids were analysed, with the highest polyunsaturated fatty acid content of 60.4% detected in the 12 °C (12:12) treatment. This study demonstrates that temperature and photoperiod are factors impacting juvenile sporophyte growth, biomass accumulation and biochemical composition. The study showed the least stressed sporophytes produced the most potentially beneficial nutritional or bioactive profile.
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1 Introduction

Brown seaweeds (phylum Ochrophyta) are an important aquaculture species for human food and animal feed industries, predominately as whole foods or as feed additives (Bixler and Porse, 2011). Their cultivation has increased annually by 10.9% from 1950 to 2019, resulting in a global harvest of 16.4 million tonnes in 2019 compared to 13,000 tonnes in 1950. This economic production rate has exceeded all other aquaculture species (e.g. finfish, crustaceans, molluscs and other aquatic animals), which only grew by 7.9% during the same period (Cai et al., 2021). In 2019, brown seaweed accounted for 47.3% of the world’s seaweed cultivation needs in terms of tonnage and 52% in terms of value.

Despite nearly 300 seaweed species investigated for potential commercial species (Ferdouse et al., 2018), the large majority of the production of brown seaweed comprises only two genera, Saccharina and Undaria, with Saccharina japonica being the most widely cultivated and accounting for 12.3 million tonnes or 35.4% of all seaweeds produced in 2019 (Cai et al., 2021). Thus, the brown seaweed species play a vital role in the seaweed industry, but the commercial potential of many species has not been very well investigated.

The majority of seaweed industry products (~85%) are for human consumption (Ferdouse et al., 2018). The main commercial seaweed extracts are hydrocolloids which include agar, alginates and carrageenans, and they account for ~40% of the global hydrocolloids market in terms of food in 2018 (Ferdouse et al., 2018). In the food industry, the most useful phycocolloid sourced from brown seaweed is alginate (McHugh, 2003). Alginates are mainly used in food as thickening or gelling agents and emulsion stabilizers (McHugh, 2003; Bixler and Porse, 2011). Other brown seaweed products include fucoidans which are also sulphated polysaccharides and exhibit bioactivity including, e.g. anti-inflammatory, antioxidant, antibacterial and immunological activity; lipid inhibition; and obesity prevention or treatment (Cumashi et al., 2007; Park et al., 2011; Fitton et al., 2015; Synytsya et al., 2015).

Fatty acids from seaweeds and plants are used as a source of carbon-18 (C18) polyunsaturated fatty acids (PUFAs) for human and fish diets. They are excellent sources of n−3 fatty acids with 18 to 20+ carbons, such as C20:5n3 eicosapentaenoic acid (EPA) and C22:6n3 docosahexaenoic acid (DHA), which have been mainly sourced from fish oils yet had originally been found in seaweed (Schmid et al., 2018; Tocher et al., 2019; Rocha et al., 2021). Seaweed species generally contain higher proportions of PUFAs in their fatty acid profile and a low ratio of n−6/n−3 PUFAs (Schmid et al., 2018). Saccharina japonica showed seasonal variations in PUFAs, with higher content during the colder months when seaweed thalli were young (Hafting et al., 2015; Purcell-Meyerink et al., 2021). Total fatty acid (TFA) content varies considerably among seaweed types, with a range of 0.6%–7.8% dry weight (DW), with the browns having the highest content, followed by the greens, and then by the red seaweeds having the lowest average TFA % DW (Schmid et al., 2018). The fat content in seaweeds includes fatty acids and is <5% DW. A previous study on M. pyrifera found fat content reached 3.3%–3.7% DW and <1.5% DW in another study sampled in proximity to salmon farms. Two other commercially grown brown seaweeds had similar values of 0.5%–1% and 0.5% fat respectively for Laminaria digitata and Saccharina latissima (Morrissey et al., 2001; Manns et al., 2014; Purcell et al., 2022; Méndez et al., 2024).

The protein content in brown seaweeds has been reported to be between 5% and 20%, and are being considered as an alternative protein source to animal protein (Tønnesen and Karlsen, 2002; Qin, 2008; Synytsya et al., 2015; Fertah et al., 2017). For kelps, M. pyrifera has a protein content of 13.2% ± 0.30% DW, L. digitata with 15.9% ± 0.83% DW and Undaria pinnatifida with 16.8% DW (MacArtain et al., 2007; Marsham et al., 2007; Taboada et al., 2013; Purcell et al., 2022). The protein content fluctuated seasonally with the highest protein in the first quarter and the lowest in the third quarter of the year for four kelp species, with ranges of 6.9% ± 1.1% in L. digitata, 6.8% ± 1.3% in Laminaria hyperborea, 7.1% ± 1.7% in S. latissima and 11.0% ± 1.4% in Alaria esculenta (Schiener et al., 2015).

Carbohydrates account for 13%–60% DW of brown seaweed (Holdt and Kraan, 2011; Rajauria, 2015). For kelps, carbohydrate content is within this range with 34.6% ± 3.1%, 33.2% ± 3.8%, 28.5% ± 3.9% and 37.4% ± 4.0% DW in L. digitata, L. hyperborea, S. latissima and A. esculenta, respectively (Schiener et al., 2015). The nutritional content of the fats (fatty acids and lipids), proteins and carbohydrates in brown seaweeds depends on the season and location of harvest (Morrissey et al., 2001; Manns et al., 2014; Purcell et al., 2022).

Macrocystis pyrifera (order Laminariales; giant kelp) is a large habitat-forming seaweed found in Australia, New Zealand, South Africa, California and Chile (Graham et al., 2007; Bolton et al., 2012; Schiel and Foster, 2015; Duong et al., 2022). It is an important habitat provider throughout its range and is a significant contributor to nitrogen cycling and primary production (Arnold and Manley, 1985; Hay, 1990; Krumhansl et al., 2016; Tait et al., 2021). There is a wide range of knowledge on the fundamental ecology and physiology of M. pyrifera and its potential aquaculture from California, Chile and Peru, with biomass yield projections based on seaweed farm size (Neushul, 1986; Perissinotto and McQuaid, 1992; McHugh, 2003; MacArtain et al., 2007; Vásquez, 2009; Westermeier et al., 2011; Vásquez et al., 2012; Correa et al., 2016; FAO, 2016; Camus and Buschmann, 2017; Avila-Peltroche and Padilla-Vallejos, 2020; Visch et al., 2023a; Kopczak et al., 1991; Mabin et al., 2019; Umanzor et al., 2020). However, there are fewer studies that have focused on the impact of seasonal cultivation conditions and environmental parameters on the biochemical and nutritional composition of laboratory/hatchery scale cultivated juvenile sporophyte grown from gametophytes for bioproduct potential. To facilitate the development of a wider range of seaweed species for aquaculture potential, optimal growth conditions and optimal biomass and compositional data specific to each species of interest are essential for the seaweed industry.

We investigated the effect of different photoperiods and temperatures on the growth performance and nutritional characteristics of the harvested seaweed biomass from juvenile sporophytes of M. pyrifera. Temperature and photoperiod regimes were chosen to mimic summer, autumn and winter conditions, with temperatures ranging from 12°C to 18°C and two photoperiods (light:dark) (12:12) and (16:8). These seasonal conditions were used to provide vital guidance on the effect of key environmental growth parameters on high-value nutrient composition including proteins, PUFAs and carbohydrates, specifically total polysaccharides and sulphated polysaccharides.




2 Materials and methods



2.1 Macrocystis pyrifera cultivation

An experimental flowchart detailing the cultivation methodology for M. pyrifera (Linnaeus) C. Agardh, 1820 juvenile sporophytes and the results gathered during the various growth phases is included in the (Supplementary Information). Essentially, M. pyrifera sporophytes were cultured in tanks for 90 days in four different conditions and sampled at three time points to monitor culture health and growth. Quadruplicate cultures were set up for each condition. Data were collected from T1 (30 days), T2 (60 days) and T3 (90 days), for sporophyte number and sporophyte size. Starting at T2 (60 days), multiple harvests were performed between T2 and T3 (every 6–7 days), and data were collected from both wet and dry weight biomass, as well as compositional analysis from the harvested biomass. Treatment #4* 18°C (12:12) was excluded from nutritional compositional analysis due to insufficient biomass.

The cultivation method employed was based on (Visch et al. 2023b). Fertile sorus tissue from 15 individuals was collected by diving in Blackmans Bay, Tasmania, Australia (43.0122°S, 147.3312°E), and zoospores were released using the methods described in (Forbord et al. 2018). Mature sorus tissue was dissected out of the main thallus with individuals treated separately. Sori were thoroughly cleaned with paper towel and washed three times for 10 s in an iodine solution (Betadine 112®; 5 mL L−1) with successive rinsing using sterile seawater, prior to being kept in a damp paper towel in the dark at 12°C overnight. Subsequently, zoospores were released in autoclaved seawater with F/2 media (Guillard and Ryther, 1962) and kept in aerated 0.2-μm PTFE syringe filters, in 3 L glass flasks at 12°C under red light conditions of ~15 μmol photons m−2 s−1, with a photoperiod of 16:8 h light–dark using LED lights (Fluval Aquasky®). The spores developed into gametophytes, which were then left to grow vegetatively for ~3 months under these culture conditions, with twice a week media changes (Bartsch, 2018).

The gametophytes were selected for use in the experiment after being screened for viability and contamination using a Nikon Eclipse TS2 microscope. Three weeks before the start of the experiment, the culture conditions were changed from red light to white light to stimulate gametogenesis and fertilization (Visch et al., 2023b). The gametophytes were kept in 0.5-L conical flasks at 12°C in a 12:12 h light–dark photoperiod, before being screened again. No more than 50,000 gametophytes mL−1 were used for seeding, and the gametophyte culture was evenly sprayed using a sterilized 1.25-L handheld pressure sprayer (Hozelock Ltd. Viton®) onto ~1 mm diameter rough texturized polyester seeding twine specifically developed for kelp aquaculture (AtSeaNova, AlgaeTex®) tightly wrapped around four PVC cylinder spools with a height 250 cm and a diameter of 60 mm × 4 per replicate. To allow the gametophytes and microscopic juvenile sporophytes to adhere, aeration in the tanks was absent for the first 3 days after spraying, after which it was gradually increased until the tanks were gently aerated, using a moderate airflow throughout at a rate of 400 L h−1, providing consistent water motion throughout each tank. Each rectangular cultivation tub contained 40 L of sterilized F/2 media made up of 0.22 μm pore, Millipore, ultraviolet-treated sterilized seawater. Aeration was provided by an air supply, which was filtered through sterile 0.2-μm syringe filters in a 25-mm diameter (PTFE) and connected to both ends of each tank using air stones, to ensure uniform aeration throughout the tank. All spools were suspended in the tanks from rods that ran across the top of each tank. Contamination was controlled using antibiotics: 3 mL of penicillin (100 mg L−1), 3 ml of streptomycin (100 mg L−1) and 1.5 mL of ampicillin (500 mg L−1) for bacteria and germanium dioxide (5 μM L−1) for diatoms. Antibiotics were only added when bacteria were detected during routine counts each week throughout the experiment, whereas germanium dioxide was used for diatom control throughout the experiment.




2.2 Experimental design

Four experimental treatments were run in parallel in a controlled temperature (CT) room, each experimental treatment combination consisting of temperature and photoperiod (Supplementary Information). Irradiance, nutrient concentrations (F/2 media) and air flow rate were constant across all treatments. Temperature was maintained using 55 W Aqua One submersible glass aquarium heaters with external temperature controls for all tanks. Photoperiod was regulated using pre-set timers, and each cultivation zone was enclosed to prevent light impact from other treatments. Irradiance was maintained using LED lights (Phillips, Cool Daylight & Warm, Model: WT060C:20W-LED25S/840), with neutral density filters to maintain a light level of 30 μmol photons m−2 s−1. Light levels were measured using a LI-COR Light Meter (LI-250A) with a spherical quantum sensor at the surface of the culture vessel. Temperature and light conditions were recorded using loggers (HOBO pendant, MX2202) in all treatments. Each treatment received air filtered with a 0.22-μm syringe (Millipore, 25 mm diameter, PTFE). Media changes (F/2 medium) and filtered seawater changes for each 40 L of replicate container were done twice a week.

The density of sporophytes in the cultures was evaluated by counting their number of on four sections of string (2 mm in length each) under a stereomicroscope (Nikon Eclipse TS2) at ×20 magnification on days 30, 60 and 90. Sporophyte size was measured using callipers (± 0.1 mm) at 30, 60 and 90 days on each 2 mm section of string at ×4 and ×10 magnifications following the method of (Camus and Buschmann 2017). At 60 days of cultivation, the increased size of the cultures required additional space and so the polyester seeding twine was removed from the PVC spools and hung in the tanks on the metal rods that held the spools in place, to keep them floating in the tanks while cultivation continued and to increase the surface-to-volume ratio of the growing sporophytes and to facilitate the nutrients and light availability. In addition, the irradiance was increased to 60 μmol photons m−2 s−1, and the media changes were increased from twice to four times a week to facilitate growth. The juvenile sporophytes were harvested at media changes, by draining them through a 100-µm polyester filter fabric sieve, then placed in sterile pre-weighed Ziplock bags and weighed to establish wet weight (WW) of biomass prior to freezing at −20°C. Frozen samples were then freeze-dried for 24–72 h (Model: GUSI Freeze Dryer) and re-weighed to identify dry weight (DW) of biomass. Wet weight (WW) and dry weight (DW) were subtracted to calculate the water content of the seaweed.

To provide enough biomass for compositional analysis, replicates within treatments had to be pooled. One of the four treatments, with the highest temperature of 18°C (12:12) #4, failed to produce enough biomass for compositional analysis, and biomass was harvested after 60 days (Figure 1). The other three treatments produced sufficient biomass for compositional analysis.




Figure 1 | Protien content in percentage dry weight per harvest. Protein content for 12°C (12:12) had 5 harvests in light grey bars, then 12°C (16:8) had 4 harvests coloured in dark grey in bars, and 15°C (12:12) had 3 harvests in hatched black bars. Error bars are based on SD with n=3 analytical replicates.






2.3 Chemical analyses

Protein was analyzed using the Dumas AOAC method (AOAC, 1995) using a correction factor of 5 to quantify the seaweed protein (Bikker et al., 2020).

The total polysaccharide extraction method was a modification of a previously published method (Manns et al., 2014). In brief, sulphuric acid (12 M) was added to 0.1 g of freeze-dried sample and heated to 37°C for 1 h. The digest was diluted with Milli-Q to dilute the acid to ~4% and placed in a boiling water bath for a further 1 h. The hydrolyzed sample was then reacted with para-hydroxybenzoic acid hydrazide, and the absorbance was measured at 410 nm. The response was quantified against a galactose standard.

Sulphated polysaccharides were measured using a modified method based on (Zayed et al. 2020). Sulphate [SO4]2 was released from the total biomass using 1 mL of 2 M trifluoroacetic acid (TFA) and adding it to 0.01 g of dried sample and heating to 95°C for 20 min, thus liberating the sulphate groups. Sulphate was then precipitated from the solution using a barium chloride and gelatine solution. The absorption was measured using a spectrophotometer at 405 nm wavelength for sulphation. The response was quantified against a solution of sodium sulphate of known concentration.

Fatty acid detection and identification was performed using a standard AOAC 963.22 OMA online method for methyl esters of fatty acids (FAMEs) (AOAC, 1995). Due to the limited biomass available, a modification to the sample preparation was made, with the lipids within the available biomass being subjected to direct methylation without prior extraction of the sample. This was performed using a C19 internal standard. The same procedure for methylation and subsequent analysis was followed as outlined in the AOAC 963.22 OMA online method (AOAC, 1995).




2.4 Statistical analysis

Each treatment was analyzed against sporophyte size and density and compositional data. Both one-way and two-way ANOVA analyses were applied to the compositional data with treatment and culture time as factors. The software used for this analysis was the Excel add-in software Analysis ToolPak. All error bars on sporophyte size and density in the results are based on three independent measurements and three standard deviations (SD).





3 Results



3.1 Macrocystis pyrifera sporophyte biomass, density and size

Total biomass on day 90 from the four replicates was pooled for each of the four treatments, weighed and dried, and moisture loss was calculated (Appendix I). The total biomass after 90 days was as follows: 198 g for the 12°C (12:12) treatment, 100 g for the 12°C (16:8) treatment and 56 g WW for the 15°C (12:12) treatment, whereas the 18°C (12:12) treatment produced 1 g WW after 60 days. The dry weights (DWs) were as follows: 14 ± 1.3 g for 12°C (12:12), 7 ± 0.8 g for 12°C (16:8) and 5 ± 1.2 g for 15°C (12:12). Moisture loss was between 91.5% and 93% for all treatments. Changes in wet and dry biomass on different sampling days are detailed in (Appendix II).

The greatest sporophyte density (in count cm−1) was found in the 12°C (12:12) treatment, ranging from 744 ± 110 to 876 ± 213, and was similar for each of the three sampling times, based on a two-way ANOVA, and the factor regulating the growth of kelp sporophytes is temperature F = 32.59; p ≤ 0.001. Sporophyte densities were lower in all the other treatments. For both 12°C (16:8) and 15°C (12:12), density increased between 30 days and 60 days and remained similar thereafter, with the 12°C (16:8) treatment having 40% higher density at 90 days compared to 15°C (12:12). In the 18°C (12:12) treatment, there was little sporophyte development as well as the lowest densities of all treatments (Appendix III), likely due to the stress of being at this higher temperature.

The 12°C (12:12) treatment had the largest sporophyte size increase of all treatments with 0.11 ± 0.005 mm, 0.51 ± 0.020 mm and 2.00 ± 0.005 mm, at 30 days, 60 days and 90 days, respectively (Appendix III). In the 12°C (16:8) treatment, sporophyte size increases from 0.03 ± 0.015 mm, 0.32 ± 0.010 mm and 1.25 ± 0.006 mm, at 30 days, 60 days and 90 days, respectively, ~40% smaller than 12°C (12:12). In the 15°C (12:12) treatment, sporophyte size was almost half the size of the 12°C (16:8), with sizes of 0.014 ± 0.003 mm, 0.120 ± 0.003 mm and 0.21 ± 0.005 mm, at 30 days, 60 days and 90 days, respectively. Overall, the data indicated that sporophytes increased in size by 5-fold after 60 days and 20-fold after 90 days (Appendix III).




3.2 Macrocystis pyrifera nutritional composition



3.2.1 Protein

The protein content across all treatments ranged from 16% to 22% DW, with the 12°C (12:12) treatment also having this largest range, the 12°C (16:18) treatment having a narrower range of 18.48%–22.48% DW and the 15°C (12:12) treatment having the lowest protein range of 16.48%–18% DW (Table 1). All three treatments were analyzed, and the p-values of 0.01 and 0.0106 indicate statistically significant differences between all three treatments with p <0.05. Specifically, the 12°C (12:12) treatment was compared to the 12°C (16:18) treatment, with a p-value of 0.01, indicating that these treatments were significantly different, and the 12°C (12:12) treatment was compared to the 15°C (12:12) treatment, with a p-value of 0.0106 also indicating significant differences between these treatments (Appendix IV).


Table 1 | Protein content from all treatments of Macrocystis pyrifera in (%) dry weight (DW) and all harvests.



Trends over time in the protein content were examined. The protein content of the 12°C (16:8) treatment and the 15°C (12:12) treatment both remained relatively constant over time, as shown in (Figure 1). In contrast, the 12°C (12:12) treatment protein content increased with each successive harvest. It is interesting to note in this study that the protein content numerically increased but was not indicative of biomass content (Appendix IV).




3.2.2 Total polysaccharides

Total polysaccharide results showed differences across all three treatments, with an increase over time for all the three treatments (Table 2; Figure 2). The lowest increase was for 12°C (12:12), with 9.9% DW after 66 days of cultivation, increasing to 10.6%, 12.3%, 12.4% and 13.8% DW for harvests on days 72, 78, 84 and 90, respectively. The 12°C (16:8) treatment increased to 9.6%, 11.4%, 12.5% and 14.5% DW on days 72, 78, 84 and 90, respectively. The 15°C (12:12) treatment had the largest polysaccharide content at 15%, 15% and 16.2% DW for harvest days 78, 84 and 90, respectively. Three replicates were analyzed and produced p-values of 0.0015 and 0.0090 between treatments indicating statistical significance (p < 0.05). Specifically, when the 12°C (12:12) was compared to the 12°C (16:8) treatment, the p-value was 0.0015 and therefore significant. The 12°C (12:12) treatment was also compared to the 15°C (12:12) treatment, and the p-value was 0.0090, indicating significance as the value is p <0.05 (Appendix V).


Table 2 | Total polysaccharide content from all treatments and harvests of Macrocystis pyrifera in (%) DW.






Figure 2 | Total polysaccharide content from all treatments of Macrocytis pyriferia in % DW for each harvest which occurred between day 66 and day 90, with between 3 and 5 harvests. The total polysaccharide content for 12°C (12:12) with 5 harvests was coloured in light grey bars, then the 12°C (16:8) had 4 harvests coloured in dark grey in bars, and 15°C (12:12) had 3 harvests in hatched black bars. Error bars are based on SD with n=3 analytical replicates.



Analysis of the treatments at a per harvest scale in (Figure 2) noted that overall total polysaccharides for the 12°C (12:12) treatment had the lowest content per harvest but had the highest number of harvests (5), with the other two treatments having (4) and (3) harvests, respectively.




3.2.3 Sulphated polysaccharides

The highest level of sulphated polysaccharides (SPs) obtained in the study was 0.4% DW in the 12°C (12:12) treatment after 66 days of cultivation (Table 3; Figure 3). The per harvest SP content decreased over time in the 12°C (12:12) treatment, with levels of 0.4%, 0.3%, 0.27%, 0.24% and 0.21% DW being recorded for days 66, 72, 78, 84 and 90, respectively. The 12°C (16:8) and 15°C (12:12) treatments also showed a decreasing trend over time. For SP data per treatment analysis, had p-values of 0.016. and 0.038, indicating statistical significance between treatments. Specifically, 12°C (12:12) was compared to the 12°C (16:8) treatment, with a p-value of 0.016, and the 12°C (12:12) treatment was also compared to 15°C (12:12) with a p-value of 0.038 indicating significant differences between these treatments as the (p <0.05) (Appendix VI).


Table 3 | Sulphated polysaccharide content from all treatments of Macrocystis pyrifera in (%) DW and all harvests.






Figure 3 | Sulphated polysaccharide content from all treatments of Macrocysis pyrifera in listed in units of (% DW) for each harvest which occurred between day 66 and day 90, with 3-5 harvests dependent on treatment.The sulphated polysaccharide content for 12°C (12:12) with 5 harvests was coloured in light grey bars, the 12°C (16:8) had 4 harvests coloured in dark grey in bars, 15°C (12:12) had 3 harvests in hatched black bars. Error bars are based on SD with n=3 based on 3 analytical replicates.






3.2.4 Fatty acid profiles

The total fatty acid (TFA) profiles for each of the three treatments—12°C (12:12), 12°C (16:8) and 15°C (12:12)—are listed in (Table 4) (all values listed are >0.1% TFA). The 12°C (12:12) treatment had the highest PUFAs with 60.44% of TFAs (Table 4). The top 3 most abundant fatty acids in M. pyrifera were palmitic acid, stearidonic acid (SDA) and oleic acid.


Table 4 | Fatty acid profiles from all treatments of Macrocystis pyrifera during laboratory cultivation trials.



Palmitic acid (C16:0), was the highest fatty acid in this study, with values of 20.5% TFA and 18.5% TFA for the 12°C (16:18) and 15°C (12:12) treatments, respectively; however, for the 12°C (12:12) treatment, palmitic acid was the second highest fatty acid with 14.4% TFA (Table 4).

Eicosapentaenoic acid (EPA), is a (PUFA) and its highest value was 8.5% TFA for the 12°C (12:12) treatment. Interestingly, another PUFA, alpha linoleic acid (ALA), was highest for the 12°C (12:12) treatment with 10.1% TFA (Table 4). The 12°C (12:12) treatment registered the highest value of SDA  was 17.7%  of TFA and an important PUFA. Another PUFA with notably high values was arachidonic acid (AA), at 10.7% DW for the 12°C (12:12) treatment, 10.1% for the 15°C (12:12) treatment and 9.5% for the 12°C (16:8) treatment. The highest PUFA content for the 15°C (12:12) treatment was 10.1% for SDA, followed by AA with 9.8%.

PUFAs account for almost half of the TFAs for the 12°C (16:8) and 15°C (12:12) treatments, with values of 41.80% and 46.50%, respectively, and over half for the 12°C (12:12) treatment at 60.44%. Out of 26 fatty acids, 11 PUFAs account for an average of 49.66% of TFAs across all treatments.

The PUFA profiles include all omega-3 and omega-6 fatty acids with values >0.1% for all the harvests throughout these laboratory trials listed in (Table 5). Linoleic acid (LA) had an increasing trend over time in both the 12°C (12:12) and 12°C (16:8) treatments, with content of 3%–4% for 12°C (12:12) and a higher content of 2.4%–10.7% for 12°C (16:8), with the highest value of 10.7% TFA for LA across all treatments and harvests. The LA content for the 15°C (12:12) treatment was 4.8%, 5.6% and 5.3% from the harvests on days 78, 84 and 90, respectively. For the 12°C (12:12) treatment, ALA, following LA with an increasing content from each harvest, had the highest range of values for this PUFAs at 4.2%–10.1%, with 10.1% the highest ALA value across all treatments. The 12°C (16:8) treatment had mixed values for ALA with 4.7%, 4.3%, 9.1% and 6.2%, values increasing and decreasing through the four harvests from days 72, 78, 84 and 90 respectively. The ALA content for the 15°C (12:12) treatment was 6.3%, 6.2% and 7.4% for the three harvests on days 78, 84 and 90. The C18:3n6 gamma linolenic (GLA) content was lower than the other PUFAs, with values ranging from 1% -1.2% for all harvests of the 12°C (12:12) treatment, 0.88% to 1.1% for the 12°C (16:8) treatment from four harvests and 1.2% to 1.3% for the 15°C (12:12) treatment from three harvests (Table 5). The arachidonic acid C20:4n6 (AA) content of the 12°C (12:12) treatment increased through all  five harvests from 3.6% to 10.7%, with 10.7% the highest content AA across all treatments.


Table 5 | Polyunsaturated fatty acid (PUFA) profiles for each harvest and treatment for Macrocystis pyrifera in (%) of TFA.



The 15°C (12:12) treatment had the highest content of 9.8%–10.4%, and the 12°C (16:8) treatment had contents of 3.6%, 3.9%, 7.8% and 4.7% of PUFAs from four harvests.

One of the most important PUFAs was C20:5n3 eicosapentaenoic acid (EPA) with values of 2.7%, 3.5%, 5.9%, 8.1% and 8.5% of TFAs for five harvests on days 66, 72, 78, 84 and 90 for the 12°C (12:12) treatment. The highest EPA content across all treatments was 8.5% for the last harvest on day 90. For the 12°C (16:8) treatment, the content was 3.5%, 3.3%, 8.2% and 4.6% for four harvests, while for the 15°C (12:12) treatment, the content was 5.6%, 4.5% and 5.2% for three harvests, this was a lower range when compared to the values for the 12°C (12:12) treatment.

Docosahexaenoic acid C22:6n3 (DHA) was found only in the 12°C (12:12) treatment, and the two harvest values were 0.28% and 0.19% on harvest days 72 and 78. The percentage of TFA increased from 30.5% for the harvest on day 66 to 60.4% on day 90 for 12°C (12:12), doubling the PUFA content. For the 12°C (16:8) treatment, the PUFA of TFA % decreased from 31.5% to 28.1%, then increased to 55.9%, and then dropped to 41.6%. Of the 11 PUFAs, 7 had their highest content in the 12°C (12:12) treatment, and these results may indicate that sporophyte count and size increases that occurred in this treatment may necessitate higher PUFA content. Interestingly, for the 15°C 12:12 treatment, the PUFA content for its first harvest on day 78 was 47.3%, dropped to 43.8% on the day 84 harvest, and then increased to 46.6% in the final harvest on day 90, accounting for almost half of the FA present in biomass generated from these juvenile sporophytes (Table 5). For the 12°C (16:8) treatment, the PUFA % of TFA fluctuated with values of 31.5%, 28.1%, 55.9% and 41.6% from four harvests (Table 5).

At the per harvest scale, specific differences have been noted that decoupled biomass and nutritional content, indicating that higher biomass does not necessarily ensure higher nutritional content for high-value products; for example, the highest PUFA content for the 12°C 12:12 treatment was 60.4% of TFA from the final harvest, but the biomass was 55% lower than the first harvest biomass, which had only 30.5% PUFA of TFA (Table 5).






4 Discussion

This study compared a range of cultivation conditions to mimic local seasons in Tasmania for M. pyrifera. This study aimed to identify the optimal conditions that maximize biomass accumulation and the highest nutritional composition. Of the four treatments, the highest biomass, sporophyte number, and sporophyte size for M. pyrifera were obtained from the 12°C treatment with a photoperiod of light/dark (12:12).

From the sporophyte cell densities counted in this study, the time required for maximum sporophyte density for this species cultivar was 60 days (versus 30 and 90 days), and preliminary investigations showed that the optimal light intensity for growth was 30 µmol m−2 s−1 and nutrients were supplied using  F/2 nutrient media.

Similar results were found by (Camus and Buschmann 2017) using M. pyrifera sourced in Chile where temperatures were similar, but photoperiods and nutrients did differ, noting that local conditions impacted the growth of M. pyrifera more significantly than the season in Chile (Camus and Buschmann 2017). These protein values are within the 5%–20% range previously reported for brown seaweeds and are above those found in M. pyrifera from a previous study with 13.2% ± 0.30% DW protein (Tønnesen and Karlsen, 2002; MacArtain et al., 2007; Marsham et al., 2007; Qin, 2008; Taboada et al., 2013; Synytsya et al., 2015; Fertah et al., 2017; Purcell et al., 2022). Previous cultivation studies have noted that nitrogen or protein yield is indicative of biomass accumulation (Stedt et al., 2022). Brown seaweed protein is assumed to be an alternative protein source to animal protein (Horn et al., 2000; Peteiro et al., 2019) and has a protein content similar to that of egg protein (Myers et al., 2010, Myers et al., 2016). From this study, protein from M. pyrifera was 22.48% DW, for the 12°C (16:8) treatment, exceeding these previous data. This seaweed was also used as a food additive in a zebra bull diet, which contained 8.5% crude protein yet had 85% digestibility (Edwards and Watson, 2011). When fed to abalone, crude protein content was 9%–13% DW, and for a juvenile white shrimp (Litopenaeus vannamei) diet, 3.55% protein was added over 28 days and produced a protein efficiency ratio (PER) of 1.7 indicative of weight gain (Indegaard and Minsaas, 1991; Adams, 1994; Federation Food & Drink, 2013; Nelson, 2013). This compares to soy isolates with a PER of 1.0–1.7, but soy concentrates are higher between 2.0 and 2.2, but casein (from milk) is 2.50 PER (Day et al., 2022). As a potential dietary supplement, 22.48% DW protein for brown seaweed is a very positive result and comparable to another brown seaweed L. digitata with a protein content of 23.87% DW, extracted using a scalable extraction method using food-grade enzymes (Purcell et al., 2022). Laminaria digitata is one of the top 10 most cultivated brown seaweeds worldwide (Ferdouse et al., 2018), yet more importantly, both L. digitata and M. pyrifera are listed as GRAS (generally recognized as safe) by the US Food and Drug Administration (FDA) for human consumption as flavor enhancers and flavor adjuvants, with concentrations in food not exceeding current good manufacturing practice (GMP) (Østgaard et al., 1993). The inclusion of seaweed as a food supplement to increase the nutritional value of food to deliver essential amino acids appears to have potential. The protein content data from this study indicate the potential for protein bioproducts from M. pyrifera in the US market at present.

Polysaccharides are extremely important in seaweed physiology as anionic polysaccharides, i.e. alginates and fucoidans form the main components in the cell wall of brown seaweeds (Cowey, 1976; Freund-Levi et al., 2006; Smith et al., 2011; Swanson et al., 2012). Alginates are polymers of uronic acid, β-1,4-D-mannuronate and α-1,4-L-guluronate, organized into blocks within the polysaccharide chain (Araya, 2008). Seaweed polysaccharides are recognized to be partly responsible for the flexibility of seaweeds (Cardoso et al., 2014), and this characteristic infers that brown seaweeds cultivated under stormy conditions usually have superior alginate content than those in calm oceans (Afonso et al., 2019). Total polysaccharide content and the degree of sulphation of biomass were measured as indicators of the potential yield of commercial-value polysaccharide extracts. The highest total polysaccharide (TP) content from this study was 16.2% (DW), and this is well within the range of previous brown seaweed studies with values of 4%–70% (DW) (Kraan, 2012). When M. pyrifera is compared to other brown seaweeds, such as Laminaria and Saccharina with contents of 38%–61% DW for TP, Undaria sp. having similar values of 35%–45% DW for TP and Ascophylum with 42%–61% DW for TP (Kraan, 2012), the juvenile sporophytes of M. pyrifera from this study are below the reported range of TP for these brown seaweeds, as this analysis is from adult seaweeds that are in the size order of metres compared to sporophytes with sizes in millimeters. The detection of TP in the same order of magnitude indicates that sporophytes may respond positively to the increased space and nutrients that were employed for the last 30 days of cultivation, as polysaccharides are a major component of the cell walls of growing juvenile sporophytes (Kloareg and Quatrano, 1988). Sporophyte numbers did not increase significantly in the last 30 days of growth, but the sporophyte size did significantly increase from 5 to 20 times larger (Appendix III).

Fucoidans are L-fucose-containing sulphated polysaccharides found in the extracellular matrix (ECM) within the cell walls of brown seaweeds (Kloareg and Quatrano, 1988). A recent work has found that the structure of fucoidan did not have a fucose backbone, but only fucose side chains and its backbone were galactic, similar to many others in seaweeds (Hanisch, 2023). The highest degree of sulphation of polysaccharides (SPs) per harvest in this study was 0.4% DW for the 12°C 12:12 treatment for juvenile sporophytes of 0.2 ± 0.005 mm in length after 66 days of growth. If SP is expressed as a percentage of TP, the content is 4% of TP from juvenile sporophytes of M. pyrifera, which is, for the first time, to our knowledge that this type of nutritional composition has been reported for the juvenile sporophytes of M. pyrifera.

Interestingly, the SP content decreases after the first 75 days until the final harvest at 90 days; therefore, for the optimal treatment of 12°C (12:12), the best cultivation time to produce SP in this system was before 75 days at this scale. An alternative strategy is to transfer these as feedstock to seed open-ocean lines for large-scale biomass production. A previous work found a 19% degree of sulphation from its polysaccharide fraction of M. pyrifera (Schweiger, 1962), and more recently, commercially sourced powdered high-purity fucoidan sourced from M. pyrifera had 27.32% (W/W) degree of sulphation (Zhang et al., 2015). These previous degrees of sulphation data exceed the results from this study on juvenile sporophytes, as would be expected, with these comparison studies being based on adult M. pyrifera seaweed that should potentially have higher fucoidan content. Fucoidan functions as a cell wall-reinforcing molecule and appears to assist with protection against desiccation at low tide, as well as provide structural integrity enabling the seaweed to withstand adverse open-ocean conditions (Schweiger, 1962; Kraan, 2012).

The applications of SP from M. pyrifera have been noted to function as a fucoidan immune modulator enabling delays in cell apoptosis and promoting proinflammatory cytokine production (Kılınç et al., 2013). A US patent in 2012 was filed using M. pyrifera extract-derived product range, including a high-purity fucoidan 75%–90% kelp oil and/or kelp concentrate, and these products were reported to provide total antioxidant protection as pharmaceutical products (Copp and Glantz, 2011). Fucoidans from brown seaweed have exhibited bioactivity including, e.g. anti-inflammatory, antioxidant, antibacterial and immunological activity; lipid inhibition; and obesity prevention or treatment (Cumashi et al., 2007; Park et al., 2011; Fitton et al., 2015; Synytsya et al., 2015), indicating the utility and applications of polysaccharides sourced from M. pyrifera including the juvenile sporophytes from this study produced in controlled environmental conditions. The difference in the size of adults at 1–5 m (after 6 months of growth) and juvenile sporophytes at 2 ± 0.05 mm (after 3 months of lab/hatchery-phase growth) indicates a reduced surface area-to-volume ratio for the juvenile sporophytes. This disparity in size comparison may explain the difference in SP content for sporophytes at 0.4%, when compared to adult plants at 27.3%–19% for M. pyrifera (Cumashi et al., 2007; Hepburn et al., 2007). Previously, it was noted through nutritional comparisons of M. pyrifera adult and spores that the carbon/nitrogen (C/N) ratio of adult vegetative tissue fluctuated greatly with season, due mainly to nitrogen in Macrocystis, while the spore C/N ratio remained relatively constant (Reed et al., 1996). In addition, in higher plants, phenotypic stress response causes variability in all physical plant components before seeds are impacted (Harper et al., 1970; Haig and Westoby, 1988). This type of stress response to low nutrient availability in adult kelp impacts the vegetative tissue as a preference to ensure that spore quality is maintained (Reed et al., 1996).

Fatty acids from seaweeds and plants are used as a source of carbon-18 (C18) PUFA for human and fish diets as neither can produce these PUFA's themselves. They are excellent sources of n−3 fatty acids with 18 to 20+ carbons, such as C20:5n3 eicosapentaenoic acid (EPA) and C22:6n3 docosahexaenoic acid (DHA), which have been mainly sourced from fish oils yet had originally been found in seaweed (Tocher et al., 2019; Rocha et al., 2021). The highest EPA content from this study was 8.5% TFA and the DHA content was 0.5% TFA from the 12°C (12:12) treatment, and across all treatments, the total PUFA content ranged from 47% to 60% of the TFA.

At the per harvest scale, DHA was found only in the 12°C (12:12) treatment, with values of 0.28% and 0.19% TFA for harvest days 72 and 78, respectively, and these results are comparable to other seaweeds that had little or no DHA present (Takagi et al., 1985; Fleurence et al., 1994). The most abundant fatty acid in this study was palmitic acid (C16:0), with values that ranged from 14% to 20% TFA across all treatments, and this compares to a previous work, where palmitic acid represents 20%–30% of TFA in membrane phospholipids and adipose triacylglycerols (Carta et al., 2015). Palmitic acid content from this study compares favourably with a previous study on M. pyrifera sampled in Chile (Ortiz et al., 2009). Stearidonic acid (C18:4n3) was the second most abundant of the 26 fatty acids identified with values >0.1% and ranged from 9.5% to 18% of TFA across all treatments. SDA is an ω-3 fatty acid, a PUFA and is biosynthesized from alpha linolenic acid (ALA) by the enzyme delta-6-desaturase (Walker et al., 2013), and exogenous stearidonic acid is possibly a better precursor than ALA for EPA biosynthesis (Calder, 2021). C18:1n9c oleic acid accounted for ~10% of the TFA content across all treatments. Oleic acid (C18:1n9c) is an ω-9 monounsaturated fatty acid and is found throughout the human diet. LA and ALA are potentially related to the growth stages of the juvenile sporophytes (Marinho et al., 2015). Arachidonic acid (AA) is only produced by humans when they eat LA, and it is also found in cells throughout the body and supports the nervous, skeletal and immune systems (Tallima and El Ridi, 2017).

The World Health Organisation (WHO) food standards for omega-3 recommend a daily dose of EPA and DHA: 0.3 g to 0.5 g for adults (US Department of Human & Human Services, 2020). The health benefits of these two n−3 fatty acids (EPA and DHA) are extensive, including proper foetal and brain development and neuronal, retinal and immune function (Freund-Levi et al., 2006; Swanson et al., 2012). The other potential uses are the prevention of mild Alzheimer’s disease, obesity and sarcopenic obesity for the elderly (Freund-Levi et al., 2006; Troesch et al., 2020). The highest PUFA in this study was SDA  at 17.7%  of TFA, for the 12°C (12:12) treatment. SDA is an exciting FA for human nutrition as it has greater efficacy in increasing EPA content in tissues including erythrocytes and plasma lipids (James et al., 2003). A previous work noted that the highest PUFA was linoleic acid (18:2n−6) at 43.41% for M. pyrifera, and the highest monounsaturated fatty acid (MUFA) was 18:1n−9c (oleic acid) at 19.64% (Ortiz et al., 2009). The contributary factors that may account for the differences in PUFA profile composition between M. pyrifera samples may be due to the use of growing juvenile sporophytes in this study in contrast to the dried biomass used in the study from Chile (Ortiz et al., 2009).

One of the benefits of M. pyrifera is that it contains a suitable PUFA n−6/n−3 ratio that can positively impact both human and animal nutrition (Ortiz et al., 2009). The results from this study showed an n−6/n−3 ratio ranging from 1.1/1 to 1.8/1 for M. pyrifera across all treatments, and these results compared favorably with a previous brown seaweed study that also noted a 0.8/1 ratio, indicating that n–6 FA was comparably low, which infers a health benefit and has a similar ratio to that of cold-water fishes. Traditional European foods have an n−6/n−3 ratio of approximately 15–17:1, suggesting that Western diets are deficient in n−3 FA and high in n−6 FA, with the European Nutritional Societies recommending an n−6/n−3 ratio of 5:1 as health-promoting for humans (Dawczynski et al., 2007; Calder, 2021). To counteract this n−3 FA dietary deficiency, this 1.1/1 ratio for M. pyrifera indicates that seaweed products can assist in the supply of n−3 FA to the human diet. Foods high in n−3 long chain (LC) (>20 carbons), LC-PUFA, are considered to have a positive effect on the composition of blood lipids and, therefore, can potentially assist in the prevention of arteriosclerosis (Murata et al., 2002; Nestel et al., 2002; Erkkilä et al., 2003). Brown seaweeds represent a vital source of LC-PUFA (n−3; n−6), essential for the development of structural lipids and components of cell membranes, as well as precursors of eicosanoids, which may impact inflammation processes and immune responses (De Pablo and De Cienfuegos, 2000; Calder and Grimble, 2002; Calder, 2021). This study has noted that as the growth of these juvenile sporophytes continues, PUFA content increases, indicating that harvesting at later stages of growth may benefit the accumulation of PUFA, but not the overall biomass accumulation.

This controlled study of M. pyrifera juvenile sporophyte development indicates that environmental cultivation conditions affect the production of biomass and nutrient composition (protein, PUFA, TP and SP) for potential bioproduct production. The results show that the least stressed developing tissue, as indicated by the number and mass, contained the highest levels of potential valuable metabolites. The highest level of seaweed biomass, the number of juvenile sporophytes and the highest total yield for protein, PUFA, TP and SP were from the 12°C (12:12) treatment, with 30 µmol m−2 s−1 light and F/2 nutrient media after 60 days of cultivation. Harvesting time was also important for juvenile sporophytes, which were observed to increase their PUFA content with increased growth, indicating that harvesting at a later stage may benefit the accumulation of higher levels of PUFA, but not the overall biomass accumulation. Conversely, the SP content decreased as the harvests continued, so to achieve the highest SP content, harvesting earlier at 45 days has been recommended for juvenile sporophytes at the hatchery scale (Camus and Buschmann 2017). Protein levels peaked at 22.48% DW in the final harvest indicating more growth time may be beneficial for higher protein content with present levels, comparable to other commercially cultivated brown seaweeds.

The implication of this study is that temperature and photoperiod are factors that impact the sporophyte growth rate, size, biomass and nutrient accumulation. This study has enabled new knowledge on the crucial local environmental conditions to be identified that influence the cultivation and productivity of sporophytes from native Tasmanian cultivars. This work enables progress to be made towards exploring productive aquaculture from hatchery-cultivated M. pyrifera in Tasmania.
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