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Abstract

:

The current study investigated the effects of thermal processing of the microwave technology on nutritive value, crude protein solubility, urease activity and amino acid profile on linseed grains. Samples were treated in a SAMSUNG GE82N-B microwave oven at 450W for 0 (L1), 60 (L2), 180 (L3), 300 (L4), and 420 (L5) seconds, respectively. Microwave treatment for 300 seconds showed a significant (p ≤ 0.05) decrease in activity urease comparing to raw linseed. The raw and treated linseed protein solubility index (PDI) show statistical differences (p ≤ 0.05) between all the treatments compared. High performance liquid chromatography (HPLC) analyses of samples differences in the amino acid composition between controls and experimental treatments showed that amino acids were not significantly affected (p ≥ 0.05), except isoleucine and leucine amino acid (p ≤ 0.05). From the results of the present study, it is possible to identify that the best method for improving linseed quality for animal feed is the application of microwave for 60 second (treatment L2). Our results indicate that microwave thermal processing or micronizing dry thermal processing of grains could be successfully used in large industrial feed production with a short period of time and the improved nutritional parameters of grains, increased shelf-life and the unchanged amino acid profile of treated grains.






Keywords:


linseed; thermal processing; proteins; HPLC; amino acids












1. Introduction


Linum usitatissium L., commonly referred to as linseed, or flaxseed, is thought to be one of the oldest agricultural plants on the earth, with evidence of thousands of years of cultivation. According to FAO records, the cumulative production of linseed in the period from 1994 to 2018 was 43.8% in the USA, 33.6% in Asia, 17.5% in Europe, 4.7% in Africa, and 0.4% in Oceania, respectively. During that period, the largest producers of linseed in the world, with 779,264.68 tons, were Canada, followed by the USA, with a total production of 189,836.92 tons, and Russia, with 186,536.08 tons; while the lowest recorded total production was in Germany with 37,767.2 tons, respectively. It is known for its high amount of protein (20.3 to 27.9%) and oil (31.2–43.6%) [1,2]. The remaining cake after oil extraction is a high residual source of protein for animal nutrition after oil extraction known as linseed or flaxseed meal [3,4]. The interest in using linseed meal and linseed oil in daily animal nutrition was revived recently, as it can be used to change the composition of fatty acids in eggs and meat, thereby giving the consumer to choose between functional or conventional products, respectively [5,6,7]. Thanks to the growing issues about humans safety in recent years, the requirement for linseed and other nutrients with functional properties in foods and beverages has significantly increased [1,8,9]. Having all of this in mind, the urgency of the current research to investigate the microwave thermal processing on the major grain quality traits of linseed is very necessary.



The fatty acid profile for linseed oil is very balanced, with low saturated fat levels, moderate monounsaturated fat levels and higher concentrations of polyunsaturated fatty acids (PUFAs) [2]. The PUFA content consists of about 16% n-6 acids, mainly linoleic acid (LA), and 57% α-linolenic acid (ALA), an n-3 acid [10].



Linseed presents a great supply of oil and protein for both humans and animals nutrition [11,12]. The aim of development in the case of patients with malnutrition-related to cancer, burns, wounds and liver disease, as well as for nutritional assistance in children with chronic illnesses, is to identify proteins, which, in their structure contain high branched chain amino acids (AA) levels [13] (valine, leucine, isoleucine commonly called BCAA), low levels of aromatic amino acids (AAA) and high Fisheries (BCAA/AAA) ratio [14]. Besides linseed and other plant sources of amino acids, a very rich source of amino acids is eukaryotes [15]. The BCAA and Fischer ratio of linseed protein fractions is equivalent to those that one finds in soybean [16,17]. It is considered that three AA present in proteins of linseed, such as arginine, glutamine and histidine, have a significant effect on the protective functions of the body [18]. The high content of cysteine and methionine in linseed proteins may increase body antioxidant levels, theoretically regulate the cell division of DNA and minimize the risk of some types of colon cancer [19,20].



The linseed includes, however, certain specific antinutritional factors which have to be considered before this feed is used in the daily animal nutrition [21]. Linseed in animal nutrition is often associated with growth depression when used in an amount greater than 5 or 10 percent, particularly in poultry production [2,22]. The occurrence and composition of antinutritional factors constitute primary practical limitations. The major antinutritional elements in raw linseed are cyanogenic glycosides, linatine, non-starch soluble polysaccharides, trypsin inhibitor and urease [23]. A trypsin inhibitor that inhibits the function of pancreatic proteases is one of the most powerful antinutritive factors in the raw linseed [24]. Growth inhibition, reduction of feed efficiency, goitrogenic reaction, pancreas hypertrophy, and hypoglycemia can be caused by the use of antinutritive factors in linseed, including inhibitors of urease or trypsin, especially in poultry [17]. The microwave thermal processing of linseed improves the utilization of this high quality nutrients and reduces the harmful effects of antinutrients, which is the part of linseed itself [25].



Ahmad Khan et al. [26] evaluated the effect of heating methods on the alteration of the protein molecular structure in linseed, in relation to changes in the protein subfraction profile and its digestibility in animals. Linseed samples were either maintained in their raw state or heated in an air-draft oven, autoclaved or microwaved. Obtained results from their study have shown that microwaved heat treatment increases crude protein digestibility without altering the amide I to amide II ratio. Overall, Ahmad Khan et al. [26] concluded that heat-induced changes in protein nutritive value and digestibility were strongly associated with heat-induced alteration in protein molecular structures. Compared to the microwave heat treatment influence on the nutrient changes of linseed, Kaur et al. [27] investigated the effect of sand roasting and microwave heating on the phenolic acid composition of linseed and came to a conclusion that both roasting and microwave heating affected the antioxidant properties of linseed, where microwaving was shown to be a less invasive heat treatment. The results show that the optimal toasting time and output power are 2 min and 640 W, respectively, for the microwave toasting process when used for detoxification of linseed [23].



Microwave as dry thermal processing, when compared to the mechanical treatments of extrusion or pelleting process, which vary in their use, types of heat source, system configuration and implementation of process parameters, could be one between the most important thermal processing treatments for improving linseed which already has high nutrition [25,28,29].



Therefore, the aim of the research was to investigate the effects of microwave thermal processing on major grain quality traits of linseed.




2. Materials and Methods


The linseed used in the current study was a feed grade product of unknown cultivar and was provided by a commercial company Infinity feed from Novi Sad, Serbia, region of Vojvodina in year 2019. The current study with the microwave processing of linseed samples was performed at the laboratory of the Department of Engineering Management in Biotechnology, while all further analytical procedures were conducted at the laboratory of Scientific Institute of Food Technology in Novi Sad, Serbia. An experimental plan with linseed is given in Table 1.



2.1. Sample Preparation Procedure


Linseed grown in the Vojvodina region in the north part of Serbia in 2019 was purchased from local feed supplier and used for analyses. Analyses were performed on homogenized linseed from the different fields of the same region. Raw linseed was used for microwave thermal processing. A Samsung microwave oven, model GE82N-B, was used for the linseed samples treatment. Raw samples of linseed were uniformly distributed in a thin layer on an oven plate in diameter size of 150 mm. The frequency of the microwave was adjusted to 2450 MHz, as well as the processing power to 450 W. The timeframe for samples treatments was equidistantly divided as follows, L1: 0; L2: 60; L3: 180; L4: 300, and L5: 420 seconds for adjusted processing power. After microwave treatment, samples were ground to pass 1 mm sieve and stored at room temperature in a dark place. After 24 h, samples were taken, and the chemical analysis was performed.




2.2. Nutritive Value Analyses


Linseed nutritive value characteristics were determined according to the ISO recommended standards for moisture, protein, fat, fiber, ash, Ca and P contents, as previously described in the research of Puvača et al. [30] for food samples. Data presented are means of five measurements.




2.3. Crude Protein Solubility Analyses


The protein solubility was analyzed according to the methodology previously described by Licitra et al. [31]; the protein insoluble in pepsin was analyzed using the Kjeldahl method after 48 h of incubation in a pepsin hydrochloric acid solution, previously prepared according to the instruction of Bachmann et al. [32]. The nitrogen-ammonia concentrations in the substrates were analyzed according to the official AOAC method.




2.4. Urease Activity Analyses


The activity of the urease was analyzed by the production of ammonia nitrogen according to McCullough [33], while the extraction was performed according to the methodology given by Watson and Miller [34]. A total of 0.2 g of ground sample was first placed in 8 mL of Na3PO4 buffer with added urea (pH 7.4), which was subsequently incubated at a temperature of 30 °C with constant stirring for three hours. Immediately after the finished first phase, the 0.5 mL aliquot of the extracted 2.5 mL of reagent I: C6H5OH in the amount of 0.1 mol/L, and C5FeN6Na2O in the amount of 170 μmol/L was added, followed by stirring. The following procedure was the further addition of 2.5 mL of reagent II: NaOH, in the amount of 0.125 mol/L, Na2HPO4 in the amount of 0.15 mol/L, and NaClO in 3% Cl2. After incubation and the addition of reagents I and II, samples were incubated again at 37 °C in a total of 35 min. Further quantifications were performed in a spectrophotometer at 625 nm and the results were expressed as mgN/g/min.




2.5. Amino Acid Profile Analyses


A total of 10 g of linseed representative samples were dissolved in 200 mL of 80% C2H5OH and stored for 12 h, before further analyses. The prepared solution was afterward filtered through the Whatman filter paper and concentrated on an evaporator (Eyela Rotary evaporator N-1100) at a temperature of 45 °C and dissolved in 40 mL of distilled water. Infranatant separated by funnel after adding 20 mL of (C2H5)2O was evaporated. The residue was dissolved in 20 mL of 0.2 M citrate buffer and filtered through a 0.45 μm syringe filter, after which AA was analyzed using high performance liquid chromatography (HPLC) (L-8900, Hitachi, Tokyo, Japan). Cation exchange resin (4.6 mm × 60 mm) was used as a column, Li3C6H5O7 buffer solution in the amount of 0.35 mL/min was used as a mobile phase A, and C9H6O4 reagents in the amount of 0.3 mL/min solution was used as a mobile phase B. The standard solution of AA mixture was used as derivatives. Procedures were conducted by the methodology previously described by Wahid [35].




2.6. Statistical Analyses


The data obtained in the experiment were analyzed by one-way analysis of variance (ANOVA) within statistical software STATISTICA 13. When the ANOVA showed statistical significance, Tukey’s HSD post-hoc test was performed and p < 0.05 indicated a statistically significant difference.





3. Results and Discussion


Examinations of nutritive value, crude protein solubility, and urease activity levels of raw and microwaved heat-processed linseed can be seen in Table 2, and the AA profile is shown in Table 3.



From the presented results, it can be seen that the different linseed processing time has no adverse influence on nutritive value. Statistically significant (p ≤ 0.05) differences can be seen regarding the moister, crude protein and crude fat content, while the significant differences (p ≥ 0.05) were not noticed regarding the treated or untreated mineral content of linseed. Regarding the crude protein solubility index (PDI), the application of heat treatments had a significant influence (p ≤ 0.05) compared between experimental treatments and control treatment. The obtained values of crude protein solubility index were 27.06; 36.62; 12.19; 9.24 and 15.58% (p ≤ 0.05), respectively. Shen et al. [36] examined the effects of processing, including pelleting, autoclaving, and microwave processing on nutrient utilization in leghorn roosters. The results gained in our study show that the application of microwave thermal processing during 300 s, with the processing power of 450 W, showed a significant (p ≤ 0.05) reduction (41.67%) of urease activity compared to raw linseed. Recorded decreases of urease activity after applied heat treatments were 25.00%; 25.00%; 41.67% and 16.67%, respectively.



Seeds pelleting three times improved the preservation of fatty acid by 29%. Microwave increased fatty acid use by 39% for four minutes, and autoclave increased fat usage by 20%, which demonstrated the positive effects of thermal technology on linseed use. The heat and physical treatment of nitrogen accumulation has also greatly increased. Feng et al. [37] found that the maximum degree of HCN linseed reduction between the pelleting, dry oven heating and autoclaving was obtained with microwave treatment. They found that the main nutrient and fatty acid profile were not substantially modified due to microwave processing. Wu et al. [29] investigated the detoxification of flaxseed by extrusion. Extrusions can be used as a highly successful mechanism to eliminate cyanogenic glycosides and trypsin inhibitors according to their findings.



The mycotoxin detoxification of feedstuffs and compound feed for animal nutrition using different mechanical and biotechnological procedures was described in detail by Čolović et al. [38] Ivanov et al. [23] investigated and concluded that conditions of 400 W of the microwave power and 4 min 50s of the process were ideal to reduce the HCN level under the allowed limits in the flaxseed. Shen et al. [36] fed broiler chickens 12% flaxseed from 1–21 days and 15% from 22–40 days. Feeding whole flaxseed reduced body weight, feed intake and feed efficiency, but feeding flax seed that had been previously pelleted and mashed significantly improved body weight gain, feed conversion efficiency, and feed intake. The results of amino acids analyses show no statistically significant (p ≥ 0.05) differences between treated samples, and what is telling is that applied heat microwaved treatment with one working power of 450 W in different time frames, with also different exit temperatures of treated materials, did not affect the amino acids profile and can be usefully used as possible thermal treatment. A statistically significant difference (p ≤ 0.05) was noticed only regarding the isoleucine (L1, L4, L5: L2, L3), which was slightly higher. A similar significant (p ≤ 0.05) tendency was noticed regarding the leucin (L1, L3, L4, L5: L2), respectively.




4. Conclusions


At the end of the experiment, and having in mind the obtained results, it can be concluded that microwave thermal treatment led to a significant inactivation of urease activity and to increased crude protein solubility index, without changes in amino acids profile of treated linseed grain. The gained results show that the best solution, in practice, for the enrichment of the nutritive quality of linseed aimed for animal nutrition is microwave thermal treatment, with a working power of 450 W during the time of 60 s. Our results indicate that microwave thermal processing or micronizing dry thermal processing of grains could be successfully used in large industrial feed production with a short period of time and improved nutritional parameters of grains, increased shelf-life and unchanged amino acid profile of treated grains.







Author Contributions


Conceptualization, N.P. and D.L.P.; methodology, N.P.; software, V.P.Č.; validation, J.L., S.P., and O.Đ.; formal analysis, S.P.; investigation, N.P.; resources, N.P.; data curation, D.L.P.; writing—original draft preparation, N.P.; writing—review and editing, D.L.P.; visualization, R.P.; supervision, J.L. and M.Ž.B.; project administration, O.Đ.; funding acquisition, J.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Ministry for Education, Science and Technological Development of the Republic of Serbia.




Acknowledgments


This research was supported by the Ministry for Education, Science and Technological Development of the Republic of Serbia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Goyal, A.; Sharma, V.; Upadhyay, N.; Gill, S.; Sihag, M. Flax and flaxseed oil: An ancient medicine & modern functional food. J. Food Sci. Technol. 2014, 51, 1633–1653. [Google Scholar] [CrossRef] [PubMed]

	



Puvača, N.; LukaČ, D.; Ljubojević, D.; Stanaćev, V.; Beuković, M.; Kostadinović, L.; Plavša, N. Fatty acid composition and regression prediction of fatty acid concentration in edible chicken tissues. Worlds Poult. Sci. J. 2014, 70, 585–592. [Google Scholar] [CrossRef]

	



Oomah, B.D. Flaxseed by-products. In Food Wastes and By-products; Campos-Vega, R., Oomah, B.D., Vergara-Castañeda, H.A., Eds.; Wiley: Hoboken, NJ, USA, 2020; pp. 267–289. ISBN 978-1-119-53410-5. [Google Scholar]

	



Tirgar, M.; Silcock, P.; Carne, A.; Birch, E.J. Effect of extraction method on functional properties of flaxseed protein concentrates. Food Chem. 2017, 215, 417–424. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.A.; Whenham, N.; Bedford, M.R. Review on docosahexaenoic acid in poultry and swine nutrition: Consequence of enriched animal products on performance and health characteristics. Anim. Nutr. 2019, 5, 11–21. [Google Scholar] [CrossRef]

	



Alagawany, M.; Elnesr, S.S.; Farag, M.R.; Abd El-Hack, M.E.; Khafaga, A.F.; Taha, A.E.; Tiwari, R.; Yatoo, M.I.; Bhatt, P.; Khurana, S.K.; et al. Omega-3 and omega-6 fatty acids in poultry nutrition: Effect on production performance and health. Animals 2019, 9. [Google Scholar] [CrossRef]

	



Cherian, G.; Quezada, N. Egg quality, fatty acid composition and immunoglobulin Y content in eggs from laying hens fed full fat camelina or flax seed. J. Anim. Sci. Biotechnol. 2016, 7, 15. [Google Scholar] [CrossRef]

	



Bakowska-Barczak, A.; de Larminat, M.-A.; Kolodziejczyk, P.P. The application of flax and hempseed in food, nutraceutical and personal care products. In Handbook of Natural Fibres; Elsevier: Amsterdam, The Netherlands, 2020; pp. 557–590. ISBN 978-0-12-818782-1. [Google Scholar]

	



Ghosh, N.; Das, A.; Sen, C.K. Nutritional supplements and functional foods. In Nutraceutical and Functional Food Regulations in the United States and around the World; Elsevier: Amsterdam, The Netherlands, 2019; pp. 13–35. ISBN 978-0-12-816467-9. [Google Scholar]

	



Zárate, R.; el Jaber-Vazdekis, N.; Tejera, N.; Pérez, J.A.; Rodríguez, C. Significance of long chain polyunsaturated fatty acids in human health. Clin. Trans. Med. 2017, 6, 25. [Google Scholar] [CrossRef]

	



Ahmad, S.; Kamran, Z.; Koutoulis, K.C. Supplemental linseed on egg production. In Egg Innovations and Strategies for Improvements; Elsevier: Amsterdam, The Netherlands, 2017; pp. 349–363. ISBN 978-0-12-800879-9. [Google Scholar]

	



Hao, X.Y.; Yu, S.C.; Mu, C.T.; Wu, X.D.; Zhang, C.X.; Zhao, J.X.; Zhang, J.X. Replacing soybean meal with flax seed meal: Effects on nutrient digestibility, rumen microbial protein synthesis and growth performance in sheep. Animal 2020, 1–8. [Google Scholar] [CrossRef]

	



Li, T.; Tian, Y.; Sun, F.; Wang, Z.; Zhou, N. Preparation of high Fischer’s ratio corn oligopeptides using directed enzymatic hydrolysis combined with adsorption of aromatic amino acids for efficient liver injury repair. Process. Biochem. 2019, 84, 60–72. [Google Scholar] [CrossRef]

	



Gangadharan, A.; Choi, S.E.; Hassan, A.; Ayoub, N.M.; Durante, G.; Balwani, S.; Kim, Y.H.; Pecora, A.; Goy, A.; Suh, K.S. Protein calorie malnutrition, nutritional intervention and personalized cancer care. Oncotarget 2017, 8, 24009–24030. [Google Scholar] [CrossRef]

	



Fofana, B.; Ghose, K.; McCallum, J.; You, F.M.; Cloutier, S. UGT74S1 is the key player in controlling secoisolariciresinol diglucoside (SDG) formation in flax. BMC Plant Biol. 2017, 17, 35. [Google Scholar] [CrossRef] [PubMed]

	



Nwachukwu, I.D.; Aluko, R.E. Physicochemical and emulsification properties of flaxseed (Linum usitatissimum) albumin and globulin fractions. Food Chem. 2018, 255, 216–225. [Google Scholar] [CrossRef] [PubMed]

	



Puvača, N.; Bjedov, S.; Ljubjević, D.; Stanaćev, V.; Milić, D.; Stanaćev, V.; Vukelić, N. Influence of applied heat tretaments on chemical composition of flaxseed intended for broilers nutriton. Res. J. Agri. Sci. 2013, 45, 215–219. [Google Scholar]

	



Lafarga, T.; Hayes, M. Bioactive protein hydrolysates in the functional food ingredient industry: Overcoming current challenges. Food Rev. Inter. 2017, 33, 217–246. [Google Scholar] [CrossRef]

	



Rusu, M.E.; Gheldiu, A.-M.; Mocan, A.; Vlase, L.; Popa, D.-S. Anti-aging potential of tree nuts with a focus on the phytochemical composition, molecular mechanisms and thermal stability of major bioactive compounds. Food Funct. 2018, 9, 2554–2575. [Google Scholar] [CrossRef] [PubMed]

	



Bekhit, A.E.-D.A.; Shavandi, A.; Jodjaja, T.; Birch, J.; Teh, S.; Mohamed Ahmed, I.A.; Al-Juhaimi, F.Y.; Saeedi, P.; Bekhit, A.A. Flaxseed: Composition, detoxification, utilization, and opportunities. Biocatal. Agric. Biotechnol. 2018, 13, 129–152. [Google Scholar] [CrossRef]

	



Glencross, B.D.; Baily, J.; Berntssen, M.H.G.; Hardy, R.; MacKenzie, S.; Tocher, D.R. Risk assessment of the use of alternative animal and plant raw material resources in aquaculture feeds. Rev. Aquacult. 2019. [Google Scholar] [CrossRef]

	



Zając, M.; Kiczorowska, B.; Samolińska, W.; Klebaniuk, R. Inclusion of camelina, flax, and sunflower seeds in the diets for broiler chickens: Apparent digestibility of nutrients, growth performance, health status, and carcass and meat quality traits. Animals 2020, 10, 321. [Google Scholar] [CrossRef]

	



Ivanov, D.; Kokic, B.; Brlek, T.; Colovic, R.; Vukmirovic, D.; Levic, J.; Sredanovic, S. Effect of microwave heating on content of cyanogenic glycosides in linseed. Ratar. Povrt. 2012, 49, 63–68. [Google Scholar] [CrossRef]

	



Anaya, K.; Cruz, A.C.B.; Cunha, D.C.S.; Monteiro, S.M.N.; dos Santos, E.A. Growth impairment caused by raw linseed consumption: Can trypsin inhibitors be harmful for health? Plant Foods Hum. Nutr. 2015, 70, 338–343. [Google Scholar] [CrossRef]

	



Nikmaram, N.; Leong, S.Y.; Koubaa, M.; Zhu, Z.; Barba, F.J.; Greiner, R.; Oey, I.; Roohinejad, S. Effect of extrusion on the anti-nutritional factors of food products: An overview. Food Control. 2017, 79, 62–73. [Google Scholar] [CrossRef]

	



Khan, A.N.; Booker, H.; Yu, P. Effect of heating method on alteration of protein molecular structure in flaxseed: Relationship with changes in protein subfraction profile and digestion in dairy cows. J. Agric. Food Chem. 2015, 63, 1057–1066. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, R.; Kaur, M.; Gill, B.S. Phenolic acid composition of flaxseed cultivars by ultra-performance liquid chromatography (UPLC) and their antioxidant activities: Effect of sand roasting and microwave heating. J. Food Process. Preserv. 2017, 41, e13181. [Google Scholar] [CrossRef]

	



Sun, X.; Li, W.; Hu, Y.; Zhou, X.; Ji, M.; Yu, D.; Fujita, K.; Tatsumi, E.; Luan, G. Comparison of pregelatinization methods on physicochemical, functional and structural properties of tartary buckwheat flour and noodle quality. J. Cereal Sci. 2018, 80, 63–71. [Google Scholar] [CrossRef]

	



Wu, M.; Li, D.; Wang, L.; Zhou, Y.; Brooks, M.; Chen, X.; Mao, Z. Extrusion detoxification technique on flaxseed by uniform design optimization. Sep. Purif. Technol. 2008, 61, 51–59. [Google Scholar] [CrossRef]

	



Puvača, N.; Kostadinović, L.; Popović, S.; Lević, J.; Ljubojević, D.; Tufarelli, V.; Jovanović, R.; Tasić, T.; Ikonić, P.; Lukač, D. Proximate composition, cholesterol concentration and lipid oxidation of meat from chickens fed dietary spice addition (Allium sativum, Piper nigrum, Capsicum annuum). Anim. Prod. Sci. 2016, 56, 1920–1927. [Google Scholar] [CrossRef]

	



Licitra, G.; Hernandez, T.M.; Van Soest, P.J. Standardization of procedures for nitrogen fractionation of ruminant feeds. Anim. Feed Sci. Tech. 1996, 57, 347–358. [Google Scholar] [CrossRef]

	



Bachmann, M.; Kuhnitzsch, C.; Okon, P.; Martens, S.D.; Greef, J.M.; Steinhöfel, O.; Zeyner, A. Ruminal in vitro protein degradation and apparent digestibility of energy and nutrients in sheep fed native or ensiled + toasted pea (Pisum sativum) grains. Animals 2019, 9, 401. [Google Scholar] [CrossRef]

	



McCullough, H. The determination of ammonia in whole blood by a direct colorimetric method. Clin. Chim. Acta 1967, 17, 297–304. [Google Scholar] [CrossRef]

	



Watson, C.J.; Miller, H. Short-term effects of urea amended with the urease inhibitor N-(n-butyl) thiophosphoric triamide on perennial ryegrass. Plant Soil 1996, 184, 33–45. [Google Scholar] [CrossRef]

	



Wahid Herchi, A review of the methods used in the determination of flaxseed components. Afr. J. Biotechnol. 2012, 11. [CrossRef]

	



Shen, Y.; Feng, D.; Oresanya, T.F.; Chavez, E.R. Fatty acid and nitrogen utilization of processed flaxseed by adult chickens. J. Sci. Food Agric. 2005, 85, 1137–1142. [Google Scholar] [CrossRef]

	



Feng, D.; Shen, Y.; Chavez, E.R. Effectiveness of different processing methods in reducing hydrogen cyanide content of flaxseed. J. Sci Food Agric. 2003, 83, 836–841. [Google Scholar] [CrossRef]

	



Čolović, R.; Puvača, N.; Cheli, F.; Avantaggiato, G.; Greco, D.; Đuragić, O.; Kos, J.; Pinotti, L. Decontamination of mycotoxin-contaminated feedstuffs and compound feed. Toxins 2019, 11, 617. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Experimental design with the linseed.
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Treatment

	
Microwave Processing (450 W)




	
L1

	
L2

	
L3

	
L4

	
L5






	
Processing time (s)

	
0

	
60

	
180

	
300

	
420
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Table 2. Nutritive value, crude protein solubility and urease activity levels of linseed.
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Parameter

	
Microwave Processing (450 W)




	
L1

	
L2

	
L3

	
L4

	
L5






	
Moister (%)

	
5.82 a ± 0.06

	
5.90 a ± 0.01

	
3.31 b ± 0.01

	
1.71 c ± 0.01

	
1.78 c ± 0.02




	
Crude protein (%)

	
23.26 b ± 0.49

	
23.24 b ± 0.61

	
23.57 b ± 0.39

	
23.99 b ± 0.07

	
24.76 a ± 0.43




	
Crude fat (%)

	
39.52 a ± 0.34

	
35.42 b ± 0.83

	
39.22 a ± 0.20

	
38.42 a ± 0.23

	
39.25 a ± 0.31




	
Crude fiber (%)

	
10.09 a ± 0.13

	
10.35 a ± 0.54

	
10.80 a ± 0.39

	
10.50 a ± 0.24

	
8.58 b ± 0.51




	
Ash (%)

	
3.49 a ± 0.17

	
3.48 a ± 0.37

	
3.75 a ± 0.15

	
3.69 a ± 0.29

	
3.63 a ± 0.16




	
Ca (%)

	
0.26 a ± 0.01

	
0.28 a ± 0.07

	
0.29 a ± 0.01

	
0.28 a ± 0.01

	
0.27 a ± 0.12




	
P (%)

	
0.52 a ± 0.01

	
0.54 a ± 0.04

	
0.55 a ± 0.01

	
0.61 a ± 0.01

	
0.55 a ± 0.04




	
PDI (%)

	
27.06 b ± 0.03

	
36.62 a ± 0.56

	
12.19 d ± 0.22

	
9.24 e ± 0.15

	
15.58 c ± 0.39




	
Urease activity (mgN/g/min)

	
0.12 a ± 0.01

	
0.09 b ± 0.02

	
0.09 b ± 0.01

	
0.07 c ± 0.01

	
0.10 b ± 0.39




	
Urease activity index (%)

	
100.00

	
75.00

	
75.00

	
58.33

	
83.33








a–e indicated the difference within a row was significant (p ≤ 0.05); PDI—protein solubility index; Results are presented as mean ± SD, n = 5.
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Table 3. Amino acid profile of microwave untreated and treated linseed.
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Amino Acids

	
Microwave Processing (450 W)




	
L1

	
L2

	
L3

	
L4

	
L5






	
Serine (%)

	
0.721 a ± 0.26

	
0.648 a ± 0.18

	
0.657 a ± 0.12

	
0.636 a ± 0.26

	
0.644 a ± 0.14




	
Histidine (%)

	
0.239 a ± 0.32

	
0.203 a ± 0.41

	
0.205 a ± 0.47

	
0.207 a ± 0.14

	
0.194 a ± 0.22




	
Glycine (%)

	
0.475 a ± 0.45

	
0.423 a ± 0.31

	
0.439 a ± 0.22

	
0.470 a ± 0.47

	
0.428 a ± 0.10




	
Threonine (%)

	
0.254 a ± 0.12

	
0.219 a ± 0.12

	
0.237 a ± 0.87

	
0.220 a ± 0.64

	
0.218 a ± 0.45




	
Arginine (%)

	
1.960 a ± 0.22

	
1.855 a ± 0.17

	
2.201 a ± 0.31

	
1.843 a ± 0.37

	
1.836 a ± 0.15




	
Alanine (%)

	
0.467 a ± 0.63

	
0.428 a ± 0.54

	
0.498 a ± 0.14

	
0.472 a ± 0.49

	
0.440 a ± 0.08




	
Tyrosine (%)

	
0.480 a ± 0.48

	
0.469 a ± 0.47

	
0.454 a ± 0.25

	
0.477 a ± 0.33

	
0.480 a ± 0.14




	
Valine (%)

	
1.035 a ± 0.15

	
1.009 a ± 0.19

	
1.102 a ± 0.41

	
1.083 a ± 0.21

	
1.012 a ± 0.12




	
Methionine (%)

	
0.447 a ± 0.55

	
0.453 a ± 0.43

	
0.432 a ± 0.65

	
0.486 a ± 0.09

	
0.442 a ± 0.54




	
Phenylalanine (%)

	
0.642 a ± 0.14

	
0.623 a ± 0.17

	
0.609 a ± 0.31

	
0.654 a ± 0.42

	
0.651 a ± 0.41




	
Isoleucine (%)

	
1.410 a ± 0.32

	
1.240 b ± 0.29

	
1.241 b ± 0.47

	
1.391 a ± 0.60

	
1.354 a ± 0.39




	
Leucine (%)

	
1.500 a ± 0.74

	
1.395 b ± 0.86

	
1.400 a ± 0.36

	
1.485 a ± 0.47

	
1.449 a ± 0.23




	
Lysine (%)

	
1.078 a ± 0.25

	
1.099 a ± 0.44

	
0.940 a ± 0.34

	
0.982 a ± 0.87

	
0.938 a ± 0.12








a,b indicated the difference within a row was significant (p ≤ 0.05); Results are presented as mean ± SD, n = 5.
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