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Sugar kelp (Saccharina latissima) is a native European brown macroalga with the potential to become a vital part of the green transition of the food industry. Knowledge of the sugar kelp shelf-life is essential to designing the food supply chain to ensure safe and high-quality food. Establishing a single-compound quality index (SCQI) of freshness would be useful for the industry. However, information is currently lacking on how different post-harvest treatments affect the shelf-life of sugar kelp, even though it is important knowledge for manufacturers, authorities and consumers. The objective of this study was to establish the shelf-life of refrigerated sugar kelp following five post-harvest treatments and evaluate the effect of these treatments on changes in quality attributes (sensory, microbial, chemical and physical) during storage to select the SCQI. The post-harvest treatments included washing in sea water, washing in potable water, blanching for 2 min in sea water or potable water and untreated sugar kelp. Based on sensory analysis, the refrigerated (+ 2.8°C) shelf-lives for sugar kelp from all treatments were seven to 9 days. The end of the sensory shelf-life correlated with the development of >7 log (CFU g−1) aerobic viable counts, suggesting this attribute can be used as a SCQI to evaluate the shelf-life of sugar kelp. The microbiota was dominated by putative spoilage organisms from the Pseudoalteromonadaceae and Psychromonadaceae families. Untreated and washed sugar kelp continued to respire and consume carbohydrates up to 5 days post-harvest, indicating respiration rates may be used to determine freshness of non-blanched kelp. Favorable organoleptic properties, e.g., sweetness and umami, decreased during storage and coincided with a reduction in water-soluble mannitol and free glutamic acid. Both blanching treatments changed texture and color and reduced iodine and vitamin C contents while retaining components such as fucoxanthin, chlorophyll a and β-carotene. This study provides crucial documentation of quality changes during the post-harvest storage period of sugar kelp, including information about sugar kelp spoilage and nutrient changes, which would facilitate the development of best practices for manufacturers using sugar kelp in their production of food.
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1 INTRODUCTION
Macroalgal production in Europe is limited, as it only contributes to 0.8% or 0.3 million metric tons of the global output (Cai et al., 2021). Wild harvest currently dominates European macroalgal production with just 3.9% of the produced biomass originating from macroalgal farms (Cai et al., 2021). The low share of cultivated macroalgae in Europe is unusual compared to the global dominance of cultivated macroalgae with an estimated total cultivated market share of 97.0% of the total production (Cai et al., 2021). Sugar kelp (Saccharina latissima) is a brown macroalga native to Europe, which grows from the Iberian Peninsula in the South (Peteiro et al., 2016) to Tromsø in the North (Matsson et al., 2019). It has been identified as a cultivable species with the potential to increase its annual production rapidly (Olafsen et al., 2012). Sugar kelp is thought to represent the future of European macroalgal production because of its many potential uses in human consumption (Mahadevan, 2015), food additives (Bixler and Porse, 2011), animal feed (Rajauria, 2015) and biofuels (Marquez et al., 2015).
Several studies imply the importance of extending the shelf-life of sugar kelp (Sappati et al., 2017; Akomea-Frempong et al., 2021b, 2021a; Skonberg et al., 2021). However, only a few studies have conducted storage trials to determine sugar kelp’s shelf-life or post-harvest quality changes. Løvdal et al. (2021) reviewed the microbial food safety of macroalgae and recommended further research into the impact of processing technologies on pathogenic microorganisms and product shelf-life. To our knowledge, data on the shelf-life of sugar kelp has so far only been reported in a master thesis (Nayyar, 2016), while there are several published reports on the shelf-life of fresh or lightly processed products made from green and red macroalgae (Liot et al., 1993; Paull and Chen, 2008; Nayyar and Skonberg, 2019). However, direct comparison of shelf-lives of different macroalgae should be done with caution or not at all. The reason for the caution is the extreme taxonomical differences between brown, red and green algae, i.e., green macroalgae (Chlorophyta) and red macroalgae (Rhodophyta) belong to the Viridiplantae and Biliphyta subkingdoms, respectively, located within the Plantae kingdom. In contrast, brown macroalgae (Phaeophyceae) belong to the Ochrophyta phylum in the Chromista kingdom (Ruggiero et al., 2015).
Shelf-life is defined as the period after harvest, where the sugar kelp under the given storage conditions remains safe to consume and unspoiled, i.e., it retains desirable qualities in terms of sensory, chemical, physical, microbiological and functional characteristics (Man, 2016). Storage at temperatures above freezing will cause the sugar kelp to spoil over time due to non-microbial and microbial changes, which can coincide. Since knowledge about shelf-lives is limited for macroalgae, inspiration for determination of post-harvest quality changes may be taken from research on vegetables. For example, respiration rate has been shown to be associated with the shelf-life of horticultural products, leading to its use as an indicator of deterioration rate and freshness. Harvested products are still alive, and the cells will be metabolic active and respire (Watada and Qi, 1999). The shelf-life of plant products can generally be correlated to the CO2 production rate (Robinson et al., 1975). Another method to determine the shelf-life of horticultural products uses the total viable count of microbes. A maximum acceptable contamination level of 7.7 log (CFU g−1) has been proposed (Corbo et al., 2006). However, establishing an inaccurate or too conservative shelf-life can lead to increased food waste (Man, 2016). It is believed that the level of food waste for macroalgae is high and in the same range as fruits and vegetables, as a single annual harvest characterizes both commodities. Here large biomasses with a relatively short shelf-life become available over a short period. Taken together, this has been estimated to lead to 22–49% losses during the post-harvest stage of the value chain (FAO, 2022).
Suitable post-harvest treatments have not been thoroughly investigated for sugar kelp. Food manufacturers and authorities need to understand how different post-harvest treatments changes the quality of sugar kelp. Washing of the sugar kelp is commonly applied as a first step post-harvest process to remove contaminants, e.g., sand, mud, stones, and small crustaceans (Liot et al., 1993). Blanching is a common food processing method used for multiple purposes. Nielsen et al. (2020) showed that blanching of sugar kelp in potable water decreases the iodine content, leading to compliance with the recommended iodine threshold level (2,000 mg kg−1 (ANSES, 2018)) while retaining the desirable total phenolic content (TPC) and the radical scavenging activity. Blanching can also remove undesirable substances and microorganisms (Dagostin, 2016) or be used industrially as a pre-treatment before a fermentation process (Bruhn et al., 2019). Suitable post-harvest treatments with control of temperature and respiration rates can delay microbial spoilage and potentially extend the product’s shelf-life (ICMSF, 2011). Potable water is a costly resource, which is limited in some coastal regions. The macroalgal industry is therefore looking at ways to reduce potable water utilization, including the use of sea water during post-harvest treatments. However, more information is needed on whether this can be done without negative quality changes. In addition, there is a knowledge gap on potential post-harvest treatment-induced changes in other quality parameters, such as vitamin C, organic acids, fucoxanthin, chlorophyll a and beta-carotene.
The objective of this study was to determine the sensory shelf-life of sugar kelp and evaluate post-harvest quality parameters to establish a single-compound quality index for spoilage. In addition, the study aimed to investigate if potable and sea water usage during sugar kelp washing and blanching affected the quality and shelf-life. A single batch of freshly harvested sugar kelp was processed, analyzed and evaluated to achieve these aims. First, we studied the sensory, physical, chemical, and microbial changes in a 16-days storage trial. Second, we identified potential single-compound quality indices and studied their treatment-related quality changes during refrigerated storage of sugar kelp from the different treatment methods. This study will aid food manufacturers and food authorities working with sugar kelp to establish best practices for post-harvest treatments and aid in shelf-life determination for the industry to provide safe and high-quality sugar kelp.
2 MATERIAL AND METHODS
2.1 Harvest of sugar kelp, processing, packing and storage
Sugar kelp (Saccharina latissima) was harvested from the cultivation site of the company Dansk Tang Aps in Isefjord South of Rørvig, Denmark (N55°56′ E11°46′) during the commercial harvest in May 2020. The salinity at the site was 22 PSU. A total of 16 kg (400 individual blades) of sugar kelp were harvested by hand-cutting the blades just above the growth zone, leaving the holdfast and growth zone of the blade for re-growth. The blades were approximately 80 cm long. The sugar kelp was gently packed in food-grade plastic containers and transported by car from the harvest site to our laboratories in Kgs. Lyngby, Denmark (110 km). During the transportation and storage, the temperature was logged every 30 min with four loggers (TinyTag Plus, Gemini Data Loggers Ltd., Chichester, United Kingdom) and remained at an average of 17 ± 5 C during the 2.5 h of transportation. Upon arrival at the laboratory, the sugar kelp was placed in a cold room (2.8 ± 0.4°C) until the sugar kelp was processed later the same day (less than 12 h after harvest).
A storage trial with five treatments was carried out by randomly dividing the harvested sugar kelp into five sub-samples. The treatments included Untreated (Un), packed directly from the plastic containers. Washed in potable water (WP), comprised of washing the sugar kelp for 5 min in 16°C potable tap water (Lyngby-Taarbæk Forsyning A/S, Denmark) followed by transfer to a tray for drip-drying for 5 min. Washed in sea water (WS), comprised of washing for 5 min in 4.0°C UV-treated sea water with a PSU of 35 (DTU Aqua, Kgs. Lyngby, Denmark), followed by transfer to a tray for drip-drying for 5 min. Blanched in potable water (BP), where the sugar kelp was submerged for 2 min in hot potable water (76°C), followed by rapid cooling for 3 min in potable water (16°C) and drip-drying for 5 min. Blanched in sea water (BS), where the sugar kelp was submerged for 2 min in hot (80°C) treated sea water followed by rapid cooling in chilled treated sea water (4.2°C) for 3 min and drip-drying for 5 min. All treatments were carried out in the ratio of 50 g sugar kelp to 1 L water. Aliquots of approximately 45–55 g (1-2 individuals) were placed in plastic trays (71–51A hvid/PS, Færch Plast, Holstebro, Denmark). The tray and sugar kelp were placed in thick (70 μm) polyethene (PE) plastic bags with a high permeability of >6 g m−2 d−1 for water vapor, >3,000 cm3 m−2 d−1 atm−1 for O2 and >14,000 cm3 m−2 d−1 atm−1 for CO2 (H902, Topiplast A/S, Greve, Denmark) and sealed. However, the samples (five bags from each treatment) intended for the determination of respiration rates were packed in multiple barrier (MB) bags made from a 117 ± 6 μm laminate film with low gas permeability of 0.45 cm3 m−2 d−1 atm−1 for O2 and 1.8 cm3 m−2 d−1 atm−1 for CO2 (NEN 40 HOB/LLPDE 75, Amcore, Horsens, Denmark) and sealed. All packaged samples were stored at an average product temperature of 2.8 ± 0.4°C during the storage trial.
2.2 Sampling plan
In order to determine the shelf-life of sugar kelp and post-harvest quality changes, a storage trial was designed following the ISO standard (ISO, 2015). A descriptive profile analysis (Section 2.3) was used to determine a sensory shelf-life, with the harvest as the starting point and a test period of 16 days. The test period was chosen based on the reported estimated shelf-life of six to 12 days (Nayyar, 2016). The test steps (sampling days) were set to the following intervals on days: 1, 3, 5, 7, 9, 13 and 16. On each sampling day, 45 bags were randomly selected from the five treatments, nine from each, and analyzed as described in Figure 1A. Three biological replicates were evaluated in all cases, with technical replicates ranging from one to three depending on the analysis (Figure 1A). Five biological replicates were used for gas analysis for the respiration rates of the harvested and processed sugar kelps (Figure 1B).
[image: Figure 1]FIGURE 1 | Overview of the sensory, microbial, and physicochemical analyses performed on stored sugar kelp on each sampling day. (A) Sugar kelp packed in high permeability polyethylene bags were analyzed for all variables except respiration. Nine bags were randomly withdrawn from each treatment and analyzed. (B) Sugar kelp packaged in low permeability multiple barrier bags were analyzed for respiration rates, all bags were selected, the gas composition was analyzed, and the bags were placed in the chilled storage room again. The number of technical replicates is indicated in the boxes (n) for each variable.
2.3 Sensory evaluation
The sensory evaluation was performed as a descriptive profile analysis. The first session was used to set up the vocabulary, and the next session was used to train the judges in using the scale for the 13 attributes (Table 1). On each day of analysis, 15 bags of sugar kelp were evaluated by an internal panel consisting of five judges. Each bag was given a random three-digit code and placed on cooling plates with moist clean linens on top to avoid changing sensory scores during the session. Samples were presented under artificial daylight (6500 K, L 36W 965 Lumilux De Luxe, Osram, Germany). The individual judge assessed samples individually, and the judges came to a consensus on the intensity of the attributes under the guidance of the panel leader. Off-odors and new characteristics were also noted down. The attributes were evaluated on a 15 cm unstructured line scale with two anchors placed 1.5 cm from each end. All attributes had the scale anchor words “little” (left side) and “a lot” (right side), apart from the texture attribute “leather”, which had the anchor words “leather” and “parchment".
TABLE 1 | Sensory attributes used for the descriptive profile analysis of the seaweed samples together with the corresponding label used for the PCA bi-plot and the description of the attributes.
[image: Table 1]2.4 Physical changes during storage
Drip loss, color, and texture were the parameters analyzed to determine physical changes during storage. Drip loss was measured by gravity draining of liquid in each bag (n = 3) for 1 min and calculated as the percentage loss of the total weight (Guldager et al., 1998). Color was measured by a Chroma meter (CR-200, Konica Minolta, Tokyo, Japan) recording the CIE L* a* b* color scale. From each bag (n = 3), two pieces (Ø = 8 cm) of sugar kelp were cut out. The two pieces were measured three times each by the Chroma meter. The samples were put on a white surface (L* = 91.5, a* = -4.26, b* = 3.33). Texture analyses were performed at three sites of the sugar kelp blade, i.e., one site close to the harvest cut, one at the middle of the blade and the last site at the top section of the blade. The texture analysis was run on TA. XTplus Texture Analyser (Stable Micro Systems, Surrey, United Kingdom) equipped with a 5 kg load cell, with a Warner Bratzler Blade Set with “V” slot blade (HDP/WBV) running at a speed of 5 mm s−1. The texture curve was recorded with a resolution of 500 points s−1 and analyzed by the instrumental software (Texture Exponent, Version 6.1.15, Stable Micro System, Surry, England). From the time-force graphs, the firmness (g) and toughness (g s−1) were calculated by the instrument’s software. The remaining sample material in the three bags from each treatment was frozen at −40 C and freeze-dried (Christ beta one to eight, Merck) for further analyses. However, for vitamin C analysis, an aliquot was frozen and ground with liquid nitrogen before analysis.
The content of water, ash, and NaCl, as well as the pH level and water activity (aw) in the sugar kelp samples, were analyzed on days 0 and 16 of the storage experiment. The water (100—dry matter (DM) (%)) and ash concentration were determined gravimetrically according to AOAC 938.08. aw was measured using a water activity meter (Aqua Lab model 4TE, Decagon devices Inc., Pullman, US). pH was measured by placing a PHC805 universal electrode probe (HQ411D Benchtop Meter, HACH Company, Loveland, United States) in the sample solution consisting of 5 g of minced sugar kelp mixed with 25 ml of distilled water and stirred for 1 h. NaCl concentration was quantified by automated potentiometric titration (785 DMP Titrino, Metrohm, Hesisau, Switzerland) of a sugar kelp-distilled water mix (1:5).
2.5 Respiration rate of sugar kelp
Five bags of sugar kelp for each treatment were packed in low gas permeability bags (see Section 2.1) and evaluated based on changes in the headspace gas composition to determine the respiration rate. The bags represented a closed system. CO2 and O2 concentrations were determined using a gas analyzer (Checkmate3, MOCON Dansensor∗, Ringsted, Denmark) twice daily. The respiration rates were calculated by Eq. 1, 2, and the respiration quotient (RQ) was the ratio of CO2 produced to O2 consumed (Fonseca et al., 2002).
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The free volume was measured by submerging the entire bag at the end of the storage trial in water to determine the volume displacement in mL.
2.6 Culture-dependent microbial changes during storage
Triplicate bags were used on each sampling day to enumerate bacterial concentrations. Each bag’s sugar kelp was aseptically cut into smaller pieces using a sterile blade. A random sample of 15.0 g was mixed with 135.0 g of chilled physiological saline (0.85% NaCl) with 0.1% peptone (PSP) (NMKL, 2006). The mixture was homogenized for 60 s in a Stomacher 400 (Seward Medical, London, United Kingdom). Further 10-fold dilutions with PSP were performed as required. Aerobic viable counts (AVC) were determined by spread plating on Marine agar (MA, PanReac AppliChem GmbH, Darmstadt, Germany) and enumeration after incubation for 7 days at 15 C. The lower temperature and longer incubation time regime was chosen over standard incubation conditions to allow the detection of psychrotrophic and psychrophilic microorganisms (Broekaert et al., 2011). Presumptive Pseudomonas spp. was determined by spread plating on Pseudomonas agar (CM0559, Oxoid, Basingstoke, United Kingdom) with CFC selective supplement (SR0103, Oxoid, Basingstoke, United Kingdom) and incubation for 2 days at 25°C. H2S-producing Shewanella spp. was determined as black colonies by pour plating in Iron Agar Lyngby (CM0964, Oxoid, Basingstoke, United Kingdom) with L-cysteine hydrochloride and incubation for 3 days at 25 C (NMKL, 2006). Actinomycetes were enumerated by spread plating on Actinomycete Isolation Agar (17117, Sigma-Aldrich, Merch, Darmstadt, Germany) after incubation for 2 days at 37 C. Yeast was determined by spread plating on Oxytetracycline Glucose Yeast Extract agar (CM0545, Oxoid, Basingstoke, United Kingdom) with oxytetracycline supplement (SR0073A, Oxoid, Basingstoke, United Kingdom) and incubated for 3 days at 25 C.
The composition of the dominant culture-dependent microbiota was determined by isolation of 12–14 colonies from MA plates from each treatment on the day of spoilage (day 9) as determined by sensory evaluation. Selection, handling and identification of the bacteria were performed as described in Sørensen et al. (2020), except DNA from the isolates was extracted using a boiling method. Briefly, 1 mL from an overnight culture was centrifuged (5,000 × g) to harvest cells. The resulting pellet was resuspended in TE buffer (1×) and boiled for 10 min to lyse cells (Fachmann et al., 2017). This crude DNA extract was subsequently used in Sanger sequencing of the 16S rRNA gene as detailed in Sørensen et al. (2020).
2.7 Culture-independent microbial changes during storage
Culture-independent analysis of the microbiota of the fresh sugar kelp (day 1) and spoiled sugar kelp (day 13) were conducted using DNA extracts prepared from the stomacher bags using the protocol described in Sørensen et al. (2021). Briefly, the V3-V4 region of the 16S rRNA gene was targeted in an amplicon sequencing (Illumina, 2021). The resulting sequences were analyzed using the QIIME2 pipeline (Bolyen et al., 2019) with the SILVA 138.1 SSU Ref NR 99 database (Quast et al., 2013), following filtration and trimming of the reads with the amplicon region primers using RESCRIPt (Robeson et al., 2020). Reads were deposited at the NIH NCBI Sequence Read Archive with the accession number PRJNA788340.
2.8 Chemical changes during storage
Water-soluble carbohydrates and organic acids were determined by preparing 0.2 g of homogenized freeze-dried sugar kelp mixed with 12 ml of 5 mM sulphuric acid. The samples were mixed by vortexing, followed by removal of impurities by centrifugation at 5,000 g for 5 min and filtration of the supernatant through a 0.22 µm syringe filter (Labsolute, Th. Geyer GmbH & Co. KG, Germany). Construction of standard curves and the HPLC protocol were carried out as described in Sørensen et al. (2021).
To determine the free glutamic and aspartic acid levels, approximately 50 mg of freeze-dried sugar kelp was vortexed with 1 ml 5% trichloroacetic acid and kept at 5 C overnight. On the following day, the samples were centrifuged for 5 min at 5,000 × g. Derivatization and chromatography were performed as described by Bak et al. (2019).
Pigments (fucoxanthin, chlorophyll a and beta-carotene) were determined by HPLC on methanolic extracts. The procedure followed the protocol by Safafar et al. (2015), with three technical replicates on each sample. The extracts were run on an HPLC-DAD system (Agilent 1,100 Liquid Chromatograph) equipped with a Zorbax Eclipse C8 column 150 mm × 46 mm x 3.5 µm (Phenomenex Inc. CA, United States). The mobile phase consisted of 75% methanol and 25% 0.028 M tert-butyl acetoacetate at a flow rate of 0.9 ml min−1 and an acquisition time of 40 min. A standard pigment mix (DHI, Hørsholm, Denmark) was used to produce a standard curve. The detection of the pigments was at 440 nm.
Vitamin C was determined by adding aliquots of 1.4 g sugar kelp frozen in liquid nitrogen to 5 ml of 2% metaphosphoric acid with 20 mM Tris (2-carboxyethyl)-phosphine hydrochloride. The samples were shaken for 2 min (Multi Rex, Heidolph Instruments, Germany) and rested for 13 min. Five millilitres of Milli-Q∗ (Merck, NJ, United States) water were added and sample mixed by inverting five times followed by 10 min centrifugation at 3,000 g and 4 C. The supernatant was filtered on a 0.2 µm filter. Vitamin C was quantified by UPLC with a C18 Acquity BEH column (s100 mm × 2.1 mm x 1.7 µm, Waters, MA, United States) at 25 C and detected at 265 nm. The mobile phase consisted of a gradient comprised of two eluents. Eluent 1: A filtered buffer made of 600 mg dodecyl trimethylammonium chloride, 10 ml acetonitrile and 100 ml of 0.5 M acetate buffer (pH 5.4) filled with Milli-Q∗ water with a total volume of 1 L. Eluent 2: Acetonitrile:Milli-Q∗ in a ratio of 1:1. The injection intervals were 5 min with a flow rate of 0.35 ml min−1. The gradient consisted of the following steps: 0–2 min: 100% eluent 1; 2–3 min: 50% eluent 1 and 50% eluent 2; 3–5 min: 100% eluent 1. L-ascorbic acid in concentrations of 2, 4, 6, 8 and 10 μg ml−1 were used to construct a standard curve. An in-house reference (broccoli, Brassica oleracea var. italica) was included in each analytical run. The limit of detection was 1 mg 100 g−1 ww.
The iodine content was analyzed as described by Jerše et al. (2021) according to the CEN standard (EN 17050:2017).
2.9 Statistical analyses
The data software R (R-Core-Team, 2020) was used for data analyses and statistics. The following packages were used: “stats”, “GGally” (Schloerke et al., 2021), “dplyr” (Wickham et al., 2021), “car” (Fox and Weisberg, 2019), and “multcompView” (Graves et al., 2019). A two-way analysis of variance (ANOVA) was used with the two factors (storage time and treatment) to test for differences among treatments and storage time and potential interactions. A Levene’s test was used to test the homogeneity of variance. In case of significant differences within or among factors, a Tukey’s post hoc test was performed to find the significant differences between samples at the 5% level (p ≤ 0.05). The sensory descriptive profile analysis data were first analyzed by calculating Pearson’s correlation coefficients of the sensory attributes. The attributes were assumed fully correlating when the specific coefficient was >0.90. Then a principal component analysis (PCA) was performed on standardized data with 105 observations and 11 non-correlating attributes. Three principal components explaining 70% of the variance were chosen, as they had an eigenvalue above one as indicated by a Screen-plot. The PCA is illustrated by a bi-plot, including the PC scores and loadings. Beta diversity was calculated with Bray-Curtis dissimilarity distances (Sørensen, 1948). The alpha diversities were determined by species richness (DeSantis et al., 2006) and Shannon entropy (Shannon, 1948) and analyzed with ANOVA and Kruskal–Wallis pairwise analysis (Kruskal and Wallis, 1952), respectively. The linear regressions were calculated in GraphPad Prims 9.3.1 (GraphPad Software Inc., CA, United States).
3 RESULTS
3.1 Changes in the organoleptic and physical properties
3.1.1 Determination of shelf-life based on sensory evaluation
Based on the descriptive profile analysis as well as the appearance of off-odors, the shelf-life of sugar kelp from all treatments was determined to seven to 9 days when stored at +2.8°C. On day nine, off-odors were noted in a minimum of two out of three bags from all treatments. The off-odors were described as vinegar, acetic acid, old flower water, fermented, rotten, old hay, chlorine, or sulfuric. A Pearson’s correlation analysis showed that some attributes correlated (ρ > 0.90) (data not shown), i.e., the terms Umami and Boiled Peas as well as Fresh Sea and Rubber correlated with each other. In the principal component analysis (PCA) of results from the sensory evaluation, the correlating attributes were regarded as redundant and only data for Boiled Peas and Fresh Sea were used for the PCA. The PCA bi-plot showed two notable patterns in the scores and loadings; a correlation between PC1 (explaining 38.8% of variation in the data) and storage time and PC3 (11.9%) and treatments (Figure 2). Following the PC1 of the PCA bi-plot, sugar kelp stored for 7 days or less was in the II and III quadrants (Figure 2), while spoiled sugar kelp (>7°days) was in the I and IV quadrants. The positive odor attributes, Fresh Sea, Sweet, Sourish, and Boiled Peas, correlated with the fresh sugar kelp (PC1 < 0). In contrast, the negative attributes, Transparency, Slimy and Beach-cast, correlated with spoiled sugar kelp (PC1 > 0). The panel did not identify the Beach-cast odor until day 13, and only for the samples blanched in sea water.
[image: Figure 2]FIGURE 2 | Principal Component Analysis bi-plot with PC scores for component 1 and 3 and loadings of the variables with the labels from the descriptive profile analysis (Table 1). Each data point represent the consensus judgement of the five sensory evaluators of each sample, the form of the data point represent the treatment (blanched in potable water (BP), blanched in sea water (BS), untreated (Un), washed in potable water (WP) and washed in sea water (WS)) and the color of the data point represents the storage period from day 1 to day 16.
3.1.2 Changes in color, pigments and texture
The color of the sugar kelp was analyzed both physically and chemically. The results of the physical measures in CIE L* a* b* color space are shown in Figure 3. Two groups appeared, where blanching gave a green hue with an average a* = −10.4. In contrast, washing did not affect the color, which remained at an average a* = 6.47. The blanched samples did not change color over time, while the variability of the color of spoiled washed sugar kelp (days 13 and 16) increased without forming a second cluster.
[image: Figure 3]FIGURE 3 | CIE L* a* b* color measurements showing the relationship between a* and b* of each sample measurement of untreated, washed and blanched sugar kelp during refrigerated storage (2.8°C) for 16 days. The treatments were blanched in potable water (BP), blanched in sea water (BS), untreated (Un), washed in potable water (WP) and washed in sea water (WS) with the storage days (1–16) indicated by the number within the data points. The color of the data points visualizes the actual CIE L* a* b* color. For a* < 0 the blanched samples dominate.
No significant differences (p > 0.05) were found for the content of chlorophyll a (807 ± 362 μg g−1) or β-carotene (23.7 ± 10.7 μg g−1), regardless of the treatment or length of storage (Table 2). There was no significant difference in concentration on day 1 compared to day 13 for any treatments for the pigment fucoxanthin. A significantly higher fucoxanthin content (p < 0.001, F = 8.95) was found in sugar kelp blanched in sea water (1,189–1,192 μg g−1) in comparison with sugar kelp from all other treatments and the untreated control (453–885 μg g−1).
TABLE 2 | Changes in vitamin C, pigments and iodine content of untreated, washed and blanched sugar kelp during refrigerated storage (2.8°C) for day 1 and 13.
[image: Table 2]The textural property, firmness (i.e., the sampling point at which the sugar kelp ruptured) was significantly higher (p < 0.001, F = 10.2) for the untreated and washed sugar kelp, followed by sugar kelp blanched in sea water and lastly the sugar kelp blanched in potable water (Table 3). The order of firmness for the different treatments agreed with observations for the textural attributes Leather and Silky in the PCA biplot from the sensory analysis (Figure 2). Storage time did not influence firmness; toughness was also unchanged among treatments and storage time (Table 3).
TABLE 3 | Texture properties and drip loss of untreated, washed and blanched sugar kelp during refrigerated storage (2.8°C) for day 1, 9 and 13.
[image: Table 3]3.1.3 Changes in water, water activity, ash, drip loss, pH and NaCl
The treatments influenced the water activity, water and ash content of the sugar kelp, where blanching in potable water led to significantly higher (p < 0.05) contents of water, higher water activity and lower ash content. Washing of sugar kelp in potable water also resulted in reduction in ash content (Table 4). None of the parameters were affected by the storage period. In contrast, NaCl content depended significantly on both storage time (p = 0.003, F = 9.55) and treatment (p < 0.001, F = 280) with interactions observed among the independent factors (p < 0.001, F = 7.97) (Table 4). The lowest NaCl content was found in the sugar kelp blanched in potable water (0.09% ww), and the highest in the sugar kelp blanched in sea water (2.19% ww). Regarding the storage period, the untreated sugar kelp, and the sugar kelp blanched in sea water, showed significant increases in NaCl (p = 0.027 (Un), p = 0.033 (BS)) over time. Initial pH values differed significantly (p < 0.001, F = 368) between 6.2–6.3 and 7.6–8.7 for untreated/washed and blanched sugar kelp, respectively, and decreased significantly (p < 0.001, F = 207) over time for all treatments to final values of 5.6–5.9 and 6.8–7.7 for the unheated and heated samples, respectively (Table 4).
TABLE 4 | Physicochemical properties and factors affecting microbial growth of untreated, washed and blanched sugar kelp during 2.8°C refrigerated storage at day 1, 9 and 13.
[image: Table 4]The observed drip losses of untreated or washed sugar kelp were minimal within the sensory shelf-life, ranging from 0.3 to 5.5% (Table 3). After spoilage, the sugar kelp washed in potable water reached a significantly (p < 0.05) higher drip loss of 13.6% relative to day 1. The blanching treatments resulted in a higher drip loss with an average of 9.6% during the storage period of 13 days.
3.1.4 Respiration rates and quotient
The untreated and washed sugar kelp respired during the early storage period (Figure 4A). The change in respiration rates initially followed a linear decrease during the first 5 days of storage (linear regression, p < 0.001, F value of 28.79–60.69). The sugar kelp ceased to respire (intercept at the x-axis) between days 4 and 5. In contrast, the blanched sugar kelp exhibited no significant (p > 0.05, F value of 0.03–0.04) respiration indicating that endogenous enzymes of the sugar kelp, and not the commensal microorganisms, were responsible for the respiration. During the initial 6 days of storage, the average respiration quotient (RQ) for untreated, washed in potable or sea water (n = 15) was 0.97 ± 0.33 SD for sugar kelp.
[image: Figure 4]FIGURE 4 | Respiration during refrigerated storage of untreated, washed and blanched sugar kelp during packaged refrigerated storage at 2.8°C for day 1–10. (A) Oxygen respiration rate. (B) Carbon dioxide respiration rate. (C) Respiratory quotient.
3.2 Microbial changes during storage
3.2.1 Culture-dependent
The untreated and washed sugar kelp had initial AVC counts between 4.0–4.5 log(CFU g−1), whereas blanching lowered AVC counts to 0.9–1.8 log(CFU g−1) (Figure 5A). Microbial communities grew to AVC counts of 7.2–7.9 log(CFU g−1) after 7 days in all samples, apart from in samples of sugar kelp blanched in potable water, which contained lower levels of 3.3–5.7 log(CFU g−1) (Figure 5A). Based on the selective media used in the study, presumptive Pseudomonas spp. dominated the microbiota in sugar kelp blanched in potable water throughout the entire storage period (Figure 5B). As for the four other treatments, presumptive Pseudomonas spp. increased to levels of 5–6.3 log(CFU g−1) after 7 days, thus remaining at 1.6–2.3 log below AVC counts. H2S-producing bacteria, Actinomycetes and yeast showed no or limited growth during the storage period with initial levels of 0–2.5 log(CFU g−1) and maximum levels of 5.2 log(CFU g−1) (data not shown).
[image: Figure 5]FIGURE 5 | Microbial load in untreated, washed and blanched sugar kelp during refrigerated storage at 2.8°C. (A) Aerobic viable counts (AVC) on Marine agar; (B) Pseudomonas spp. counts on CFC agar.
3.2.2 Culture in-dependent
Amplicon sequences of DNA extracted from all 30 fresh and spoiled macroalgal samples passed the quality control and were subjected to further bioinformatic analysis. Based on the rarefaction curves, the minimum sampling depth was set to 7,000 reads per sample, with a maximum sampling depth of 327,435 reads. All rarefaction curves levelled off at the minimum sampling depth (data not shown). A PCA plot of the beta-diversity, determined by the Bray-Curtis dissimilarity, shows how the phylogenetic beta-diversity of bacterial communities changed from being highly similar in fresh (day 1) samples (0.30–0.44) to being different among treatments on day 13 with separate clusters formed by WP, BP and one common cluster for BS, Un and WS (Figure 6A). The Bray-Curtis dissimilarity matrix (Figure 6B) showed the microbiota changed during storage, resulting in high dissimilarity (0.75–0.99) between the fresh and spoiled (day 13) samples. In addition, the spoilage microbiota depended on the type of treatment, except for the similarity (0.30) of the microbiota found on spoiled untreated sugar kelp and sugar kelp washed in sea water (Figure 6B). The spoilage microbiota on sugar kelp blanched in sea water was also similar (0.60–0.69) to the untreated and sugar kelp washed in sea water.
[image: Figure 6]FIGURE 6 | (A) Shows the Bray–Curtis Principal Component Analysis of fresh and spoiled microbiota, circles have no statistical properties. (B) The Bray-Curtis dissimilarity matrix of bacterial communities found in fresh and spoiled untreated (Un), washed in potable water (WP), washed in sea water (WS), blanched in potable water (WP), or blanched in sea water (WS) sugar kelp. Blue color indicate low dissimilarity and red color indicate high dissimilarity.
ASVs in fresh sugar kelp samples belonged to a diverse mixture of bacterial classes, including Gammaproteobacteria, Alphaproteobacteria, Bacteroidia and Planctomycetes. In contrast, families in Gammaproteobacteria came to dominate the spoiled macroalgae, with notable differences among the treatments, e.g., Pseudomonadaceae dominated sugar kelp blanched in potable water as opposed to Pseudoalteromonadaceae in sugar kelp blanched in sea water (Figure 6B). Untreated and washed spoiled sugar kelp contained a large proportion of Psychromonadaceae, while the presence of other families depended on the treatment. Calculation of the Bray-Curtis dissimilarity to compare the culture-independent and -dependent identification methods (number of families determined by amplicon sequencing and isolates of colonies) resulted in dissimilarity of 0.35, indicating that the spoilage microbiota results were comparable. Common for all treatments was a reduction of the observed ASVs from levels of 93–210 in fresh sugar kelp to 27–91 in spoiled sugar kelp (Table 5). Blanching in sea water resulted in the lowest ASVs levels. The Shannon entropy decreased in the spoiled samples (2.6–3.5) compared to the fresh samples (4.6–5.4).
TABLE 5 | Bacterial species richness as measured by the number of amplicon sequence variants (ASVs) and Shannon entropy in samples of untreated, washed and blanched samples of sugar kelp stored at 2.8°C for day 1 and 13.
[image: Table 5]3.3 Chemical changes during storage
The carbohydrate fucoidan comprised between 28 and 43% of the DM content in the untreated or washed sugar kelp (Table 6). This content remained unchanged during the storage time. However, blanching in potable water significantly diminished (p < 0.001, F = 51.3), the fucoidan concentration to levels of 4.77–11.0% DM. Interestingly, blanching in sea water increased the content to 46.5–54.3% DM. The simple sugars, glucose and maltose, were detected in some of the untreated or washed samples, but not in any of the blanched samples (data not shown). The content of the sugar alcohol mannitol was unaffected by storage time but significantly reduced (p < 0.001, F = 79.3) in blanched sugar kelp from both treatments.
TABLE 6 | Content of water soluble carbohydrates, mannitol, free amino acids and citric acid in untreated, washed and blanched sugar kelp during refrigerated storage for day 1, 7 and 13.
[image: Table 6]Free glutamic and aspartic acids were detected in the untreated or washed sugar kelp but not in blanched sugar kelp (Table 6). Initial levels of the amino acids underwent a significant decrease (p < 0.001, F > 25.8) during the storage period. Citric acid was the only organic acid, aside from Vitamin C, detected. Similarly to the two amino acids, it was only detected in the untreated samples and some of the washed samples, while being below the detection limit in all blanched samples. Levels of citric acid remained constant during storage. Both blanching treatments degraded vitamin C to a level that was below the detection limit (Table 2). In contrast, vitamin C occurred in levels of 8.7 mg 100 g−1 ww for untreated and 16–19 mg 100 g−1 ww for washed sugar kelp, respectively. The content of vitamin C decreased significantly (p < 0.001, F = 59.4) over the storage time for non-blanched sugar kelp. Iodine showed no changes during storage, and the total iodine for untreated sugar kelp was 2,002 μg g−1 DM on day 1, which was significantly higher (p < 0.001, F = 66.9) than levels found in washed (1,303–1,547 μg g−1 DM) or blanched (195–200 μg g−1 DM) sugar kelp (Table 2).
4 DISCUSSION
To the best of our knowledge, the present study represents the to-date most comprehensive investigation of the shelf-life of sugar kelp during refrigerated storage. A shelf-life was established to be 7–9 days for fresh washed or lightly heat-treated sugar kelp stored at 2.8 ± 0.4°C. The short shelf-life is in agreement with previous shelf-life studies of other brown, green, and red macroalgae during refrigerated storage at 2 to 7°C. This indicates that macroalgae are highly perishable food products with sensory shelf-lives between 3–14°days depending on species and washing treatment (Nayyar, 2016; Nayyar and Skonberg, 2019). To compare shelf-lives from different studies and at different storage temperatures, all shelf-lives were transformed using the relative rate of spoilage square-root model (RRS) (Dalgaard, 2002). Nayyar (2016) reported the shelf-life for sugar kelp to be 12°days when stored at 1.1°C. Our predicted shelf-life for sugar kelp at the same temperature would be 9–12°days. A study of thawed and chilled (refreshed) Undaria pinnatifida (wakame) stored at 10°C had a shelf-life of 2–3°days based on the overall acceptability score (Choi et al., 2012). Using the RRS, our sugar kelp was predicted to have a shelf-life of 3.7°days if stored at 10°C. Interestingly, Nayyar (2016) studied another brown algal and found a significantly faster deterioration for winged kelp (Alaria esculenta). In addition to species variation, a seasonal variation was observed with a faster deterioration during the winter compared to the summer season (Nayyar, 2016). The difference between species and season highlights the variations and the need for further studies of the shelf-life of different macroalgae, seasons and cultivated or wild collected kelp. Two studies disagreed with the general acceptance of kelp as a highly perishable food product (Perry et al., 2019; López-Pérez et al., 2020). Lightly salted (aw of 0.96, 30–50 g salt kg−1) winged kelp stored at 5°C was found to have a 6-week shelf-life based on consumer acceptance (Perry et al., 2019). However, the development or changes of sensory properties during the storage period were not described. López-Pérez et al. (2020) found the sensory shelf-life of the raw untreated brown macroalga Laminaria ochroleuca to be under 60°days at a storage temperature of 5°C. However, the sensory properties of the sugar kelp were not tested between day one and day 60, during which the microbial concentration increased from initial levels of 5 log(CFU g−1) to 8 log(CFU g−1) within the first 40°days of storage.
The respiration of plants and macroalgae acts as a metabolic process to maintain cell viability and could be used as a freshness indicator. The non-blanched sugar kelp showed active respiration in the initial storage phase (Figure 4A). The respiration rate of sugar kelp in the present study dropped in washed and untreated treatments to zero within 5 days of storage, while the blanching inhibited the respiration immediately after treatment, and it remained zero for the first 6 days of storage (Figures 4A,B). From day 7 of storage, we observed increased respiration for blanched sugar kelp in sea water. The increased respiration seems to be correlated with increased AVC levels. Interestingly, the lack of respiration in sugar kelp blanched in potable water and low levels of AVC indicate modest microbiological activity throughout the storage period.
The average respiration quotient (RQ) was 0.97 during the initial 6 days of storage for untreated, and sugar kelp washed in potable or washed in sea water. If the metabolic substrates were carbohydrates, then the RQ would be assumed to be equal to 1.0. The RQ would be lower in lipid-driven metabolic pathways and higher when consuming amino acids (Fonseca et al., 2002). An RQ of 0.97 in sugar kelp indicates that carbohydrates are the primary energy source. The value was within the range of previously reported RQ values for algae. Literature RQ values were between 0.6 and 1.2, with no differences among species for three macroalgae: Ulva sp. (Chlorophyta), Pterocladia capillacea Bornet (Rhodophyta) and Sargassum sp. (Ochrophyta) (Carvalho and Eyre, 2011). Similar RQ values have also been observed in harvested fruit and vegetables, with a reported range of 0.7–1.3 (Kader, 1987).
The decrease in the beta- and alpha-diversity between fresh and spoiled sugar kelp (Tables 5 and Figures 6, 7) are similar to those observed in seafood products (Chaillou et al., 2015; Kuuliala et al., 2018; Sørensen et al., 2020). Bacterial isolates from the spoiled sugar kelp belonged predominantly to Pseudoalteromonadaceae, Psychromonadaceae and Pseudomonadaceae (Figure 6) and agreed with the 16S rRNA amplicon sequence data. Sørensen et al. (2020) showed the same agreement between 16S rRNA amplicon sequencing and identification of bacterial isolates in Atlantic cod. Psychromonadaceae, Marinomonadaceae and Pseudoalteromonadaceae dominated the microbiota of spoiled untreated sugar kelp. The first two families also came to dominate in an unsuccessful natural fermentation of sugar kelp from Greenland (Sørensen et al., 2021), indicating a potential role of these bacteria in spoilage of macroalgae. In a study of the bacterial communities on six different macroalgae, the same families were also identified in fresh and stored macroalgae, however, they were not dominating the microbiota (Picon et al., 2021). The application of the RSS model to the shelf-life studies of S. latissima (Nayyar, 2016; our study) and U. pinnatifida (Choi et al., 2012) indicates that the shelf-life may be limited by spoilage caused by the growth of psychrotrophic (Tmin = −9°C) microorganisms (Ratkowsky et al., 1982). The composition of the sequenced microbiota in the spoiled sugar kelp included members of Pseudoalteromonadaceae, Psychromonadaceae and Pseudomonadaceae, all of which are predominantly psychrotrophic bacteria. Future research should determine the spoilage potential for the isolated microorganisms (Figure 6), and thereby elucidate which of the bacteria are responsible for the spoilage characteristics described in the sensory analysis (Figure 2).
[image: Figure 7]FIGURE 7 | Composition of bacterial communities in untreated, washed and blanched sugar kelp as determined after 1 (fresh) and 13 days of storage (spoiled) at 2.8°C. Fresh and spoiled relative abundance are based on amplicon sequencing variants, while isolate abundance values are based on identified representative isolates from day 9. (A) Shows the composition of bacterial taxonomic classes. (B) Is more detailed with the composition of bacterial taxonomic families.
The search to identify single-compound quality indices (SCQI) uncovered that the following parameters were time-dependent (Table 7) and, therefore, potential SCQIs: pH, drip loss, NaCl, free glutamic- and aspartic acid, vitamin C and microbial load. Diving into the potential parameters of pH, NaCl, free glutamic- and aspartic acid, and vitamin C, it was observed that although the parameters were storage dependent (Table 7), no common level could be established to determine the shelf-life. To exemplify, the pH dropped by 0.45–0.97 units during the 13 days of storage (Table 4), but the initial starting points (after 1 day of storage) were not identical, and the difference in the range of pH values, from 6.21 to 8.67, was larger than the drop. The drawback of having an SCQI depending on changes instead of a set level is the need to establish different SCQIs for each treatment process. A microbial SCQI has been proposed for both protein-based seafood and terrestrial vegetables, with spoilage occurring when the bacterial concentration exceeds 7 to 7.7 log(CFU g−1) (Corbo et al., 2006; ICMSF, 2011). Using 7 log(CFU g−1) as an SCQI, the microbial shelf-life would be 7 days for all treatments, except for sugar kelp blanched in potable water (Figure 5A). In the case of sugar kelp blanched in potable water, the microbial shelf-life would be 13 days, which would be a significant overestimation compared to the sensory shelf-life. However, it is possible that the use of MA, with its high salt and mineral content, to quantify bacteria may have led to an underestimation of the number of microorganisms in samples of sugar kelp with almost no NaCl present (0.1%) after blanching in potable water. Based on the evaluation of the parameters in Table 7, a threshold of shelf-life SCQI of 7 log(CFU g−1) determined on MA (15°C, 7 d) is suggested.
TABLE 7 | Summary of parameter dependency on storage time or post-harvest treatment. “x” marks whether the factor was dependent on storage time and/or varied due to treatment (untreated, washed or blanched in potable or sea water).
[image: Table 7]Previous studies of the microbial quality, i.e., the AVC, of macroalgae have mainly used agar substrates without high salt or mineral concentrations, such as Plate Count Agar (PCA), 3M Petrifilm AVC and tryptic soy agar (TSA) (Choi et al., 2012; Nayyar and Skonberg, 2019; Perry et al., 2019). PCA has, however, been reported to underestimate marine-associated bacterial concentration compared to MA by approximately 2 log(CFU g−1) (Broekaert et al., 2011; del Olmo et al., 2020). Besides the use of non-optimal agar substrates, the choice of incubation temperature may also lead to the use of temperatures close to Tmax for psychrotrophic bacteria or above, e.g., 25–37°C (Liot et al., 1993; Choi et al., 2012; Nayyar and Skonberg, 2019; Perry et al., 2019; del Olmo et al., 2020; López-Pérez et al., 2020). In future studies, it is recommended that the AVC be determined on MA incubated for 7 days at 15°C during storage trials with refrigerated macroalgae unless the salt content has been reduced by treatments such as blanching in potable water. It is known that the microbiota is highly dependent on the incubation temperature (Dalgaard and Jørgensen, 2000).
The choice of treatment affects the final product. Interestingly, the sensory analysis showed a decrease in the odor attributes “sweetness” and “umami”, while the chemical indicators aspartic and glutamic acid also experienced a reduction during storage. The concentration of the sugar alcohol mannitol decreased by 11–23% in untreated or washed sugar kelp during the storage trial. Mannitol is used as an industrial sweetener and is estimated to be half as sweet as sucrose (Schiweck et al., 2012), which might explain the decrease in the sensory score. Umami flavor is only associated with two amino acids in humans: aspartic and glutamic acid (Chandrashekar et al., 2006). Both amino acids were significantly reduced during storage (Table 6). Blanching removed both free amino acids and almost all the water-soluble mannitol (Table 6). Previously, it has been shown that blanching decreases the content of amino acids in sugar kelp and the calculated carbohydrates (Nielsen et al., 2020). Our finding showed that blanching totally removed the free amino acids and not necessarily the ones incorporated in protein. The bioactive water-soluble fucoidan concentration tended to be related to the level of NaCl in the process water and the sugar kelp (Table 6). The correlation between NaCl and fucoidan levels might be due to the affinity of fucoidan for NaCl. During extraction of fucoidan, it has been shown that the molarity of NaCl strongly affects the eluted fucoidan, where the higher the NaCl concentration in the washing or blanching water, the less fucoidan is eluted from the sugar kelp (Zayed et al., 2016). The fucoidan affinity for NaCl could explain the finding of 54.3% DM fucoidan in the sugar kelp blanched in sea water compared to 11.0% in the sugar kelp blanched in potable water.
The initial levels of vitamin C in untreated or washed sugar kelp ranged from 8.7 to 19.4 mg 100 g−1. To compare our finding with concentrations found in the literature, the unit was recalculated to mg g−1 DM, giving a range of 0.73–1.59 mg g−1 DM. The concentrations were higher in our study compared to reports of washed or dried sugar kelp (Sappati et al., 2019) but within a similar range to other macroalgae (Nielsen et al., 2021). During storage, the vitamin C concentration decreased significantly (Table 2), likely due to oxidation to protect degradation of other constituents (Spínola et al., 2014). No other studies of vitamin C during storage have been conducted with sugar kelp or other macroalgae. However, the same decreasing trend has been described in storage experiments with broccoli, green beans, peas, and spinach (Balan et al., 2016). Vitamin C has been proposed as an SCQI in fresh vegetables and freshness indicator of frozen products (Favell, 1998). However, vitamin C is very sensitive to heat, light and oxygen. Thus, blanching of sugar kelp resulted in completely removal of vitamin C. The same result was observed in boiled (for 15–20 min) macroalgae U. pinnatifida and H. elongata, which decreased the vitamin C content below detection limit (Amorim et al., 2012; Amorim-Carrilho et al., 2014; Nielsen et al., 2021). In addition to sensitivity to processing, vitamin C fluctuates between seasonality, location, and storage (Nielsen et al., 2021).
Washing in potable water increased the drip loss within the shelf-life to 5.5% (Table 3), which was similar to drip losses found in U. rigida (Sánchez-García et al., 2021), Palmaria palmata and Gracilaria tikvahiae (Nayyar and Skonberg, 2019). Higher drip losses were observed in blanched sugar kelp, which could be due to the short drip-drying treatment before packaging or blanching-induced changes to the sugar kelp tissue. More research would be required to understand and quantify sugar kelp’s drip-loss level to ensure the best quality and correct labelling of the product. The treatment and packaging atmosphere might be the primary factors to investigate for future research.
The findings and results presented in this article aim to assist food manufacturers and authorities in the establishment of a best practice for chilled storage of sugar kelp. All tested treatments resulted in a shelf-life of 7–9 days at 2.8 ± 0.4°C. The microbiota associated with the sugar kelp became dominated by Gram-negative spoilage bacteria at the end of shelf-life. Among the possible SCQIs investigated in this study, the recommended SCQI would be a threshold AVC of seven log (CFU g−1) determined on MA (15°C, 7 days). Future research is needed to establish a chemical SCQI, preferably a compound whose development correlates to the activity of spoilage organisms and hence development of sensory spoilage characteristics. Additional post-harvest washing of the kelp does not prolong the shelf-life and the type of wash water has no effect on the quality of the chilled kelp. The use of blanching reduced the iodine content to more tolerable levels. Moreover, blanching in potable water lowered the NaCl content to undetectable levels. For kelp industries wanted a low iodine and sodium product, the best practice would be a 2 min blanching in potable water at 80 C followed by quick cooling. The negative effect of blanching is the reduction of vitamin C content to below the detection limit, which indicates that other valuable compounds might decrease due to blanching as well including the “umami amino acids”, aspartic and glutamic.
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Sensory attribute

Visual appearance
Transparency
Resilience
Uniform color

Odor
Sweet
Fresh sea
Rubber
Beach-cast
Sourish
Boiled peas
Umami
Metal

Texture (touch)
Leather
Silky
Slimy

Label

V-Trans
V-Resil
V-Unifo

O-Sweet
O-FrSea
O-Rubbe
O-Beach
O-Sour
O-BoPea
O-Umami

O-Metal

T-Leath
T-Silky
T-Slimy

Description

How transparent the sample appeared from looking down on the sample in the tray
Resilience as related to 3D structure, high resilience meaning the sample would fill out the tray in all directions

Samples of sugar kelp were scored less uniform, if more areas of different colors were seen

A sugar-sweet caramel-like odor
‘The odor from a breezy sea

Pepper like, rubbery, flounder fish odor

Odor of sea shore, warm summer day or hay-like
A fresh, green sour towards a lime-like fruity odor
Green sweet or sickly sweet

‘The round broth-like, meaty odor

Metallic odor

‘The touch of a robust leather-like not fragile sample, opposite to crackly, thinner touch
‘The feeling of a silky smooth touch

‘The feeling of slimy mass on the fingers after touching the sample
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