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Nutritional and bioactive compounds present in seaweeds make them suitable supplements or feed ingredients in livestock diets. This study assessed the effect of blanched seaweed (Saccharina latissima) as a supplement in finishing bulls’ diets on carcass traits and the quality of the longissimus lumborum (LL) and semimembranosus (SM) muscles. A concentration of 0.8% dry matter of blanched S. latissima in bulls’ diets was the maximum amount allowed, owing to iodine and arsenic thresholds in animal feed. Nineteen Limousin crossbreed bulls were randomly assigned to two groups, fed a control (CD, n = 9) diet or a test diet supplemented with blanched seaweed (SW, n = 10), and fed for 48 days pre slaughter. The carcasses from the bulls finished on a seaweed-supplemented diet were heavier (p < 0.05) than those in the control group, while levels of conformation and fatness were similar between the groups (p > 0.05). The pH was lower (p < 0.05) in the LL of CD-fed animals in early post mortem than in the LL of SW-fed animals, whereas no differences (p > 0.05) were found in the ultimate pH. The meat from the bulls fed both diets had a similar (p > 0.05) drip loss and shear force at days 7 and 14. The cooking loss at day 7 was not affected (p > 0.05) by diet, whereas on day 14 the cooking loss was greater (p < 0.05) for SW than for CD meat. Warmed-over flavor and shear force were muscle dependent and lower (p < 0.05) for LL than SM. Seaweed supplementation in finishing bulls’ diets had no clear effect on color changes (L*, a*, and b* values) during chilled storage, although reduced b* values (p < 0.05) suggest an improved color stability of meat from SW- compared with CD-fed animals. The iodine content was higher (p < 0.05) in the SW meat than in the CD meat, even when using the low seaweed supplementation level requested by the authorities. A small increase of arsenic in the meat with seaweed supplementation has no implications on human health. Cost-efficient processing methods for the further reduction of iodine and arsenic are needed to increase the utilization of seaweed as a feed additive/ingredient and attain a clear effect on meat quality.
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1 Introduction

Seaweed as a valuable source of macronutrients (complex polysaccharides, proteins, and lipids) and micronutrients (minerals, pigments, phenolic compounds, and vitamins) has traditionally been used as animal feed in the coastal regions of Scandinavia (Makkar et al., 2016; Costa et al., 2021). The apparent advantages of seaweed as a supplement in animal nutrition are the abundance, the ability to recycle nutrients that are lost in runoff from aquaculture or agriculture, and the reduction of eutrophication in marine areas (Gao et al., 2021).

In general, the use of seaweed as a feed supplement/additive (≤ 1% feed formulation) or feed constituent (> 1% feed formulation) has great advantages (Morais et al., 2020), as seaweed brings nutrients from the ocean into the food chain in a sustainable way. Seaweed, as a rich source of minerals, has often been used as a supplement in livestock feed, showing higher bioavailability than inorganic salts (Chojnacka, 2008). For instance, Bendary et al. (2013) showed that administration of premix or Saccharina latissima additives to cows’ diets led to significantly greater economic efficiency in lactating cows (i.e., improved feed conversion and nutrient digestibility) than an additive-free control diet. The supplementation of growing–finishing lambs’ diets with S. latissima at a concentration of 5% of dry matter (DM) for 35 days led to a moderate increase in selenium and a strong increase in the iodine content of lamb meat (Grabež et al., 2022; Grabež et al., 2023). An additional advantage of brown seaweeds is their high antioxidant capacity, as they are a source of carotenoids (fucoxanthin), polyphenols, phlorotannins, sulfated polysaccharides (fucoidan), and sterols (Begum et al., 2021). Seaweed’s antioxidant components mitigate oxidative stress in animals and enhance the antioxidant stability of meat (Kannan et al., 2007; Michalak et al., 2022; Ribeiro et al., 2022). The inclusion of a low level (1% of feed) of fermented brown algae (Saccharina japonica) and Dendropanax morbifera in goats’ diets during a 3-month trial showed a positive effect on nutritional value and the oxidative stability of meat during chilled storage (Saturno et al., 2020). Furthermore, a high inclusion level (5% DM) of intact S. latissima showed a positive effect on oxidative stability during the chilled storage of lamb meat (Grabež et al., 2023).

Therefore, the objective of the present study was to use seaweed in animal feed as a natural source of bioactive compounds to improve the quality and shelf life of meat. However, a barrier to the use of intact S. latissima as a feed additive or constituent in ruminant diets is the high iodine content and the presence of inorganic arsenic in S. latissima (670 mg/kg–10,000 mg/kg DM and 0.03 mg/kg–0.67 mg/kg DM, respectively) (Hogstad et al., 2022) Hammer (2020) reported that a higher inclusion level (5% DM) of ensiled S. latissima in calves’ diets for 15 days negatively affected growth, speculating that this was due to the negative effect of a high dose of iodine. The FEEDAP Panel recommends 2 mg I/kg feed as the maximum level of added calcium iodate anhydrous for dairy-farmed animals (Additives and Feed, 2013). Therefore, the primary focus for processing technology is reducing iodine and minimizing the arsenic content in S. latissima. Recently, a reduction of almost 94% in iodine content in S. latissima has been demonstrated, after blanching at 80°C for 120 s (Nielsen et al., 2020).

Limited knowledge exists on the use of the maximum allowable blanched seaweed content in animal feed, a limit determined by the maximum authorized iodine and total arsenic content in feed (Additives and Feed, 2013; EC, 2019) and its effect on the physicochemical and nutritive properties of meat. Therefore, the present study investigates the effects of supplementing finishing bulls’ diets with the maximum allowable blanched S. latissima content (i.e., 0.8% DM) on carcass traits, meat quality, and mineral profile.




2 Materials and methods



2.1 Animal management and dietary treatment

Limousin crossbreed bulls (n = 19) with an initial body weight of 616.1 kg ± 46.8 kg were randomly assigned to one of two pens (approximately 10 m2/animal) and fed one of the following two dietary treatments for a 48-day feeding period: the control diet (CD) with total mixed ration (TMR) of concentrate to roughage of 12 : 88 (n = 9) or the seaweed diet (SW), comprising the control diet mixed with 0.8% blanched brown seaweed, Saccharina latissima, on a DM basis (n = 10). The animal feeding experiment was carried out on a farm in Sandefjord, Norway. The animals were fed the finishing diet ad libitum (with a refusal rate of approximately 2%–3%) and had free access to clean drinking water. The bulls’ body weights were measured on day 40 (n = 18; missing information for one SW bull) and the trial lasted for 48 days, after which the bulls were slaughtered at a commercial slaughterhouse (Nortura Rudshøgda, Norway).

The seaweed used in this study was harvested at Seaweed Solution’s cultivation site outside Frøya, Norway (N63 42.279″ E8 52.2320″), on 3 and 9 June 2021. The harvesting was carried out over 2 days and seaweed was stored at 4°C overnight before blanching. As previously reported by Nielsen et al. (2020), the most efficient reduction of iodine in S. latissima was achieved with blanching in fresh water at 80°C for 2 min and then cooling in filtered iced seawater for 5 min. The cold blanched seaweed was ground (using a 3.5-mm to 5-mm-hole plate) and vacuum packed (12.5 kg/bag) by Seaweed Solutions AS (Frøya, Norway). The packed blanched seaweed was immediately frozen in a tunnel freezer at −38°C for 48 h, and then stored, shipped, and kept at −18°C until the preparation of the experimental diets at the farm.

Preliminary analysis of the blanched seaweed showed iodine and arsenic levels in the range of 840 mg/kg–910 mg/kg of DM and 43 mg/kg –45 mg/kg of DM, respectively. Therefore, blanched seaweed was supplemented at a level of 0.8% DM of the bulls’ total feed. The maximum allowable arsenic content in seaweed meal and feed materials derived from seaweed is 40 mg/kg per feed with a 12% moisture content (EC, 2019).

Every second day, a batch of approximately 3 tons of TMR, consisting of silage, hay, concentrate, water, and GrasAAT TMR (ADDCON Nordic A/S, Porsgrunn, Norway), was prepared and divided into two portions. Available roughage on the farm was chemically analyzed before the feeding trial (Eurofins, Norway). The TMR was optimized, based on data on the chemical composition of the roughage and the compound feed (Formel Biff, Felleskjøpet, Norway), and individual animal performance data, to meet all the nutrient requirements of the animals (Felleskjøpet formulation software “Formel Rasjon”, Norway, built on the Dutch system E-Dairy, Schothorst Feed Research, the Netherlands). The thawed seaweed was thoroughly mixed into the test diet. Samples of concentrate (Formel Biff), roughage, and roughage mixed with blanched seaweed were obtained at the end of the feeding period. The ingredient and chemical compositions of the finishing diets are presented in Table 1.


Table 1 | Ingredient (%) and chemical composition of finishing bulls’ diets1.






2.2 Feed-content analysis

Feed samples were collected at the end of feeding experiment, ground in a cutting mill (Retsch SM200) with a 1.0-mm sieve, then milled until a fine powder using a ball mill (Retsch MM301). The powdered samples were freeze dried, milled, and analyzed in triplicate. The chemical analyses were performed at LabTek, Department of Animal and Aquacultural Science, NMBU, Ås, Norway. In brief, gross energy was determined using a PARR 6400 Automatic Inoperable Calorimeter (Parr Instruments, Moline, IL, USA), in accordance with ISO 9831 (1998). The DM content of the feed was determined after drying to a constant weight at 103°C in a drying cabinet (Termaks, Bergen, Norway) in accordance with ISO 6496 (2001). The total ash content was measured after 4 h of drying at 550°C in a Muffel furnace (Nabertherm, Bremen, Germany) in accordance with ISO 5984, 2002. The Kjeldahl method was used for crude protein analysis. The digestion and analysis were performed using the Digestor 2520 (FOSS Analytical, Hillerød, Denmark) and the Kjeltec 8400 analyzer (FOSS Analytical, Hillerød, Denmark) in accordance with Commission Regulation (EC) No 152/2009 (EC, 2009). For the acid detergent fiber analysis, samples were digested with 1 N sulfuric acid containing 20 g cetyltrimethylammonium bromide. The acid detergent fiber and neutral detergent fiber content were determined using the Ankom2000 Fiber Analyzer (Ankom Technology, Macedon, NY, USA). The starch content was determined using the AOAC method 996.11 (2005), with an RX Daytona and spectrophotometer for glucose analysis (Randox Laboratories Ltd, UK). The ingredients and chemical composition of the finishing bulls’ diets are presented in Table 1.




2.3 Slaughtering and muscle sampling

All the animals were transported from the farm the day before slaughtering to the abattoir and rested overnight; the animals had access to TMR at the farm until transportation and were offered only water at the slaughterhouse until slaughtering. Animals from the two dietary treatments were randomized and slaughtered the same day in a commercial abattoir (Nortura SA, Rudshøgda, Norway). Each carcass was stimulated with a low voltage for 15–20 min after death at 85 V, delivered as follows: 35-s duration, 5-ms pulse duration, and 65-ms pulse pause (Carometec A/S, Herlev, Denmark). The hot carcasses were weighted and graded according to the EUROP classification system (Johansen et al., 2006). Approximately 40 min post mortem, both the longissimus lumborum (LL) and semimembranosus (SM) muscles were excised from the carcass directly from the hot boning slaughter line. The muscles were trimmed of fat and the pH was measured in the LL and SM approximately 2.5 h post slaughter and 24 hours post mortem using a pH meter (Knicks Portamess 913, Berlin, Germany) equipped with a Hamilton® double-pore glass electrode. The pH meter was calibrated with buffer solutions (at pH 4.0 and 7.0) prior to measurement at an ambient temperature of 18°C. The obtained LL and SM muscles belonging to the same carcass were subjected to pH measurements in sequence, but the muscles were randomized in terms of dietary treatment. After the pH measurement, the muscles were vacuum packed and stored for the first 12 h at 12°C and then for a further 12 h at 5°C to prevent cold shortening. The cold meat was transported on ice to the laboratory at the Norwegian University of Life Sciences, Ås, Norway. Three slices (2 cm thick) of the LL and SM muscles from the same anatomical region were cut parallel to the fiber direction. Two of the slices were vacuum packed separately, chilled at 4°C for either 7 or 14 days, then stored at −20°C until tenderness measurements were taken. The third slice was vacuum packed and chilled at 4°C; color measurements were performed at days 0, 7, and 14. The rest of the LL and SM muscles were ground, vacuum packed, and stored under following conditions: at −80°C (day 0) for mineral and warmed-over flavor (WOF) analyses, chilled at 4°C until days 7 and 14, then stored at −80°C until the oxidative stability analysis.




2.4 Meat quality analysis



2.4.1 Texture

The samples of LL and SM (with a thickness of 2 cm) were individually stored in vacuum bags, thawed for 24 h at 4°C and weighed to define drip loss. The vacuum-packed meat slices were placed in a pre-heated water bath at 80°C and cooked until they reached an internal temperature of 72°C. The temperature of the water bath and the sample was monitored using heat loggers (Grant Instruments Ltd, Cambridge, UK) and a thermometer (Laboratory thermometer TFN 530-SMP, Oslo, Norway). After cooking, samples were cooled in ice-cold water to 20°C and weighed to determine cooking loss (%) as the ratio of the weight of the juice after cooking to the total weight of the cooked sample. The meat samples were cut in 1 cm × 1 cm × 4 cm stripes along the fiber direction, avoiding fat and connective tissue. The shear force analyses were performed with a Texture Analyzer (Model: TA-HDi, Producer: Stable Micro Systems, Godalming, UK) equipped with shear cell HDP/BSK and 25-kg load cell, taking 7–10 shear measurements perpendicular to the muscle fiber direction.




2.4.2 Color measurements

The color of 2-cm-thick LL and SM slices was measured at day 0 after blooming for 50 min at room temperature The samples that were vacuum packed and stored at 4°C for 7 days and 14 days were used for color measurements.

The CIELAB recording system (L*, a*, and b*) was used and color measurements were performed by the Konica Minolta Spectrophotometer CM 700d (Illuminant D65, 8-mm diameter measurement area, 8-degree viewing angle, Konica Minolta Sensing Inc., Osaka, Japan) with a closed cone. The colorimeter was calibrated using a white ceramic calibration cap (CM-A177). Measurements were made at three different zones of each sample, directly onto the meat slice. The color values were analyzed by Spectra Magic Software (Minolta Inc., Japan).




2.4.3 Oxidative stability

The lipid oxidation analyses were performed on homogenized and vacuum-packed LL and SM slices that were chilled and stored for 7 days and 14 days. In addition, WOF was determined in meat that was heated at 71°C and stored at 4°C for 24 h to accelerate lipid oxidation. In brief, 2 g of the homogenized meat was transferred into a 50-L Falcon tube, mixed with 10 mL of thiobarbituric stock solution (0.38% TBA and 15% TCA in 0.25 N HCl), and heated at 99.9°C for 10 minutes. The samples were promptly cooled in an ice bath to room temperature and 1.5 mL was centrifuged at 21,500 × g for 25 minutes at 4°C. The absorbance at 532 nm was measured in 200-μL aliquots transferred to a 96-well plate using the plate reader BioTek Synergy H4. The 2-thiobarbituric reactive substances (TBARS), measured in duplicate, were expressed as mg of malonaldehyde (MDA)/kg of meat.

The antioxidant activity was determined using the modified DPPH method, as described by Brand-Williams et al. (1995). Meat samples (0.5 g) of homogenized LL and SM slices, vacuum packed and chilled stored for 7 days and 14 days, were mixed with 4 mL of ethanolic DPPH solution (0.05 mg/mL). The sample was incubated for 50 minutes in the dark and at room temperature, and then vortexed. Aliquots of 2 mL were centrifuged at 16,464 × g for 5 minutes at 20°C. A sample of 200 μL was transferred to a 96-well plate and the absorbance was measured at 515 nm at 20°C using Synergy H4 (Hybrid Multi-Mode Microplate Reader from BioTek Instruments Inc., Vermont, USA).




2.4.4 Minerals

The contents of macroelements, trace elements, and toxic elements were analyzed in freeze-dried meat samples (LL and SM) and feed samples (blanched seaweed, dietary components, and diets). The sample (0.3 g–0.35 g) was placed in a Teflon tube with 5 mL of ultrapure nitric acid and 2 mL of MilliQ® water [final concentration 10% volume-per-volume (v/v) ultrapure nitric acid after dilution]. The digestion was performed at 260°C for 40 min in an UltraClave™ (Milestone, Italy). The digested sample was diluted up to 50 mL with MilliQ water. For the iodine analysis, the sample was extracted with tetramethylammonium hydroxide (TMAH) at 90°C for 3 h, centrifuged, and diluted to 50 mL with deionized water. The same digestion procedure was applied to blanks and reference material (SRM 1515, RM 8415, BOVM-1, and BRC 129) to confirm the accuracy of the method. The analyses of aluminum (Al), manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), arsenic (As), selenium (Se), molybdenum (Mo), cadmium (Cd), and iodine (I) were performed using an Agilent 8800 ICP-MS (Agilent Technologies, Hachioji, Japan). The remaining elements, such as calcium (Ca), iron (Fe), potassium (K), magnesium (Mg), natrium (Na), phosphor (P), sulfur (S), and zinc (Zn), were analyzed by inductively coupled plasma optical emission spectroscopy (Agilent 5110 ICP-OES, Agilent Technology). The quantification of the elements’ content was carried out with a correlation coefficient for the standard curve of > 0.95.





2.5 Statistics

The obtained data were analyzed using Minitab, version 18 (Minitab Inc., State College, PA, USA) and presented as mean values (n = 9 in CON; n = 10 in SW) with standard error of the means (SEMs). The effect of diet on average daily weight gain (ADWG) and carcass traits was determined using one-way variance (ANOVA). For the analysis of meat quality properties, a 2 × 2 factorial design with two dietary treatments and two muscles as the main effects was used. The individual animals were the experimental unit in the models. The number of animals per pen in a finishing period has previously shown no effect on carcass traits and meat quality properties (Gottardo et al., 2005). Therefore, the pH, color and oxidative stability, and mineral content were analyzed using a general linear model (GLM), with the effects of diet (CON and SW) and muscle type (LL and SM), and the interaction effect of diet × muscle type. SF, cooking loss, and drip loss data were analyzed with a mixed-effects model, with diet (CON and SW) and muscle type (LL and SM) as the fixed effects and an interaction effect for diet × muscle type. Cooking batch was included as a random effect. Tukey’s significant difference test (p < 0.05) was used as a post hoc test.





3 Results

The average daily weight gain (ADWG) and carcass traits of bulls fed control (CD) and seaweed-supplemented (SW) diets are shown in Table 2. The seaweed-supplemented diet had no significant (p > 0.05) effect on ADWG, whereas the carcass weight was significantly (p = 0.024) higher in the SW group than in the CD group. However, the initial body weight of the animals at the beginning of the experimental feeding was higher in the SW group (634 kg ± 23.8 kg) than in the CD group (596.2 kg ± 46.8 kg); three animals in the CD group had an average weight of 522.7 kg ± 30.1 kg and the other six weighed an average of 633 kg ± 16.5 kg. The seaweed supplementation had no effect on carcass conformation and fatness degree (p > 0.05).


Table 2 | Effect of seaweed supplementation on carcass traits.



The seaweed-supplemented diet had a significant (p < 0.05) effect on the pH 2.5 h post mortem in the LL; SW LL had a higher pH than CD LL (Figure 1A). Also, a significant (p < 0.001) effect of muscle type on pH was found early post mortem. The ultimate pH (24 h post mortem) values were affected by muscle type (p < 0.05), whereas diet had no significant (p > 0.05) effect (Figure 1B). The interaction between diet and muscle type had no effect on the pH (p > 0.05).




Figure 1 | Effect of CD (n = 9) and SW (n = 10) and of muscle type [longissimus lumborum (LL) and semimembranosus (SM)] on the pH measured 2.5 h post slaughter (A) and 24 hours post mortem (B). The error bars represent the standard error of means. a, bSignificant differences between dietary treatments (CD, SW) within the same muscle type (p < 0.05). x, ySignificant differences between the two muscles (p < 0.05).



The meat quality properties are presented in Table 3. Drip loss and cooking loss at day 7 were not affected by seaweed supplementation (p > 0.05). The LL muscle experienced significantly (p < 0.001) higher cooking loss than the SM muscle at day 7. The cooking loss at day 14 was significantly (p < 0.05) lower in SW meat. The shear force (SF) of SW meat in vacuum did not differ from that of CD meat. On correcting SF values for the total water loss (drip and cooking loss), that is, to the same water retention for the two diets, no significant differences in SF between the diets were found (not shown). However, the data in Table 3 remain uncorrected for water differences and the effect on SF. The muscle type had an effect on SF: the SM muscle showed significantly higher SF than the LL muscle (p < 0.001). The interaction between diet and muscle had no effect (p > 0.05) on meat quality parameters during chilled storage.


Table 3 | Effect of diet on quality properties of the longissimus lumborum (LL) and semimembranosus (SM) muscles.



Seaweed supplementation had no effect (p > 0.05) on antioxidant capacity and the progression of lipid oxidation in both vacuum-packed muscles during storage (see Supplementary Material), also had no effect on oxidation after heat treatment and chilled storage (WOF). The muscle type and interaction between diet and muscle type significantly (p < 0.05) affected WOF values, with the LL muscle producing lower WOF values than the SM muscles (Figure 2).




Figure 2 | Interaction effect of CD (n = 9) and SW (n = 10) and muscle type [longissimus lumborum (LL) and semimembranosus (SM)] on warmed-over flavor (TBARS). The error bars represent standard error of the means. a, bSignificant differences between means (p < 0.05).



The color stability of the meat vacuum packed and stored at 4°C for 14 days was influenced by dietary treatment, muscle type, and the interaction of the two (Table 4). The L* and b* values were affected (p ≤ 0.05) by dietary treatment. At day 0, both L* (p = 0.050) and b* (p < 0.05) values were reduced in the LL of SW meat compared to CD. The SM muscle had significantly higher a* and b* values at day 0. At day 7, diet showed a significant effect on L*, a*, and b* values; SW SM muscle had significantly (p < 0.05) lower L* values, whereas both muscle types in the SW group had significantly (p < 0.001) lower a* and b* values than both muscle types in the CD group. Furthermore, L*and b* values were significantly affected (p < 0.05) by diet on day 14. The supplementation with seaweed had a significant effect (p < 0.05) on b* values, that is, seaweed supplementation reduced b* values over the whole storage period.


Table 4 | Effect of diet on color stability of the longissimus lumborum (LL) and semimembranosus (SM) muscles exposed to the air during chilled storage.



The mineral profiles of the diets and the two muscle types are presented in Tables 5 , 6, respectively. Seaweed supplementation led to a significant increase of I and As (p < 0.001) content in the meat, whereas Se was not affected (p > 0.05). The inclusion level of 4.5 mg I/kg DM in the finishing cattle diet increased the level of I in the meat (to an average of average 4.5 μg I/100 g meat). The iodine content in the meat was independent of the muscle type (p > 0.05). The muscle type had a significant (p < 0.05) effect on mineral profile, with the SM muscle having higher contents of magnesium, sodium, phosphorus, iron, copper, and manganese, and the LL muscle having higher zinc and aluminum contents. The dietary treatment–muscle type interaction did not have a significant (p > 0.05) effect on the mineral profile, that is, the two muscles’ mineral profiles did not change in different ways according to diet.


Table 5 | The nutrient and contaminant content per kg of blanched seaweed, dietary components, and diets.




Table 6 | Effect of seaweed supplementation on the mineral content in 100 g of longissimus lumborum (LL) and semimembranosus (SM) muscles.






4 Discussion

Blanched S. latissima can supplement a bull’s diet with bioactive compounds and minerals, thus potentially affecting meat quality. The results showed that seaweed supplementation had no significant impact on performance traits. The chemical traits of meat measured in this study were affected by diet and/or muscle type. The pre-rigor SM muscle for both dietary groups was within the ideal pH and temperature range (a pH above 6 if the muscle temperature is above 35°C), as recommended by Meat Standards Australia (MSA), whereas the pre-rigor pH for the LL muscle declined too quickly (Thompson, 2002). Nevertheless, all measured muscles had an ultimate pH in an acceptable range (pH 5.2–5.6) (Aberle et al., 2012). MSA stipulate a maximum pH level of 5.7 as the threshold for acceptable meat-eating quality (Thompson, 2002).

Meat tenderness is a critical quality trait for purchase rates and consumer satisfaction (Warner et al., 2021). Destefanis et al. (2008) reported that most consumers judged the LL muscle with an SF value < 42.87 N/cm2 to be “tender” and the LL muscle with an SF value > 52.68 N/cm2 to be “tough”. However, a similar percentage of consumers classified meat with an SF value ranging from 42.87 N/cm2 to 52.68 N/cm2 as both “tender” and “tough” (Destefanis et al., 2008). The shear force values in the present study indicate that after 14 days of aging the LL muscle had an acceptable level of tenderness; however, an aging period of 3 weeks is common practice in the commercial Norwegian slaughterhouse. In addition, it is worth noting that seaweed-supplemented diets for finishing bulls showed a tendency to reduce SF values in the SW meat compared with CD meat after 14 days of aging. Furthermore, a significant reduction in cooking loss in SW meat indicated improved water-holding capacity and moisture retention during cooking. Previously, Grabež et al. (2023) reported on the positive effect of seaweed on cooking loss in lamb meat when finishing lambs’ diets were supplemented with 2.5% and 5% DM seaweed. O’Quinn et al. (2018) showed that tenderness has an overall higher effect on meat-eating quality than juiciness (43.4% and 7.4%, respectively); also, juiciness defects have a lower impact than tenderness on an unacceptable eating experience. Nevertheless, these two quality variables are linked. Therefore, a lower release of water content during cooking would have a positive effect on juiciness and consumers’ acceptability of meat (Liu et al., 2022). The average cooking loss observed here was not small; improvements could, for example, be made by reducing the high temperature used in the treatment (72°C internal temperature). An increase of the internal temperature of the vacuumed meat from 62°C to 72°C induced a 20% higher cooking loss (Shen et al., 2022).

Furthermore, the supplementation of finishing bulls’ diets with blanched seaweed at 0.8% DM had no effect on the oxidative stability of the vacuumed meat. However, a previous study has reported improved oxidative stability in pork meat due to the deposition of polysaccharides (laminarin and fucoidan) extracted from seaweed (Moroney et al., 2012). Also, intact S. latissima added to finishing lambs’ diets showed a positive effect on the reduced lipid oxidation of lamb meat after 4 weeks of cold storage (Grabež et al., 2023). Seaweed’s lack of effect on the oxidative stability of meat in the present study may be related to the low inclusion level (0.8% DM) and/or the blanching treatment applied to the seaweed.

In the present study, differences between the diet groups in LL color after blooming at day 0 may be related to the pH decline during the 24 h post mortem. Seaweed-supplemented animals showed a slower pH decline in the LL 2.5 h post mortem, indicating a protective function and prolonged mitochondrial activity. Gagaoua et al. (2015) suggested that similar metabolic processes occur in the muscle at 45 min and 3 h post mortem; thus, a lower ultimate pH indicates the protection of the cell against oxidative stress. Competition for oxygen between mitochondria and myoglobin reduces the redness of meat (Gagaoua et al., 2015). However, the seaweed diet showed no significant effect on meat redness at day 0. At day 7, the seaweed-supplemented bulls’ diet significantly reduced a* values, regardless of muscle type. A slightly higher ultimate pH in the CD meat could induce a thinner metmyoglobin layer than that of the SW meat at day 7. Conversely, SW meat showed a slight decreasing trend for the a* value at day 7; however, there was no difference between the CD and SW groups at day 14. The consistent decline of b* values during the storage period, which was more dominant and statistically clear for the SW group than the CD group, indicates that seaweed addition improved the color stability of meat. Although not measured in the present study, the oxygenation of myoglobin could induce detectable changes in meat color during storage; Phung (2012) reported an increase of myoglobin’s deoxymyoglobin form (purplish-red color) with the decline of b* in meat. Phelps et al. (2016) reported reduced L*, a*, and b* values at day 7 in the LL muscle with an increase of microalgae meal (All-G Rich™; Schizochytrium limacinum CCAP 4087/2) in finishing heifers’ diets. Delosiere et al. (2020) reported positive effects of higher antioxidative activity on reduced yellowness in longissimus thoracis and semitendinosus muscles. However, the processing of S. latissima at 95°C for 5 min showed a 66% decrease in polyphenols (Vasavada, 2019); thus, seaweed in the present study had no significant effect on the antioxidative capacity of the muscles. The deterioration of sensory color in meat has been shown to have a positive correlation with increased b* values (Insausti et al., 2008). The consumer acceptability of meat is related to a* values as a predictor of meat redness; a* = 14.5 is the threshold value for consumer acceptance of meat (Holman Benjamin et al., 2017) and lamb meat color (Khliji et al., 2010). The color measurements of the LL and SM muscles after 50 min of storage in the air at day 0 showed higher a* values than those reported by Lindahl (2011) in steaks of LL (a* = 10.64) and SM (a* = 13.62) after 1 h of blooming in the air. Furthermore, the present data showed a higher blooming capacity for the studied muscles; thus, meat from both muscle types and diet groups had a* values above the threshold after blooming.

An increase in nutritional properties, in particular mineral enrichment of meat and milk, through the inclusion of S. latissima in ruminant diets has been previously reported (Grabež et al., 2022; Ueland, 2022; Grabež et al., 2023). The inclusion of seaweed containing 204.6 mg I/kg DM in growing–finishing lamb diets enriched the lamb meat with iodine, enabling the meat to be labeled as a “rich source of nutrients” (Grabež et al., 2022; Grabež et al., 2023). However, the present SW diet contained 10.3 mg I/kg DM and imparted an iodine content of 7.4 μg/100 g of meat to the semimembranosus muscle. This implies that the maximum allowable level of blanched seaweed supplementation (determined by the iodine and arsenic thresholds in ruminant feed) does not sufficiently increase iodine levels in the meat to allow for nutritional labeling. The small increase in total As content in SW meat poses no risk to human health.

The feeding bulls with a diet containing a low level (0.8% DM) of blanched S. latissima, in line with the maximum allowable levels of iodine and arsenic content in animal feed, over 48 days showed a positive effect on the color of meat during chilled storage. Regardless of the improvement of color stability and an increase in iodine content in the meat, the utility of low levels of blanched seaweed supplementation in animal diets is economically limited.




5 Conclusions

This study demonstrated that the inclusion of blanched and frozen S. latissima at 0.8% DM in finishing bulls’ diets, in line with the present maximum iodine and total arsenic contents allowed in animal feed, has the potential to be a source of minerals in Norwegian livestock production. The seaweed-supplemented diet significantly increased the iodine content in meat and minimized the yellowness of meat during chilled storage. Further optimization of the processing technology is needed to reduce the iodine and arsenic contents of S. latissima, as a higher concentration of seaweed in animal feed would increase the presence of the seaweed’s bioactive compounds in animal diets and in turn have a visible effect on meat quality.
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