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Seaweed aquaculture can provide the growing human population with a sustainable source of proteins. Sea-based cultivation is an effective method for farming seaweeds on a large scale and can yield high biomass output. However, the quality and biochemical composition of the biomass is seasonally dependent, which limits the harvests to certain periods of the year. Here we show the possibility to extend the sea-based cultivation season of Ulva fenestrata when aiming for high protein levels, by post-harvest treatment in herring production process waters. We harvested U. fenestrata at an optimal period in terms of yield, but suboptimal in terms of protein content. We then cultivated the seaweed in onshore tank systems with the nutrient-rich process waters for 14 days. We monitored biomass yield, crude protein content, amino acid composition, and content of the health concerning metals arsenic, mercury, lead, and cadmium, as well as the sensory properties of the dried biomass. After cultivation in the process waters, biomass yields were 30 - 40% higher (210 – 230 g fresh weight) compared to in seawater (160 g fresh weight). Also, the crude protein and amino acid content increased three to five times in the process waters, reaching 12 - 17 and 15 – 21% dry weight, respectively. The protein enriched biomass followed food graded standards for heavy metal content, and consumption of the biomass does not exceed health based reference points. Additionally, no sensory attributes regarded as negative were found. This rapid, post-harvest treatment can help extend the cultivation season of sea-based seaweed farms, maximizing their output of sustainable proteins.
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Introduction

In order to produce food that is sustainable for the growing world population, we need alternative future protein sources (Godfray et al., 2010; Olsen, 2015). Seaweed aquaculture is a promising source of sustainable food as it has a net uptake of nitrogen and phosphorus, and can capture greenhouse gas (Buschmann et al., 2017; Hasselstrom et al., 2018; Gephart et al., 2021). The worldwide production of seaweed is increasing exponentially, with over 32 million tonnes of seaweed produced annually at a value of USD 13.3 billion (FAO, 2018; FAO, 2020; Naylor et al., 2021). The distinct umami flavor has in recent years facilitated seaweeds as a delicious and interesting food ingredient in Western cuisine, especially in gastronomy and high-end restaurants (Mouritsen et al., 2018; Moerdijk-Poortvliet et al., 2022). Generally, the sensory quality of a food product, such as its appearance, odor, flavor, taste, and texture, plays a significant role in the public acceptance of novel food (Lawless, 2010; Moerdijk-Poortvliet et al., 2022). The consumer attitudes towards seaweed as a food has been shown to be very positive (Wendin and Undeland, 2020). However, to increase the understanding and recognition of seaweeds as a protein source and its gastronomic potential, its sensory attributes need to be further investigated. Special emphasis should be put on the avoidance of for example high intensity of bitterness, or other attributes that may occur in seaweed and are perceived by consumers as negative (Pérez-Lloréns et al., 2020).

Sea-based cultivation of seaweeds in coastal nearshore or offshore areas offer a practical and cost-efficient method of farming at a large scale (Araújo et al., 2021; Steinhagen et al., 2021). However, the systems are seasonally dependent, and environmental factors can significantly affect the growth and biochemical profile of the seaweeds (Venolia et al., 2020; Araújo et al., 2021; Steinhagen et al., 2021; Steinhagen et al., 2022). It is therefore important to optimize the harvest depending on its downstream application, to periods when the quality of the produced biomass can be ensured (Araújo et al., 2021; Steinhagen et al., 2022).

The green seaweed genus Ulva (sea lettuce) has gained attention by the aquaculture sector due to its many beneficial traits for large-scale cultivation (Buchholz et al., 2012; Lawton et al., 2013; Bolton et al., 2016). Some Ulva representatives have both high productivity and environmental tolerance (Bolton et al., 2016; Nardelli et al., 2019), and can efficiently bioremediate nutrients (Sode et al., 2013; Al‐Hafedh et al., 2015). The biomass has many nutritional properties interesting for consumers such as its protein content (5 - 22% dry weight (dw)) (Shuuluka et al., 2013; Jansen et al., 2022; Steinhagen et al., 2022), its content of all essential amino acids (Fleurence, 2004; Machado et al., 2020), and its relative abundance of minerals, antioxidants, vitamins, and fatty acids (Holdt and Kraan, 2011).

The nutritional and biochemical profile of Ulva changes depending on environmental conditions and nutrient availability (Bolton et al., 2016; Toth et al., 2020). The biomass quality of the Scandinavian Ulva fenestrata Postels and Ruprecht cultivated in an offshore seafarm in the Northern Hemisphere is highly dependent on the harvest season. For instance, fatty acids and protein content are highest in early spring (April), while biomass yield and carbohydrates are highest later in the season (May-June) (Steinhagen et al., 2022). Therefore, maximizing yield by harvesting late in the season results in a biomass with low protein content. However, by cultivating U. fenestrata in land-based settings it is possible to control the production cycle and biomass composition of the seaweeds independent of the season (Hafting et al., 2012; Hafting et al., 2015). We recently showed that U. fenestrata increases its growth, crude protein content and amino acid content when cultivated in herring production process waters (HPPWs) for 7 - 28 days (Stedt et al., 2022b), and cultivation of Ulva in other nutrient-rich waters show similar results (Nielsen et al., 2012; Nardelli et al., 2019).

The aim of this study was to determine if HPPWs can be used as a short-term, post-harvest treatment to boost the protein content of U. fenestrata harvested at an optimal harvest period (early summer) in terms of yield, but suboptimal in terms of protein content. The content of some prioritized toxic elements, commonly grouped as “heavy metals” were determined in the U. fenestrata biomass (arsenic, mercury, lead, and cadmium), and a simple exposure assessment was performed (US EPA, 2007). Furthermore, we wanted to assess if the sensory attributes (appearance, odor, taste, flavor, and texture) of the U. fenestrata biomass were affected by cultivation in HPPWs. We tested this by running a 14-day post-harvest experiment where we cultivated U. fenestrata, harvested from a nearby Swedish sea-based seaweed farm, in a land-based setting with two different HPPWs and a seawater control. We measured growth, crude protein content, amino acid composition, heavy metal content and conducted a sensory analysis on the biomass.



Materials and methods


Algal material and taxonomic identification

Algal material was collected from a sea-based seaweed farm (2 ha, 100 x 200 m) located in the Koster archipelago (Skagerrak), Sweden (58°51’34.0”N, 11°04′06.2”E). For details on the seafarm and cultivation conditions see Steinhagen et al. (2021). Individuals of U. fenestrata were collected from the seaweed farm at early-summer conditions on the 24th of May 2021 and had a mean crude protein content of 3.76 ± 0.22% dw (mean ± SEM, n = 3). Molecular identification of the algal material used in the present study has been described in detail by Toth et al. (2020) (GenBank accession numbers: MN240309, MN240310, MN240311).



Herring production process waters

The two herring production process waters (HPPWs) used in the experiments were collected in a food grade state in May 2021. The HPPWs were: (i) tub water (TUB) from in-house pre-processing storage of whole herring in 3% NaCl at a primary processor (Sweden Pelagic AB, Ellös, Sweden), and (ii) saturated salt brine (SAL) from maturation of herring fillets at a secondary processor (Klädesholmen Seafood AB, Rönnäng, Sweden). A detailed explanation of the HPPWs can be found in Stedt et al. (2022a). After collection, coarse particles (> 300 μm) were removed by filtration and the HPPWs were then stored at -60°C. The total ammonia, nitrate and nitrite were quantified using commercial enzymatic kits as described by Stedt et al. (2022a), while the inorganic phosphorus/orthophosphate content was measured with a standard curve made with monopotassium phosphate, as reported by Qvirist et al. (2015). Characterization of undiluted HPPWs is presented in Table 1. The HPPWs were diluted with filtered (0.2 μm + UV-light treated) deep-sea (40 m) seawater to 25 μM NH4+.


Table 1 | Characterization of the seawater (SW) that was used as the control and to dilute the herring production process waters (HPPWs), as well as the undiluted HPPWs SAL and TUB (mean ± SEM, n = 3) collected in May 2021.





Experimental setup

The experiments included the two diluted HPPWs TUB and SAL, as well as a seawater control (SW), each set up in triplicates (Table 1). The seaweeds harvested from the seaweed farm were placed in 14 L tanks filled to 10 L at 14°C, under 16:8 h (L:D) light cycle, and at an irradiance of 100 μmol photons m-2 s-1 (light source: INDY66 LED 60 W 4000 K 6000 lm). The tanks were cleaned and the respective waters were renewed every second day to avoid nutrient depletion and microbial spoilage. Both salinity (WTW MultiLine 3420, Xylem Analytics) and pH (Mettler Toledo FiveEasy bench meter) remained stable throughout the experiment in all treatments (33.0 ± 1.0 ppt and 8.2 ± 0.2 respectively, mean ± SD).

The experiment started on the 24th of May 2021 and lasted 14 days. The seaweeds were cleaned and divided into tanks at a density of 12 g fresh weight (fw) L-1, i.e. 120 g fw tank-1. The total fw and crude protein content of the seaweed in each tank was measured on day 1, 3, 7, and 14. Samples for amino acid composition, heavy metal content, and sensory properties from U. fenestrata were analyzed at the end of the experiment.



Growth and crude protein content

The fresh weight in each tank was determined in a standardized way by weighing the U. fenestrata on a lab-scale (Sartorius TE1502S, Göttingen, Germany), after removing the excess water with a salad spinner. From each tank, random tissue samples were collected, frozen, freeze-dried and homogenized to a fine powder before further analysis.

The total nitrogen content was determined by combustion using a GSL elemental analyzer coupled to an isotope-ratio mass spectrometer (EA-IRMS, 20 - 22, Sercon Ltd., Crewe UK). The crude protein content was estimated based on the nitrogen-to-protein conversion factor of five for seaweeds (Angell et al., 2016).



Amino acid composition

Total amino acids (TAA) of U. fenestrata were analyzed following the procedure described in Trigo et al. (2021), with minor modifications. All analyzes were made in triplicates. To 100 mg of the freeze-dried, homogenized seaweed tissue sample, 4 mL of 6 M HCl was mixed in screw-cap glass tubes, after which all air in the tubes was replaced with nitrogen. The samples were hydrolyzed at 110°C for 24 h using a heat block, followed by dilution with 0.2 M acetic acid and filtering (0.22 μm; Fisher Scientific). Two μL of each sample were run in a LC/MS (Agilent 1100 HPLC) with a Phenomenex column (C18 250 μm x 4.6 μm x 3 μm), coupled to an Agilent 6210 quadrupole in the SIM positive mode (Agilent Technologies). Separation was conducted at 0.7 mL min-1 for 40 min using different ratios of mobile phase A (3% methanol, 0.2% formic acid and 0.01% acetic acid) and mobile phase B (50% methanol, 0.2% formic acid and 0.01% acetic acid). For the calibration curve, a mix consisting of 17 amino acids (Thermo Scientific) was used. Due to the use of acidic hydrolysis, tryptophan and cysteine could not be recovered, and glutamine and asparagine were co-determined with glutamic and aspartic acid, respectively. Data were analyzed using MassHunter Quantitative Analysis software (version B.09.00, Agilent Technologies).



Heavy metal content and exposure assessment

Randomly selected, freeze-dried, and homogenized tissue samples (0.5 g dw) from two tanks per treatment were analyzed for total arsenic (tAs), mercury (Hg), lead (Pb), and cadmium (Cd) at the Swedish Food Agency, Uppsala, Sweden. The analytical method follows the standard procedures of NMKL no. 186 and EN 15763:2009, which includes total microwave acid digestion of the samples using a mixture of concentrated nitric acid and hydrochloric acid (6 + 1 mL) before determination with inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700x). The inorganic arsenic (iAs) was analyzed at the Swedish Food Agency, Uppsala, Sweden, according to the European Standard EN 16802:2016. The method is based on extraction with dilute nitric acid and hydrogen peroxide in hot water bath, followed by analysis with strong anion exchange HPLC-ICP-MS (Agilent 1260 Infinity Quaternary LC and Agilent 7700x ICP-MS). Both methods are further described in (Kollander et al., 2019). As there are no regulations on the maximum levels of these heavy metals in seaweeds for food purposes other than for food supplements, the heavy metal contents were compared to the maximum allowed levels (MLs) in general foodstuff set by the European Union’s Commission Regulation (EC) No. 1881/2006 (version 03/05/2022) (European Commission, 2006).

In addition, the following equations were used to estimate the exposure to these heavy metals when consuming biomass of seaweeds cultivated in the different treatments:

 

 

Where Ci is the content of heavy metal i in dried U. fenestrata biomass (μg g dw-1), Di is the daily average intake of dried seaweeds in China (5.2 g day-1) adapted from Chen et al. (2018), bw is the reference body weight for adults (63.3 kg) as established by the EFSA (2017), and RfDi is the reference dose for heavy metal i (μg kg bw-1 day-1) as set by US EPA (2007). Because iAs is the most toxic species of arsenic, RfD values are only established for this form of As (US EPA, 2007). THQ is used in several seaweed studies (Chen et al., 2018; Filippini et al., 2021; Peng et al., 2022), and a THQ < 1 indicates that there are no health risks associated with the consumption of the dried U. fenestrata biomass concerning element i. The Di of 5.2 g day-1 was adopted as it is higher than the consumption in Japan (4 g day-1), but lower than in South Korea (8.5 g day-1) (Chen et al., 2018). Together with using a low reference body weight in comparison to the population in North America, Australia, and Europe (> 75 kg) (worlddata.info, 2022), this makes the exposure assessment rather conservative. The US EPA RfD was chosen over the EU Tolerable daily intake (TDI) in order to simplify comparisons with other publications in the area.



Sensory analysis

Sensory attributes of the biomass from cultivation in the control (SW) and the two HPPWs (TUB and SAL) were analyzed at the Kristianstad University, Sweden. To analyze the seaweed in a food like product, 2.5 g of pulverized seaweed tissue were blended into 150 g water. To keep the seaweed powder evenly distributed in the liquid, 2.0 g soy lecithin (Sosa ingredients, Spain) and 1.3 g xanthan gum (Guzmán Gastronomia SL, Spain) were added. Sensory attributes were analyzed by quantitative descriptive analysis with a trained analytical sensory panel, following ISO 13299:2016. The software Eye Question (version 4.10, the Netherlands) was used for sensory data collection. Each assessor gave their informed consent for participation after being informed about the products and the terms of participation: voluntary participation, freedom to leave the test without giving a reason, and the right to decline to answer specific questions.

Four assessors participated in the analytical sensory panel, which were all selected and trained according to ISO 8586:2012. During training reference samples were presented and the sensory attributes defined (Table 2). The panel was further trained on how to rate attribute on a numerical intensity scale ranging from 0 to 100. The assessments were performed in duplicate, in randomized order.


Table 2 | Sensory attributes and their definitions.





Statistical analysis

All statistical analyses, except for the sensory data, were performed in RStudio (v. 1.2.5001). All data were visually checked for homogeneity and normality with diagnostic plots (density-, normality- and QQ-plots). Furthermore, normality was checked with the Shapiro Wilk test for each combination of factor levels, and Levene’s test was used to test for homogeneity of variance at each level of time. Growth and crude protein content were analyzed using a two-way mixed model ANOVA with day as within (repeated measures) and treatment as between subject factors. Comparisons between treatment and day were analyzed post-hoc with pairwise paired t-test (Bonferroni corrected). Amino acids were analyzed with one-way ANOVA followed by Tukey’s post-hoc test for pairwise comparison.

The sensory data were subjected to two-way ANOVA with treatments and assessments as fixed effects. Significant differences (p < 0.05) between the treatments were calculated with Tukey’s post-hoc pairwise comparison test (IBM SPSS, version 26). Principal Component Analysis (PCA) was performed to give an overview of the data (Panel Check, version 1.4.2, Nofima, Norway).




Results


Growth and crude protein content

After 14 days, the biomass yield had increased from 120.00 g fw per tank to 228.67 ± 0.88, 213.33 ± 4.26, and 162.67 ± 7.84 g fw in SAL, TUB, and SW, respectively (mean ± SEM) (Figure 1A), resulting in 30 - 40% higher biomass yield in the HPPWs compared to in SW. There was a statistically significant interaction between treatment group and time in explaining growth (Table 3). The effect of treatment was significant at day 1, 3, 7, and 14 (p < 0.05), and the pairwise comparisons show that the mean fw was significantly higher in SAL and TUB compared to in SW on day 1, 3, 7, and 14 (p < 0.05).




Figure 1 | (A) Fresh weight (g) and (B) crude protein content (% dw) of Ulva fenestrata cultivated in seawater control (SW) and the two herring production process waters salt brine (SAL) and tub water (TUB) (mean ± SEM, n = 3). Significant differences from the pairwise paired t-test are denoted by asterisks, * < 0.05, ** < 0.01, *** < 0.001, and *** < 0.0001.




Table 3 | Two-way mixed model ANOVA (Type III) of fresh weight (g) and crude protein content (% dw) of Ulva fenestrata cultivated under two different herring production process waters (SAL and TUB), as well as a seawater control (SW).



After 14 days, the crude protein content had increased from 3.76 ± 0.22% dw (day 0) to 11.98 ± 0.47 and 16.92 ± 0.35% dw in SAL and TUB, respectively, while it decreased to 2.87 ± 0.11% dw in SW (mean ± SEM) (Figure 1B). There was a statistically significant interaction between treatment group and time for crude protein content (Table 3), and treatment was significant at day 7 and 14 (p < 0.05). Seaweeds cultivated in TUB had higher crude protein content compared to seaweeds cultivated in SAL (p < 0.005), but the HPPWs generated biomass with four and six times higher crude protein content compared to SW.



Amino acid composition

The amino acid profile of the dried U. fenestrata biomass is presented in Table 4. The total amino acid (TAA) content in SAL (15.30 ± 1.10% dw) and TUB (20.69 ± 0.32% dw) were significantly higher compared to in SW (4.21 ± 0.26% dw) (p < 0.001), and all TAA were higher compared to the crude protein content estimated by the nitrogen-to-protein conversion factor of five (11.98 ± 0.47, 16.92 ± 0.35, and 2.87 ± 0.11% dw in SAL, TUB, and SW, respectively). As a result of the high content of the non-essential amino acid (NEAA) glutamic acid in SAL (19.35 ± 0.25% of TAA) and TUB (22.24 ± 0.19% of TAA) compared to in SW (13.13 ± 0.06% of TAA) the total essential amino acids (TEAA) in SAL (36.35 ± 0.28%) and TUB (33.20 ± 0.60%) were significantly lower compared to in SW (40.61 ± 0.47%) (p < 0.001) (mean ± SEM, n = 3). Based on the WHO/FAO/UNU (2007) requirements, lysine was the limiting amino acid in the control biomass, whereas histidine was the limiting amino acid in biomass cultivated in both HPPWs (Table 4).


Table 4 | Amino acid profile (% of TAA) of dried biomass of Ulva fenestrata cultivated in seawater control (SW) and the two herring production process waters salt brine (SAL) and tub water (TUB) (mean ± SEM, n = 3), as well as the amino acid profiles (% of protein) recommended by WHO/FAO/UNU (2007).





Heavy metal content and exposure assessment

The heavy metal content was similar between all treatments, and were all below the EU maximum levels (MLs) in foodstuff (Table 5). The Hg content was below the method’s quantification limit (< 0.036 μg g dw-1) for SW and TUB. Inorganic arsenic only contributed 0.45, 0.72, and 0.39% to the tAs in Ulva fenestrata biomass cultivated in SW, SAL, and TUB, respectively.


Table 5 | Heavy metal content (μg g dw-1) in Ulva fenestrata biomass cultivated for 14 days in the seawater control (SW), and the two herring production process waters salt brine (SAL) and tub water (TUB) (mean ± SEM, n = 2).



The simple exposure assessment showed that the exposure dose from consuming 5.2 g dw day-1 of the U. fenestrata from any treatment is between 0.10 – 1.17% of the heavy metals respectively RfD values (Table 6). Consequently, the THQ is well below 1 for all the heavy metals, indicating no expected health risks concerning these heavy metals.


Table 6 | Estimated exposure dose and target hazard quotient (THQ) when consuming 5.2 g dw of Ulva fenestrata cultivated for 14 days in the seawater control (SW), and the two herring production process waters salt brine (SAL) and tub water (TUB).





Sensory analysis

Ulva fenestrata cultivated in HPPWs were similar in most sensory attributes but differed from the control biomass with respect to a few attributes (Figure 2 and Table 7). The appearance of the U. fenestrata together with their total odor intensity were the sensory attributes contributing to the largest differences between the treatments. There was a significant difference between the SW and the HPPWs in appearance, where SW had a yellow-green color and the HPPWs a blue-green color (p < 0.001). The control was also significantly different from the HPPWs by having a less intense total odor (p < 0.001). The control was significantly different from TUB regarding seaweed odor (p < 0.05), while the difference was not significant compared to SAL (p = 0.06). Furthermore, the odor of fresh fish was not significantly different between the treatments. For taste, there was a significant difference between the treatments in saltiness, where SAL was experienced to be lower in saltiness compared to the other treatments. There was also a significant difference between TUB and the other two treatments in the perception of adhesiveness, where TUB was more adhesive than the others. However, there was no significant difference in flavor between the treatments, and they were all perceived equally in the texture attribute oiliness.




Figure 2 | (A) Sensory profile showing the mean values, and (B) Principle Component Analysis (PCA) of the sensory attributes for Ulva fenestrata cultivated in seawater control (SW) and the two herring production process waters salt brine (SAL) and tub water (TUB). In the PCA, the first main component (PC1) accounts for 96.6% of the data variation and the second main component (PC2) accounts for 3.4%.




Table 7 | Two-way ANOVA of the sensory attributes for Ulva fenestrata cultivated under two different herring production process waters (SAL and TUB), as well as a seawater control (SW).






Discussion

Biomass composition and quality of farmed U. fenestrata are dependent on seasonal conditions (Steinhagen et al., 2022). Consequently, the harvest period of sea-based cultivated biomass is limited to certain seasons of the year depending on the desired biochemical properties of the biomass and downstream application. Here, we show the prospects of using herring production process waters (HPPWs) as a post-harvest treatment for U. fenestrata cultivated for food purposes. In only 7 to 14 days, the biomass harvested at the suboptimal harvest period in regards to its biomass protein content, almost doubled in biomass yield and increased in crude protein content over four times, when cultivated in the HPPWs. We show that around 450 g dw day-1 can be consumed (based on the THQ) regarding heavy metals (iAs, Hg, Pb, Cd), which is much higher than the average consumption in Japan (4.0 g dw day-1), China (5.2 g dw day-1), and South Korea (8.5 g dw day-1) (Chen et al., 2018). Furthermore, the sensory attributes of the biomass were not perceived as negatively affected by the HPPWs.

Seaweed growth is generally limited by nutrients, and increasing the accessibility to nitrogen and phosphate often results in higher growth (Hurd et al., 2014). In our experiment, U. fenestrata grew more in the HPPWs compared to in the SW already after the first day of cultivation, and after 14 days the biomass yields were 30 – 40% higher in the HPPWs compared to in the SW. These results are in agreement with previously reported studies, which show increased growth when seaweeds are cultivated in association with waters emerging from the aquaculture sector (Bolton et al., 2009; Korzen et al., 2016; Ashkenazi et al., 2019), or liquid pig manure (Nielsen et al., 2012). The biomass harvested from the seafarm had a crude protein content of 3.76% dw, and by cultivating the U. fenestrata for only 14 days in the HPPWs the crude protein content increased three times in SAL (11.98% dw), and over four times in TUB (16.92% dw). We recently showed similar increases for U. fenestrata when cultivated in HPPWs (Stedt et al., 2022b). However, to the best of our knowledge, such rapid increases in crude protein content have not been reported elsewhere. To compete with soy and animal derived proteins, it is important to achieve such high protein levels, as this will allow the production of more pure protein from extractions and counteract its relatively low digestibility (Harrysson et al., 2018; Harrysson et al., 2019; Trigo et al., 2021).

After 7 days, the crude protein content in the U. fenestrata cultivated in the seawater control decreased. This may be explained by sporulation events occurring during the cultivation period. Changing environmental conditions can trigger spore release in Ulva fenestrata (Balar and Mantri, 2019), but interestingly, sporulation events were not observed within the HPPWs treatments. If the HPPWs contain some unidentified sporulation inhibitors these would be highly valuable to identify, as sporulation events can be detrimental to commercial cultivations of Ulva. The decrease in crude protein content of the U. fenestrata in the seawater control was also reflected in their lower intensity of green color of the blades at the end of the experiment, while the green color intensified in U. fenestrata cultivated in the HPPWs. The intensified color is probably an effect of accumulation of N-containing photosynthetic pigments such as chlorophyll in the biomass and protein bound chlorophyll (Robertson-Andersson et al., 2009; Aryee et al., 2018; Stedt et al., 2022a).

The total amino acid composition showed that the nitrogen-to-protein conversion factor of five underestimated the protein content in the U. fenestrata biomass in this experiment. Based on our TAA data, a more accurate conversion factor for our samples would be, on average, 6.6. Apart from tryptophan, which could not be recovered due to the acid hydrolysis, all the essential amino acids were found in the U. fenestrata biomass. Of particular interest is the relatively high content of lysine in the biomass cultivated in the HPPWs, as this specific EAA is often considered the limiting amino acid in plant-based proteins (Sá et al., 2020; Thiviya et al., 2022). Overall, the results indicate that biomass of U. fenestrata cultivated in the HPPWs result in a high-quality protein source (Friedman, 1996; Sá et al., 2020). To reach the recommended daily intake of all EAA, an adult with 63.3 kg body weight (EFSA, 2017) needs to consume 1209 g dw of U. fenestrata cultivated in SW (limited by lysine), and 330 and 255 g dw of U. fenestrata cultivated in SAL and TUB (limited by histidine), respectively (data not shown). The results from this study indicate that the different treatments influence the AA composition, and that the treatments have a high impact on the daily intake needed to reach the recommendations set by the WHO/FAO/UNU (2007).

Seaweeds can accumulate heavy metals from its surrounding environment (Gaudry et al., 2007; Jarvis and Bielmyer-Fraser, 2015), which may be a concern for food applications. Of particular focus have been the inorganic form of arsenic, as it is cancerogenic (Duinker et al., 2020; Blikra et al., 2021). Our results show that the iAs in the U. fenestrata biomass was between 0.39 and 0.75% of the tAs, which corresponds with the general assumption that the fraction of iAs in seaweeds is around 1% of the tAs (Duinker et al., 2020; Blikra et al., 2021). Both the iAs and the other heavy metals analyzed were well below the MLs for regulated foodstuff (European Commission, 2006; European Commission, 2018), indicating that the biomass can safely be consumed regarding these elements. However, it is important to note that the MLs are not permanent, but constantly evaluated and adjusted to revised standards. MLs for new foodstuff are continuously added, and as seaweeds are increasingly being consumed by the European population, the European Commission have requested the European Food Safety Authority (EFSA) for a scientific report on the dietary exposure of metals from seaweeds (European Commission, 2022). Our health risk assessment showed that if a person with a body weight of 63.3 kg consumes 5.2 g dw day-1 [average consumption in China (Chen et al., 2018)] from any of the treatments, they would be exposed to 0.1 - 1.2% of the heavy metals’ RfD. Using the more restrictive tolerable daily intake values for Pb (0.63 μg kg bw-1 day-1) and Cd (0.36 μg kg bw-1 day-1) set by EFSA (EFSA, 2009; EFSA, 2010) exposes the consumer to maximum 4.5% and 3.2% of the RfD for Pb and Cd, respectively. The contents of some heavy metals can be reduced by post-processing of the biomass, such as blanching, washing, and boiling (Hanaoka et al., 2001; Stévant et al., 2018; Ownsworth et al., 2019; Blikra et al., 2021), which would further decrease the possible health risks associated with consumption of the biomass. Furthermore, the bioavailability of the heavy metals needs to be investigated to establish how readily they are absorbed to the bloodstream during digestion (Domínguez-González et al., 2010; Intawongse et al., 2018).

The sensory analysis supported the effect of intensified color when the biomass was cultivated in the HPPWs. Sensory analysis further showed significant differences between the HPPW treatments and the control in the intensity of overall odor and seaweed odor. Marine aromas can be correlated to several compounds belonging to groups of hydrocarbons, alcohols, carboxylic acids, aldehydes and ketones, esters, fatty acids, and halogenated or sulfur compounds (Sánchez-García et al., 2021). Among others, species, handling, and geography have great impact on the presence of odors and odor intensity in seaweeds (Sánchez-García et al., 2019). Earlier studies have shown positive consumer attitudes towards seaweeds as food, where the most preferred forms of consuming seaweeds were as snacks, bread and in various dishes (Wendin and Undeland, 2020). For example, adding seaweed to seafood dishes seems to be an example without any negative taste experiences (Chapman et al., 2015). Our results showed that the sensory attributes of the biomass were not considered to be negatively affected after cultivation in HPPWs. With suitable marketing, seaweed can become a natural, sustainable and innovative food resource with the potential to play an important role towards a more green and sustainable future for the planet (Pérez-Lloréns et al., 2020).



Conclusion

This study addresses the “Farm to Fork Strategy” emphasized by the EU’s Green Deal by providing insights into different steps surrounding seaweed cultivation; from enhancing the biomass composition of the crop, to ensuring a safe food product and evaluating its sensorial aspects. In conclusion, we show that the generally low protein content of late season U. fenestrata biomass can be boosted through short-term, post-harvest treatments with herring production process waters (HPPWs). Generally, harvesting U. fenestrata later in the season will allow for higher biomass yields. After 14 days in the HPPWs the protein content of the U. fenestrata was at similar levels as those observed early in the season, when the crude protein content is at its peak (20.79% dw) (Steinhagen et al., 2022). Furthermore, we show that the biomass can be consumed as food based on our documented levels of heavy metals, and that there are no effects regarded as negative from the cultivation in HPPWs on the sensory attributes of the biomass.
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pg kg bw day™

Inorganic arsenic (iAs) 0.3
Mercury (Hg) 0.3
Lead (Pb) 3.6%
Cadmium (Cd) 1

“In 2004 US EPA decided against a reference value for lead, and according to EFSA, 2010, the tolerable daily intake of lead is 0.63 g kg bw™ day™.
The exposure doses are calculated from the reference body weight for adults (63.3 kg) as established by the EFSA (2017). If THQ is < 1 there are no health risks expected.
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0.0010
0.0003
0.0285
0.0115
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0.0015
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0.0029
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A_Color

Odor
O_Intensity
O_Fish
O_Seaweed
Taste
T_Sourness
T_Saltiness
T_Sweetness
T_Umami
Flavor

F_Fish Liver Oil
F_Fresh Grass
F_Ramson
Texture
Tex_Adhesiveness

Tex_Oiliness

Definition

Scale running from yellow-green to blue-green

Total intensity of all odors
Fresh fish, fishmonger

Wet and fresh seaweed

Basic taste
Basic taste
Basic taste

Basic taste

Resemblance of additive
Fresh grass

Fresh ramson

Adhesive to spoon

Fatty feeling in the mouth
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SW SAL TUB

Glycine 7.68 +0.12° 6.68 +0.19° 691 +0.18°

Alanine 9.28 +0.27 8.82 +0.22 8.23+021

Serine 572 +021 521+ 0.15 5.39 + 0.41

Proline 481 +0.14 5.15 + 0.06 4.85+021

Valine 7.63 0.39° 6.55 + 0.09° 569 + 0.55" 3.90
Threonine 6.82 % 0.02° 562 % 0.05° 535 +0.05° 230
Isoleucine 456+ 0.02° 3.65+0.02° 354 +0.01° 3.00
Leucine 7.40 £ 0.18" 6.68 + 0.09° 637 +0.13° 590
Aspartic acid* 1007 +031° 1152 £ 0.17* 11.64 £ 0.06*

Lysine 374 £ 0.12° 576 + 0,03 466 £ 0.05° 450
Glutamic acid* 13.13 + 0.06° 19.35 + 025" 2224 £ 0.19°

Methionine 2.63 £ 0.10° 1.86 + 0.05" 1.77 £ 0.07° 1.60
Histidine 243+ 0.14° 1.26 + 0.07° 1.20 +0.08" 1.50
Phenylalanine 540 + 0.08" 4.99 +0.03 462 +0.09° 3.80
Arginine 4.19+023 392 +028 5.01 +0.33

Tyrosine 450 £ 0.16 3.00 £ 0.10° 252 0,05

TAA (% dw) 421 +0.26° 1530 + 1.10° 20.69 + 0.32*

TEAA (%) 40.61 £ 047" 36.35 + 028" 33.20 + 0.60°

TAA, total amino acids; TEAA, total essential amino acids.
*Glutamine and asparagine were co-determined with glutamic and aspartic acid, respectively.
EAA are indicated by bold font and significant differences between treatments are denoted by superscript letters.
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Significant p-values are indicated with italics. Data are visualized in Figure 1.
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18.4
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F-value

128.6
155
2.6
4.0
0.5
5.5
0.4
0.7
2.0
0.3
0.3
5.0
0.1

p-value

< 0.001
< 0.001
0.09
0.03
0.70
0.01
0.76
0.58
0.16
0.80
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0.01
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Significant p-values are indicated with italics. Data are visualized in Figure 2.
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Nitrate
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Content in biomass MLs in foodstuft

-1 -1
Hg g dw He g
SW SAL TUB

Total arsenic (tAs) 242 +0.20 2.11 £0.07 3.02 +£0.51 Not established
Inorganic arsenic (iAs) 0.01 £ 0.00 0.02 £ 0.00 0.01 + 0.00 0.1*-0.3
Mercury (Hg) < 0.036 0.04 £ 0.00 < 0.036 0.1-1
Lead (Pb) 0.13 £ 0.03 0.34 £ 0.04 0.35 +0.07 0.02* - 3**
Cadmium (Cd) 0.03 £ 0.01 0.13 £ 0.00 0.14 +£ 0.04 0.01* 3**

*Food destined for babies and young children (for iAs rice intended for baby food, Pb cereal based food, and for Cd young children formulae).
“*Food supplements as sold, consisting exclusively or mainly of dried seaweed, products derived from seaweed, or of dried bivalve mollusks.
The range of maximum allowed levels in foodstuff (MLs) is set by the European Union’s Commission Regulation (EC) No. 1881/2006 (version 03/05/2022).





