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Abstract

:

A sound fundamental knowledge of the seed and flour characteristics of pseudocereals is crucial to be able to promote their industrial use. As a first step towards a more efficient and successful application, this study focuses on the seed characteristics, chemical composition and technological properties of commercially available pseudocereals (amaranth, quinoa, buckwheat). The levels of starch, fat, dietary fiber and minerals were comparable for amaranth and quinoa seeds but the protein content is higher in amaranth. Due to the high amount of starch, buckwheat seeds are characterised by the lowest amounts of fat, dietary fibre and minerals. Its protein content ranged between that of amaranth and quinoa. Buckwheat seeds were larger but easily reduced in size. The lipid fraction of the pseudocereals mostly contained unsaturated fatty acids, with the highest prevalence of linoleic and oleic acid. Palmitic acid is the most abundant unsaturated fatty acid. Moreover, high levels of P, K and Mg were found in these pseudocereals. The highest phenolic content was found in buckwheat. Amaranth WMF (wholemeal flour) had a high swelling power but low shear stability. The pasting profile strongly varied among the different quinoa WMFs. Buckwheat WMFs showed high shear stability and rate of retrogradation.
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1. Introduction


The demand for healthy foods has increased over the last years as consumers have become more aware of the relation between diet and health [1,2]. Besides highly nutritious, cereal foods are considered to be rich in health-beneficial bioactive compounds [3,4]. The development of wholegrain products has been growing, especially as the bran and germ fraction of the grain contains high contents of nutrients and phytochemicals. Moreover, the gluten-free food market is expanding due to the higher prevalence of gluten-related disorders, such as celiac disease or gluten sensitivity. Cereals, such as wheat, maize and rice, are commonly used for the production of wholegrain and/or gluten-free products but pseudocereals are promising alternatives [5,6].



Pseudocereals are grown for the same purpose as true cereals but they are not a part of the Gramineae family [7]. From an ecological point of view, pseudocereals have better resistance to biotic and abiotic stresses than conventional cereal crops [8,9]. Their cultivation is possible in regions with a harsh climate and poor soil conditions, which can help to ensure food availability in these types of regions [4,10]. The most common pseudocereals are amaranth (Amaranthus sp.), quinoa (Chenopodium quinoa) and buckwheat (Fagopyrum sp.). The Amaranthus genus includes approximately 60 species but only A. hypochondriacus, A. caudatus and A. cruentus are cultivated as grain species. Quinoa is one of the approximately 250 species of the Chenopodium genus. Both sweet and bitter quinoa varieties exist, depending on the saponin content. Within the Fagopyrum genus, F. tataricum and F. esculentum are the most consumed and cultivated species [11,12]. Pseudocereals produce seeds with high nutritional value. The protein content of the seed is high and characterised by a well-balanced amino acid profile. The seeds are a good source of unsaturated fatty acids, dietary fibre and essential micronutrients. Furthermore, they contain a large variety of bioactive compounds [3,8,13,14]. Due to the lack of gluten, these pseudocereals are interesting ingredients for gluten-free products as well [15]. However, the presence of antinutrients may restrict the use of pseudocereals in the human diet. Some of the reported antinutrients in pseudocereals are phytic acid, saponins, tannins and protease inhibitors [9,16,17]. Several techniques of industrial processing, such as heat treatment, extrusion, roasting, or mechanical abrasion, are used to inactivate or reduce these antinutrients [16,18,19].



Pseudocereals can be used as a supplement to enrich traditional foods or for the production of new food products. Nevertheless, these pseudocereals lack dough-forming, and thus, baking properties due to the absence of gluten. The dough-forming properties of raw material are essential for all food products that demand dough preparation (bread, bakery products, pasta, etc.). Traditionally, these type of food products are made of refined wheat flour. Up to a certain amount, pseudocereal can be added to wheat-based products to improve the nutritional properties of the resulting food product. However, the addition of high amounts results in technological challenges due to the high fibre content and the dilution effect on gluten. Complete substitution of wheat comes with the challenging task of replacing the functionality of the gluten and cannot be carried out without the addition of specific ingredients or adaptations of the process conditions [6].



From a nutritional point of view, pseudocereals are promising ingredients for the production of wholegrain and/or gluten-free food products [5]. Nevertheless, the sensorial and textural properties of the final product depend on the composition of the macronutrients and the interaction of these components during processing [20]. The properties of pseudocereal wholemeal flour (WMF) to a large extent depend on the composition and properties of the starch fraction but non-starch components (i.e., protein, lipid, fibre) are also likely to have an effect. The chemical composition of pseudocereals is rather different from that of common cereals and furthermore differs among the different types of pseudocereals [5,21]. Sound fundamental knowledge of the seed and flour characteristics of pseudocereals is crucial to be able to promote their industrial use. As a first step towards a more efficient and successful application, this study focuses on the seed characteristics, chemical composition and technological properties of commercially available pseudocereals (amaranth, quinoa, buckwheat). The characteristics of the pseudocereal WMFs are discussed in relation to the seed characteristics and the chemical composition and compared among the different types of pseudocereal.




2. Materials and Methods


2.1. Material


Commercially available amaranth, quinoa and dehulled buckwheat seeds were collected from different suppliers in Belgium and the Netherlands. An overview of the pseudocereal samples is included in Table 1.



For chemical and technological analyses, grains were milled WMF by a Hammertec mill (mesh size: 0.8 mm) (Foss, Hilleroed, Denmark).




2.2. Characteristics of Seeds


Test weight (kg/hL) was determined by a Grain Analysis Computer (GAC 2100, Dickey-john, Auburn, AL, USA). Thousand kernel weight (TKW, g) was calculated based on the weight of 300 kernels, selected by a Contador seed counter (Pfeuffer GmbH, Kitzingen, Germany). Kernels were scanned (dpi = 600) against a blue background (HP Scanjet 2400, Hewlett-Packard Company, CA, USA). The resulting images were analysed using SmartGRAIN software (version 1.1, National Institute of Agrobiological Sciences, Tsukuba, Japan) to estimate the length (mm), width (mm) and circularity of the kernels.




2.3. Chemical Composition of Wholemeal Flour


2.3.1. Macronutrients


Dry matter (dm) content was determined according to ICC method no. 110. Total starch content (g/100 g dm) was analysed as described by Englyst et al. [22]. The nitrogen content was determined by the use of a VarioMax C/N (Elementar Analysesystemen, Langenselbold, Germany) and converted to protein content (g/100 g dm) using a conversion factor of 6.25 [23]. Fat content (g/100 g dm) was determined by Soxhlet extraction with prior acid hydrolysis (ISO 6491). Total dietary fibre content (TDF, g/100 g dm) was quantified by the Total Dietary Fiber Assay Kit (Megazyme Ltd., Wicklow, Ireland). Ash content (g/100 g dm) was determined according to standard method ICC no. 104/1.




2.3.2. Fatty Acids


Lipids were extracted from 2.5 g WMF by means of a modification of Folch et al. [24] using chloroform/methanol (2:1 v/v). The fatty acids were analysed by gas chromatography (GC) as described by Raes et al. [25]. Briefly, nonadecanoic acid (C19:0) was added as an internal standard (2 mg/mL). After methylation of the fatty acids with NaOH/MeOH followed by HCl/MeOH, the fatty acid methyl esters (FAME) were analysed on an Agilent 6890 using a DB-23 column for FAME (60 m × 0.25 mm × 0.15 µm) (Agilent, Santa Clara, CA, USA). The GC conditions were: injector: 250 °C; detector: 280 °C; He as carrier gas; temperature program: 50 °C for 1 min, followed by an increase of 25 °C/min to 175 °C, then 4 °C/min to 230 °C.




2.3.3. Minerals


The mineral composition was determined via inductive coupled plasma-optical emission spectrometry (ICP-OES, IRIS Intrepid II XSP, Thermo Scientific, Waltham, MA, USA). Prior to analysis, 1.0 g of WMF was ashed at 500 °C for 4 h in a muffle furnace. The ash was dissolved in HCl during a 2 h reflux. The remaining residue was filtered over a Whatman filter no. 5 before analysis.




2.3.4. Phenolic Compounds


Soluble and bound phenolic compounds (PC) were extracted according to Shumoy et al. [26]. Briefly, 5 g of WMF were weighed into a 50 mL test tube and homogenised with methanol (15 mL, 100%) at 10,000 rpm for 45 s using an Ultra Turrax (T18 digital, IKA-Werke GmbH & Co. KG, Staufen, Germany). The tubes were placed on ice for 15 min and subsequently centrifuged at 4000× g for 15 min at 4 °C. The residue was re-extracted using 10 mL 80% methanol, following the same procedure. Both supernatants were filtered over a filter paper no. 413 (VWR, Leuven, Belgium) and collected in a 25 mL volumetric flash. The volume was corrected to 25 mL using 80% methanol (=extract of soluble PC).



After removal of the supernatant, the pellet was dried overnight at room temperature. 0.1 g of the dried pellet were hydrolysed using 2 mL of 2 M NaOH and sonicated (UP 400s, dr. Hielscher, GmbH, Hamm, Germany) at maximum amplitude (100%) for 30 min at 60 °C. The solution was neutralised by the addition of HCl. Then, 4 mL of 100% methanol containing 0.1% (v/v) formic acid was added as an extraction solvent. The solution was vortexed for 2 min and centrifuged at 2000× g for 10 min at 4 °C. The pellet was re-extracted using 4 mL of 100% methanol containing 0.1% (v/v) formic acid, following the same procedure. Both supernatants were filtered (filter paper no. 413, VWR, Leuven, Belgium) and collected in a 20 mL volumetric flash. Volume was adjusted to 20 mL using 80% methanol (=extract of bound PC).



The total PC content was determined by the method described by Shumoy et al. [26]. Briefly, 1 mL of diluted soluble or bound extract was mixed with 0.5 mL of 10 times diluted Folin–Ciocalteu’s reagent, vortex mixed and allowed to stand for 6 min. The reaction was neutralised by the addition of 1.5 mL 20% sodium carbonate solution and 1 mL of double-distilled water. After 2 h in the dark, the absorbance of the solution was measured at 760 nm using a spectrophotometer (4001/4, Thermo Spectronic, Waltham, MA, USA). Gallic acid was used as a standard and the results were presented as mg gallic acid equivalents (GAE)/g dm.



High-performance liquid chromatography (HPLC) profiling of the PC was done with an Agilent 1260 Infinity II (Agilent, Santa Clara, CA, USA) equipped with a NUCLEODUR 100-5 C18 ec column (particle size: 5 µm, internal diameter: 4.6 mm, length: 150 mm) (Macherey-Nagel, Düren, Germany). HPLC-grade water and methanol were used as mobile phase A and B, respectively, with a flow rate of 0.5 mL/min. The gradient conditions were set as: 0–5 min, 25% B; 5–10 min: 25–30% B; 10–16 min: 30–45% B; 16–18 min: 45% B; 18–25 min: 45–80% B; 25–30 min: 80% B and 30–35 min: 80–25% B. The injection volume was 20 µL. The detection wavelengths of the diode array detector (DAD) were set at 254, 275, 305, and 320 nm [27]. Identification of the PhC was done by comparing retention times and spectra from the DAD detector with those of pure standards. The wavelengths used for the quantification were: 254 nm for gallic acid, dihydroxybenzoic acid, vanillic acid, o-coumaric acid, rutin, quercetin and kaempferol; 275 nm for catechin, p-coumaric acid and sinapic acid; and 305 nm for caffeic and ferulic acid.





2.4. Technological Properties of Wholemeal Flour


The α-Amylase activity was quantified by the α-Amylase Assay Kit (K-CERA, Megazyme Ltd., Wicklow, Ireland). One Ceralpha Unit (CU) is defined as the amount of enzyme, in the presence of excess thermostable α-glucosidase, required to release one micromole of p-nitrophenol from BPNPG7 in one minute under the defined assay conditions. Starch damage (% dm) was quantified by the Starch Damage Assay Kit (K-SDAM, Megazyme Ltd., Wicklow, Ireland).



Water absorption and swelling power were determined as followed. An aqueous suspension of 0.075 g WMF in 1.5 mL distilled water was shaken for 30 min at 1000 rpm in a ThermoMixer C (Eppendorf, Hamburg, Germany). The shaking temperature was 21 °C to determine the water absorption. The swelling power was determined at a shaking temperature of 55, 65, 75, 85 and 95 °C. Subsequently, the suspension was centrifuged for 20 min at 8000× g and 21 °C. The supernatant was decanted and the sediment was weighed. Water absorption (g/g) was expressed as the amount of water absorbed by the WMF. Swelling power (g/g) was calculated as the weight of sediment per gram of WMF used.



Pasting properties of the WMF were determined using a Rheometer MCR 102 (Anton Paar GmbH, Graz, Austria). Measurement was performed using 2.8 g WMF (based on 14% moisture) dispersed in 20 mL of distilled water. During the pre-shear phase, the suspension was heated to 50 °C while stirred at 960 rpm. The rotation speed was 160 rpm for the remainder of the test. The temperature was initially maintained at 50 °C for 1 min and then raised to 95 °C at a constant rate of 5 °C per min, held at 95 °C for 5 min, cooled to 50 °C at the same rate and finally held at 50 °C for 2 min [28].




2.5. Statistical Analysis


Data analysis was performed with SPSS Statistics 25 (SPSS Inc., Chicago, IL, USA) and R version 4.0.2 (R Core Team, Vienna, Austria). Results are represented as minimum–maximum and/or mean ± standard deviation. Experimental data were analysed by the use of one-way analysis of variance (ANOVA, p < 0.05) with subsequent Tukey’s test as post hoc analysis (p < 0.05). If homogeneity of variances was violated, a Welch ANOVA (p < 0.05) was used instead. In that case, a Games-Howell test (p < 0.05) was carried out as a post hoc analysis. Pearson tests were performed to establish correlations between different variables.





3. Results and Discussion


3.1. Characteristics of Seeds


Table 2 presents the seed characteristics of amaranth, quinoa and buckwheat. Among the pseudocereals studied, amaranth had the smallest seeds, which is indicated by the low TKW (0.69 ± 0.05 g). TKW correlated negatively with the protein (r = −0.806, p = 0.016) and fibre (r = −0.894, p = 0.003) content of the amaranth seed. Proteins are mainly located in the seed embryo which suggests that the embryo proportion is higher in amaranth seeds with a low TKW [4,29]. Nevertheless, the ash (r = 0.898, p = 0.002) and fat (r = 0.908, p = 0.002) content of the seed increased with the TKW. As minerals and fat are also stored in the embryo [29], it is assumed that not the proportion but the composition of the embryo is to a large extent determinative for the TKW of amaranth.



The seed size of quinoa is larger compared to amaranth, hence the higher TKW. Values ranged between 2.19 and 4.05 g, which is in accordance with the findings of Wu et al. (1.8–4.1 g) [30]. The TKW of quinoa increased with a decrease in the ash content (r = −0.799, p = 0.031). This TKW increase was particularly associated with a lower Ca (r = −0.776, p = 0.039), K (r = −0.949, p = 0.001) and Na (r = −0.901, p = 0.006) content. Minerals such as Ca and K are mainly located in the pericarp and seed coat of the quinoa seed. Smaller seeds, with lower TKW, have relatively more pericarp and seed coat, which results in a higher Ca and K content [31,32]. Less is known about the location of Na within the quinoa seed but these results suggest that Na might be located in the outer layers as well.



Two buckwheat samples, namely BU2 and BU7, were smaller compared to the other samples and had a TKW at the lower bound of the range (18.24 and 17.59 g, respectively). Less variation in size and weight was observed for the other eight samples. Their TKW ranged between 19.26 and 25.64 g, which is in accordance with other studies (15.70–32.57 g) [33,34]. Buckwheat seeds are larger and heavier than amaranth or quinoa seeds. The high starch content of buckwheat (Section 3.2.1) is an indication that its embryo proportion is smaller than that of the other two pseudocereals [14]. The amount of lipids, dietary fibre and minerals are also lower due to a large amount of starch.



Despite their low TKW, amaranth seeds were characterised by the highest test weight (85.2 ± 0.7 kg/hL). Even higher values (90.8 to 91.3 kg/hL) have been reported by Temesgen et al. [35]. Test weight is related to the true density and packing efficiency of the seeds [36]. Amaranth appears to have a higher true density compared to quinoa or buckwheat [37,38,39], while the small size of the amaranth seeds might attribute to a better packing efficiency.



The two red quinoa samples in the set (i.e., QU1 and QU5) stood out due to their test weight. The test weight of sample QU5 (66.8 kg/hL) was considerably lower compared to other samples (75.4–79.2 kg/hL). The low protein and fat content were typical for this sample as well (Section 3.2.1). These components are mainly stored in the embryo of the seed [6], which suggests that the embryo portion of the QU5 seeds is small, especially if compared to the other quinoa samples. The study by Gargiulo et al. [40] stated that the embryo of the quinoa seed has a higher density compared to the perisperm. The smaller embryo to perisperm ratio explains why sample QU5 had a lower test weight. Furthermore, sample QU1 transcended the other quinoa samples by its high test weight (86.1 kg/hL) and protein content. The protein (r = 0.971, p < 0.001) and fat (r = 0.846, p = 0.016) content of the quinoa seeds correlated positively with the test weight, which confirms that the portion of the embryo is determinative for the test weight. The study by Wu et al. [30] confirms the large variation in the test weight of quinoa seeds (63–81 kg/hL).



Buckwheat had an average test weight of 78.6 ± 1.1 kg/hL, which is comparable to quinoa. Studies by Stempińska et al. [34] and Parde et al. [41] reported lower values for different buckwheat varieties (58.4–70.5 kg/hL). Zhu et al. [42] studied the test weight with different methods and at different levels of seed moisture. These results (72.2–80.1 kg/hL) [42] were more within the range of the present study.



Amaranth seeds (0.88 ± 0.01) were more circular compared to quinoa seeds (0.85 ± 0.02), while Medina et al. [43] concluded the opposite. Other studies also reported lower values for the circularity of amaranth (0.81–0.83) [37] and quinoa (0.77–0.80) [38]. Buckwheat had the lowest circularity (0.76 ± 0.02), which is predictable as these kernels are triangular in shape. Amaranth and quinoa kernels both have a lenticular shape which explains the higher circularity.




3.2. Chemical Composition of Wholemeal Flour


3.2.1. Macronutrients


The proximate compositions of amaranth, quinoa and buckwheat WMF are presented in Table 3. The pseudocereals had a starch content of 61.0 ± 2.9 g/100 g dm for amaranth, 65.1 ± 6.3 g/100 g dm for quinoa and 70.5 ± 3.1 g/100 g dm for buckwheat. Buckwheat shows a higher starch level due to a greater proportion of the endosperm material [14]. Buckwheat sample BU4 was characterised by the highest starch content, namely 78.3 g/100 g dm. Torbica et al. [44] reported a similar starch content (80.4 g/100 g dm) for husked buckwheat flour. Quinoa samples showed great variation in starch content, as concluded by Li et al. (58.2–67.6 g/100 g dm) [21] as well.



Amaranth was characterised by the highest protein content (16.0 ± 0.5 g/100 g dm). Previous studies have reported 14.8 to 17.8 g protein/100 g dm in amaranth [4,45]. Sample BU4, being high in starch, had the lowest protein content (13.9 g/100 g dm) among the buckwheat samples. Unal et al. [46] also found a protein content of 13.8 g/100 g dm. For the other buckwheat samples, the amount of proteins varied between 14.4 and 16.4 g/100 g dm, which is within the range of results from other studies (14.0–17.9 g/100 g dm) [14,45,46,47]. In comparison to amaranth and buckwheat, most quinoa samples had a lower protein content (11.9–14.0 g/100 g dm, QU5: 9.5 g/100 g dm). Nevertheless, sample QU1 had the highest protein content, namely 16.7 g/100 dm. Repo-Carrasco-Valencia et al. [48] also observed a wide variation in the protein content of quinoa (12.6–16.1 g/100 g dm).



Both amaranth (6.81 ± 0.29 g/100 g dm) and quinoa (6.36 ± 1.65 g/100 g dm) contained high amounts of fat. This is attributed to the high proportional size of the embryo within these seeds [14]. Values are in accordance with previous studies on amaranth (5.7–6.9 g/100 g dm) [4] and quinoa (3.6–8.1 g/100 g dm) [21,48,49]. The fat content of QU5 (2.74 g/100 g dm) was considerably lower compared to the other quinoa samples. Buckwheat had the lowest fat content (3.68 ± 0.13 g/100 g dm) of all pseudocereals although lower values (1.0–2.5 g/100 g dm) have been reported in previous studies [50,51].



High amounts of TDF were found in red quinoa WMF (QU1: 13.64 g/100 g dm, QU5: 15.31 g/100 g dm) but other quinoa samples were also a good source of dietary fibre (7.15–10.67 g/100 g dm). Li et al. [21] found a similar variation in the TDF content of seven quinoa samples (8.8–17.4 g/100 g dm). Sample AM5 (6.53 g/100 g dm) contained a lower amount of dietary fibre compared to the other amaranth samples (9.27–11.16 g/100 g dm). Previous works reported TDF contents between 8.6 and 15.8 g/100 g dm for amaranth [5,52,53,54,55]. The TDF content negatively correlated with the fat (r = −0.834, p = 0.010) and ash (r = −0.765, p = 0.027) content of the amaranth WMFs. The lowest amounts of dietary fibre were found in buckwheat WMF (4.93 ± 0.68 g/100 g dm). Nevertheless, Lu et al. [56] concluded that the TDF of ten buckwheat varieties varied between 3.6 and 10.6 g/100 g dm.



Amaranth (2.53 ± 0.20 g/100 g dm) and quinoa (2.62 ± 0.59 g/100 g dm) had a comparable ash content, as concluded by Nascimento et al. [57] as well. The ash content of amaranth was within the same range as the content in the study performed by Bojórquez-Velázquez et al. (2.8–3.5 g/100 g dm) [4]. The ash content in amaranth WMF was related to the fat (r = 0.892, p = 0.003) and protein (r = −0.827, p = 0.011) content. The ash content of quinoa varied within a wide range of 1.92 to 3.46 g/100 g dm, which is comparable to previous studies (1.9–3.5 g/100 g dm) [21,49,58,59]. Buckwheat had a lower ash content (2.12 ± 0.13 g/100 g dm) but values were in accordance with Lu et al. (1.7–2.7 g/100 g dm) [56]. A negative correlation was found between the protein and ash content (r = −0.683, p = 0.029) for the buckwheat samples.




3.2.2. Fatty Acids


The fatty acid composition of amaranth, quinoa and buckwheat WMF is presented in Table 4 as percentages of the total FAME. The lipid fraction of the pseudocereals mostly contained unsaturated fatty acids. The most abundant fatty acid is linoleic acid (C18:2 n-6), followed by oleic acid (C18:1 c9). The highest levels of linoleic acid are found in amaranth (46.3 ± 1.0%) and quinoa (49.7 ± 3.5%). Previous studies reported 39.4 to 49.1% for amaranth [60] and 46.7 to 49.6% for quinoa [61,62]. The levels of linoleic acid in buckwheat WMF were in accordance with Dziadek et al. (37.6–40.9%) [50].



The level of oleic acid was comparable for amaranth (23.1 ± 1.0%) and quinoa (23.8 ± 3.2%) but lower as compared to buckwheat (33.9 ± 0.8%). Even higher levels of oleic acid have been reported for buckwheat (41.0–42.2%) [50].



The level of other unsaturated fatty acids was low in amaranth (≤1.1%), while quinoa contained considerable amounts of α-linolenic acid (C18:3 n-3, 6.76 ± 1.58%). The levels of eicosenoic acid (C20:1, 1.57 ± 0.11%) and erucic acid (C22:1, 1.51 ± 0.32%) were also higher in quinoa. The highest content of eicosenoic acid was found in buckwheat (2.85 ± 0.08%).



Palmitic acid (C16:0) is the main saturated fatty acid in the lipid fraction of pseudocereals of which amaranth contains the highest levels (18.9 ± 0.2%). Previous studies reported up to 32.6% of palmitic acid in amaranth [60,63]. The lowest level of palmitic acid was found in quinoa (9.8 ± 0.5%), while buckwheat contained 14.3 ± 0.6%. Higher levels (14.9–16.6%) have been reported for buckwheat [50].



Other saturated fatty acids are less abundant compared to palmitic acid. The level of myristic acid (C14:0) is below 1% in all pseudocereals, as is the content of stearic acid (C18:0) in quinoa WMF. Higher levels of stearic acid were found in buckwheat (1.86 ± 0.08%) and amaranth (3.53 ± 0.17%). Previous studies reported higher values for quinoa (0.84–0.94% C18:0) [61] and buckwheat (2.49–4.09% C18:0) [50].




3.2.3. Minerals


Amaranth, quinoa and buckwheat WMF contained high levels of P, K and Mg (Table 5). The most abundant mineral in amaranth WMF was P. Its content ranged between 4433 and 5889 mg/kg dm, which is similar to quinoa (4287–5738 mg/kg dm) and buckwheat (4546–5515 mg/kg dm). Samples QU5 and BU10 were characterised by a lower P content of 2513 and 1687 mg/kg dm, respectively. These values are lower compared to previous studies on quinoa (3780–5951 mg/kg dm) [57,64] or buckwheat (3189–4140 mg/kg dm) [14,46,64]. It is known that the majority of P occurs as phytic acid within the pseudocereal seed. Due to its high chelating activity, phytic acid inhibits the absorption of minerals (i.e., Ca, Fe, Mg, Mn, Zn) during digestion and is, therefore, considered an anti-nutritional factor. Phytic acid can be enzymatically degraded by phytase, thereby improving mineral bioavailability [14,65]. According to Egli et al. [66], the endogenous phytase activity is relatively high in pseudocereals (0.6–2.9 phytase units/g dm). Nevertheless, the optimal conditions for the degradation of phytic acid are rarely reached during conventional processing conditions [14].



The highest levels of K were found in quinoa (8906 ± 2369 mg/kg dm), followed by buckwheat (5174 ± 1079 mg/kg dm) and amaranth (4740 ± 260 mg/kg dm). Moreover, K was the most abundant mineral in quinoa and buckwheat WMF. Like the P content, the K content of BU10 (2130 mg/kg dm) was also lower compared to other buckwheat samples. Nevertheless, similar levels of K were reported by Khan et al. (2688–2935 mg/kg dm) [51].



Amaranth (2755 ± 100 mg/kg dm) and buckwheat (2439 ± 510 mg/kg dm) contained high levels of Mg. Among the buckwheat samples, BU10 had the lowest Mg content (1016 mg/kg dm) but this is still higher compared to the findings of Bhinder et al. (737–964 mg/kg dm) [20]. The Mg content was lower in quinoa WMF (2054 ± 529 mg/kg dm) with exception of samples QU3 (2824 mg/kg dm) and QU4 (2569 mg/kg dm). Previous studies reported 1744 to 2885 mg Mg/kg dm in quinoa [21,58,64,67].



Important amounts of Ca (1930 ± 79 mg/kg dm) were found in amaranth WMF, as also confirmed by previous studies (1844–2703 mg/kg dm) [57,64,68,69]. QU3 and QU4 also had a high Ca content of 1041 and 930 mg/kg dm, respectively. Other quinoa samples contained less Ca (347–497 mg/kg dm), which is in accordance with other studies (402–882 mg/kg dm) [21,58]. The lowest levels of Ca were found in buckwheat WMF (220 ± 28 mg/kg dm).



The Na content of the different WMFs ranged between 65.0 ± 16.9 (buckwheat) and 127.1 ± 51.2 mg/kg dm (quinoa). However, pseudocereals are generally not considered a good source of Na [14]. Some studies even reported that the Na content is below the limit of quantification (LoQ: 1 mg/kg [57] and 25 mg/kg [64]). Nevertheless, the present findings for buckwheat seem to show a low Na content compared to other findings (742–1134 mg Na/kg dm) [46,51]. Genetic variability and differences in growing conditions might be attributed to the differences among studies. Processing techniques, such as dehulling, soaking, washing or polishing, might also have an impact on the mineral composition [21,57].



Pseudocereal WMF also contained important amounts of other minerals, such as Cu, Fe, Mn and Zn. The highest levels of Fe (82.6 ± 6.2 mg/kg dm), Mn (30.0 ± 3.6 mg/kg dm) and Zn (35.5 ± 5.5 mg/kg dm) were found in amaranth WMF. Especially sample AM5 showed a high Mn and Zn content of 38.1 and 47.7 mg/kg dm, respectively. The Zn content of quinoa (36.0 ± 6.2 mg/kg dm) was comparable to that of amaranth. Sample QU5 had a slightly lower Zn content (25.0 mg/kg dm) but was still within the range of previous studies (24.6–50.3 mg/kg dm) [7,21,58,69]. Furthermore, quinoa contained the highest amount of Cu and samples QU3 (129.9 mg/kg dm) and QU4 (113.1 mg/kg dm) showed high levels of Fe. Buckwheat had the lowest levels of Cu, Fe, Mn and Zn, as the overall ash content was also lower compared to those of amaranth and quinoa (Section 3.2.1). Especially sample BU10 contained a low amount of Fe (18.5 mg/kg dm) and Mn (6.2 mg/kg dm).




3.2.4. Phenolic Compounds


Table 6 presents the phenolic content of the different pseudocereal WMFs. The highest content of soluble PC was found in buckwheat WMF and ranged from 1.06 to 1.28 mg GAE/g dm. The soluble phenolic content of BU9 (0.48 mg GAE/g dm) was lower compared to the other buckwheat samples. Amaranth and quinoa WMFs had a soluble phenolic content of 0.06 ± 0.01 and 0.33 ± 0.02 mg GAE/g dm, respectively. Li et al. [21] reported that the soluble phenolic content of quinoa ranged between 0.18 and 0.48 mg GAE/g with the highest content of soluble PC found in coloured quinoa samples. Values are in accordance with the present study but the soluble phenolic content of the red quinoa samples was not considerably higher compared to the other samples.



The content of bound PC was high in buckwheat WMF as well and varied between 3.06 and 3.68 mg GAE/g dm. The content of bound PC ranged between 2.26 and 2.96 mg GAE/g dm for most quinoa samples, which is comparable to amaranth WMF (2.53 ± 0.34 mg GAE/g dm). The red quinoa samples, QU1 and QU5, had a higher content of 3.97 and 3.24 mg GAE/g dm, respectively. According to Abderrahim et al. [70], the bound phenolic content of red quinoa samples varied between 1.28 to 4.52 mg GAE/g. Authors attributed this higher bound phenolic content to the high pigment content of the coloured quinoa samples [70].



The high soluble and bound phenolic content of buckwheat WMF resulted in the highest total phenolic content (4.45 ± 0.19 mg GAE/g dm). Other studies also concluded that buckwheat had a higher phenolic content compared to amaranth and quinoa [14,71]. Guo et al. [72] reported that the soluble phenolic content (8.20–16.3 mg GAE/g dm) was considerably higher compared to the bound phenolic content (0.12–0.67 mg GAE/g dm) in Tartary buckwheat. Within the present study, the bound PC contributed 72.2 to 88.5% to the total phenolic content, which is higher compared to the share of the soluble PC (13.0–38.4%). The bound phenolic content in amaranth and quinoa WMF was higher than the soluble phenolic content as well. Li et al. [21] also concluded that the bound PC were the majority of the total PC in quinoa. However, Repo-Carrasco-Valencia et al. [48] reported that the percentage share of soluble PC in quinoa ranged between 7 and 61%. Within the present study, these percentages ranged between 8.1 and 15.5%.



The determination of the soluble phenolic profile (Table 7) showed the presence of phenolic acids, such as gallic, dihydroxybenzoic, vanillic and caffeic acid, in amaranth WMF. Dihydroxybenzoic acid (0.151 ± 0.013 mg/g dm) was the most prominent phenolic acid and was present in all amaranth samples. The levels of gallic (0.014 ± 0.003 mg/g dm), vanillic (0.005 ± 0.000 mg/g dm) and caffeic acid (0.004 ± 0.001 mg/g dm) were lower in contrast to dihydroxybenzoic acid. These phenolic acids were not detected in all samples. Paśko et al. [73] found gallic, vanillic and p-coumaric acid in Amaranthus cruentus but did not detect caffeic acid.



The phenolic acids found in quinoa WMF were similar to those found in amaranth WMF. Caffeic and vanillic acid, however, were not detected in all quinoa samples. The level of dihydroxybenzoic acid (0.056 ± 0.034 mg/g dm) was lower compared to amaranth WMF. Repo-Carrasco-Valencia et al. [48] also reported the presence of soluble ferulic and p-coumaric acid in quinoa but these phenolic acids were not detected within the present study. Furthermore, the concentration of soluble rutin varied between 0.033 and 0.110 mg/g dm. This flavonoid was not found in the other pseudocereals, although previous studies reported its presence in amaranth [74] and buckwheat [72,75].



Buckwheat WMF contained the following phenolic acids: gallic, dihydroxybenzoic, vanillic and o-coumaric acid. Guo et al. [72] also reported the presence of ferulic and p-coumaric acid in common buckwheat, and, furthermore, detected the flavonoids rutin, quercetin and catechin.



Less PC were identified in the bound phenolic fraction of the pseudocereals but the detected PC were present in higher concentrations (Table 8). The most prominent bound compound was vanillic acid. The highest levels were found in amaranth WMF (0.447 ± 0.102 mg/g dm). Other phenolic acids or flavonoids were not detected in the bound PC fraction of amaranth. Bound vanillic (0.342 ± 0.158 mg/g dm) and caffeic (0.136 ± 0.019 mg/g dm) acid were found in quinoa WMF but these phenolic acids were not present in all samples. Only buckwheat WMF contained o-coumaric acid. The content ranged between 0.191 and 0.223 mg/g dm. This phenolic acid, however, was not found in sample BU9. The levels of vanillic (0.228 ± 0.065a mg/g dm) and caffeic (0.113 ± 0.007 mg/g dm) acid in buckwheat WMF were similar to those in quinoa WMF.





3.3. Technological Properties of Wholemeal Flour


3.3.1. α-Amylase, Starch Damage and Water Absorption


The α-amylase activity and level of starch damage were characterised, as well as the water absorption of the WMFs (Table 9). The highest α-amylase activity was found in amaranth WMF (0.15 ± 0.06 CU/g dm), which may have an impact on the technological properties of this flour. Kaur et al. [8] studied the pasting behaviour of several A. hypochondriacus and A. caudatus lines and calculated the α-amylase activity from the difference in peak viscosity measured in the presence and absence of AgNO3. Inactivation of α-amylase increased the peak viscosity for A. hypochondriacus, while no difference was observed for A. caudatus. The A. hypochondriacus lines showed a wider and higher α-amylase activity which might explain the lower viscosity of these lines [8]. No significant correlations with the pasting properties were observed within the present study. It is possible that the α-amylase activity was too low to have an impact on the pasting behaviour, similar to what was observed for the A. caudatus lines in the study by Kaur et al. [8]. However, the difference in measuring technique does not allow one to compare the activities of both studies.



The α-amylase activity ranged between 0.05 and 0.11 CU/g dm for most quinoa samples. Other studies reported an activity of 0.04 CU/g [76] to 0.09 CU/g [77]. QU4 and QU5 showed higher activity of 0.32 and 1.07 CU/g dm, respectively. Aluwi et al. [78] suggested that the persisting trend of low pasting temperature, peak and final viscosity of quinoa variety Temuco was attributed to a higher α-amylase activity. Indeed, QU4 and QU5 showed a lower peak and final viscosity but this was also the case for sample QU1 with an activity of only 0.11 CU/g dm. Furthermore, no significant correlations between the pasting parameters and α-amylase activity were observed. A re-measurement of the pasting profile, in the presence of AgNO3 to inactivate α-amylase [8], could ensure more clarity about the impact of the high α-amylase activity in samples QU4 and QU5. However, Elgeti et al. [76] found a high α-glucosidase activity (approximately 9 units/g) in quinoa WMF and suggested that this enzyme had a greater impact on starch hydrolysis.



The lowest α-amylase activity was measured in buckwheat WMF and ranged between 0.03 and 0.10 CU/g dm. Phiarais et al. [79] reported an activity of 0.1 CU/g.



The dry-milling technique used in the WMF production caused physically damaged some of the starch granules [5]. The level of starch damage varied between 3.10 and 3.95% dm for amaranth (Table 9). This is considerably lower compared to the findings of Srichuwong et al. (11.7% dm) [5]. Nevertheless, the differences in starch damage may be caused by the different milling techniques applied [14]. The level of starch damage related positively to the TKW (r = 0.794, p = 0.019) of the amaranth seeds. Thus, the milling of larger seeds resulted in more starch damage. The amount of starch damage was higher in quinoa WMF, which contrasts with the findings of Srichuwong et al. [5]. Values ranged between 3.51 and 4.44% dm. Other studies reported higher levels of 5.4 and 10.6% dm [5,14]. The level of starch damage in buckwheat WMF was considerably lower compared to quinoa WMF, which is confirmed by the study of Hager et al. [14]. Torbica et al. [44] attributed the low level of starch damage to the less compact structure of the buckwheat seed. In other words, buckwheat seeds are more easily reduced in size during the milling process. The buckwheat samples contained between 0.94 and 1.43% dm damaged starch, which is lower compared to the findings of Hager et al. (3.0% dm) [14].



Water absorption is the ability of the WMF to physically hold water while exposed to a centrifugal force [80]. Collar et al. [81] concluded that amaranth and quinoa flour had a similar water absorption, while the water absorption of buckwheat flour was lower. Within the present study, amaranth WMF was characterised by the highest water absorption (Table 9). The high capacity to absorb water might be attributed to the high protein content. It is known that the ability of flour to associate with water, at room temperature, mainly depends on proteins [78,82]. The absorption ranged between 1.86 and 2.15 g/g, which is in accordance with previous studies (1.60–2.15 g/g) [82,83]. Amaranth samples with a high water absorption capacity were usually characterised by a lower peak viscosity (r = −0.812, p = 0.014) and holding strength (r = −0.788, p = 0.020).



The water absorption of quinoa WMF varied from 1.52 to 1.74 g/g, which is higher compared to the findings of Aluwi et al. (0.89–1.22 g/g) [78]. Sample QU5 was characterised by high water absorption of 2.05 g/g. Water absorption correlated positively with the α-amylase activity (r = 0.929, p = 0.002), which indicates that the high absorption capacity of QU5 is attributed to its high α-amylase activity. This is unexpected as the enzymatic hydrolysis of starch is known to reduce water absorption [84].



The water absorption capacity of buckwheat (1.67 ± 0.06 g/g) was comparable to quinoa. Higher values were reported (2.25–2.73 g/g) [20]. The water absorption of buckwheat WMF related positively with the starch (r = 0.686, p = 0.029) and TDF (r = 0.718, p = 0.019) content of the flour, while a lower protein content (r = −0.697, p = 0.025) was associated with a higher absorption capacity. This indicates that starch and dietary fibre are the main hydrophilic constituents, attributing to the water absorption capacity of buckwheat WMF. Water absorption correlated positively with the swelling power at 95 °C (r = 0.835, p = 0.003) and important pasting parameters, such as peak viscosity (r = 0.882, p = 0.001), holding strength (r = 0.916, p < 0.001) and final viscosity (r = 0.965, p < 0.001).




3.3.2. Swelling Power


The swelling behaviour of amaranth, quinoa and buckwheat WMF were characterised by measuring the swelling power at 55, 65, 75, 85 and 95 °C (Figure 1). The data table is presented in the Supplementary Materials (Table S1). Each pseudocereal had a different swelling behaviour, which indicates differences in the molecular organization of the starch granules [85]. The swelling power of a starch granule is attributed to its strength and micellar structure and is in fact a property of amylopectin [86,87].



The swelling power of amaranth WMFs showed a strong increase from 3.18 ± 0.56 to 10.87 ± 0.59 g/g when temperature increased from 65 to 75 °C. Siwatch et al. [88] also reported a strong increase in the swelling power from 60 to 70 °C for amaranth starch. Furthermore, the swelling power reached a maximum at 85 °C (12.97 ± 1.19 g/g) and eventually dropped to 11.50 ± 0.42 g/g at 95 °C. The temperature increase causes damage to the starch granules, which enables the granules to absorb more water [86]. At peak temperature, the rate of starch swelling is equal to the rate of starch disintegration [69]. As such, the swelling power of amaranth WMF increased as long as the temperature was reaching its peak temperature (84.25 ± 0.91 °C, Section 3.3.3) but decreased at 95 °C. This decrease is attributed to the increased solubility and leaching out of more solids [86]. Quinoa (95.07 ± 0.11 °C) and buckwheat (95.08 ± 0.03 °C) WMFs had a higher peak temperature causing a continued increase of the swelling power at 95 °C.



The swelling power of quinoa WMF showed a steady increase from 3.33 ± 0.47 g/g at 55 °C to 8.71 ± 0.50 g/g at 95 °C. Similar results were reported by Li et al. [21]. The swelling power of buckwheat followed a similar trend from 55 to 75 °C but showed a less strong increase from 75 to 95 °C. The high amylose content of buckwheat starch (21.1–46.6%) might attribute to the lower swelling power at temperatures above 75 °C [10]. Amylose reinforces the internal structure within the starch granule, which renders the granule more resistant to swelling. The presence of amylose-lipid complexes can also inhibit the swelling and solubilisation of the starch granule as it prevents the amylose from leaching out [87]. In amaranth starch, the amylose content is much lower (0.1–11.1%) and the inhibitory effects of amylose-lipid complexes are absent or negligible [5,6]. This explains why amaranth WMFs showed a much higher swelling power at temperatures above 65 °C compared to quinoa or buckwheat WMF.




3.3.3. Pasting Properties


The pasting profiles of amaranth, quinoa and buckwheat WMF (Figure 2) were characterised by the pasting parameters in Table S2 (Supplementary Materials). Amaranth WMF had the highest pasting temperature which varied between 65.09 and 68.89 °C. This pasting temperature increased along with the TDF content of the amaranth WMF (r = 0.900, p = 0.002), which might be attributed to the competition for hydration between dietary fibre and starch [5]. The amaranth WMFs with a high swelling power at 65 °C were characterised by a lower pasting temperature (r = −0.895, p = 0.006) due to their ability to swell more freely [5]. A similar correlation was found between the swelling power at 55 °C and the pasting temperature of quinoa (r = −0.895, p = 0.006) and buckwheat WMFs (r = −0.723, p = 0.016). Quinoa and buckwheat WMF had a lower pasting temperature of 62.22 ± 2.95 and 65.08 ± 0.63 °C, respectively.



Despite the high swelling capacity, amaranth WMFs had the lowest peak viscosity (1657 ± 180 mPa.s). The presence of amylose-lipid complexes is crucial for the heat and shear force resistance of swollen starch granules. The effect of amylose-lipid complexes is limited for amaranth WMFs due to the low amylose content. This leads to high shear sensitivity and low peak viscosity [5]. The higher peak viscosity of AM7 (2045 mPa.s) suggests a higher amylose content as viscosity is directly affected by the amylose content [48]. The low TDF content of AM5 resulted in a lower peak time (7.491 min) and temperature (82.19 °C). Kaur et al. [8] evaluated the pasting parameters of forty-eight A. hypochondriacus lines and eleven A. caudatus lines and found a peak viscosity between 879 and 1613 mPa.s.



The peak viscosity strongly varied among the quinoa samples and ranged from 1418 to 2606 mPa.s. Other studies also reported a great diversity in the peak viscosity of quinoa. According to Li et al. [21], the peak viscosity of seven quinoa WMFs ranged between 2904 and 5820 mPa.s. Wu et al. [30] studied eleven quinoa varieties and two commercial quinoa samples and found a peak viscosity between 708 and 2364 mPa.s. The diversity in peak viscosity might be attributed to a wide variation in the amylose content [89]. The pasting profile of quinoa WMF showed a less distinct peak, especially if compared to amaranth WMF. Contreras-Jiménez et al. [67] compared the pasting profile of quinoa flour with that of its isolated starch and concluded that the starch developed a significantly different and higher viscosity peak. Authors attributed this to the higher fat content in the flour which produced a more fluid system with lower viscosity. Within the present study, the peak viscosity negatively correlated with the TDF (r = −0.920, p = 0.003) and K (r = −0.756, r = 0.049) content of the WMFs, indicating that other non-starch components also affected the pasting properties.



Buckwheat WMF had a significantly higher peak viscosity (2771 ± 242 mPa.s) compared to the other pseudocereals, probably due to the higher starch and amylose content [6]. Buckwheat samples with a higher starch content were generally characterised by a higher peak viscosity (r = 0.822, p = 0.004), while the protein content had a negative effect on this pasting property (r = −0.798, p = 0.006). Furthermore, the peak viscosity positively correlated with the Mn (r = 0.747, p = 0.013) and Zn (r = 0.892, p = 0.001) content. Bhinder et al. [20] mentioned a flatter peak in the pasting profile of buckwheat and considered this an indication of a low degree of shear-thinning. A similar peak was observed in the present study.



Amaranth WMFs were characterised by the lowest holding strength (1107 ± 87 mPa.s). The pasting profile showed a strong viscosity decrease after reaching maximum, indicating that amaranth WMFs were less resistant to shearing. Quinoa and buckwheat WMFs showed higher shear stability due to the stabilizing effect of amylose-lipid complexes [5]. Holding strength ranged between 1156 and 2513 mPa.s for quinoa, while Wu et al. [30] reported a holding strength between 600 and 2016 mPa.s. Holding strength negatively correlated with the TDF content of the quinoa WMF (r = −0.870, p = 0.011). Buckwheat showed the highest shear stability as viscosity showed a minor decrease or even slight increase (BU1, BU2, BU3) during the holding phase. Therefore, the holding strength of buckwheat samples was calculated as the average viscosity at the end of the holding phase. The holding strength ranged between 2494 and 3113 mPa.s and correlated with the starch (r = 0.788, p = 0.007) and protein (r = −0.791, p = 0.009) content.



The viscosity increased upon cooling as a result of the re-association of the starch granules [8,52]. The final viscosity of amaranth WMF (1502 ± 124 mPa.s) was eventually lower compared to the peak viscosity, as also reported by Kaur et al. [8]. The total setback of amaranth WMFs was low (395 ± 42 mPa.s), indicating a low rate of starch retrogradation [52]. The final viscosity (2677 ± 647 mPa.s) and total setback (767 ± 261 mPa.s) was higher for quinoa WMFs. Wu et al. [30] reported a final viscosity of 672 to 2436 mPa.s and a total setback between −744 and 876 mPa.s for quinoa. Li et al. [21] estimated the total setback between 1068 and 2352 mPa.s. Final viscosity negatively correlated with the TDF content (r = −0.961, p = 0.001). Dietary fibre is known to retard starch retrogradation. Lipids may also retard retrogradation due to interactions with amylopectin [21].



Cooling of the paste caused a strong viscosity increase for buckwheat as reflected in the high total setback (3702 ± 493 mPa.s). The final viscosity (6421 ± 673 mPa.s) was eventually two to three times higher compared to quinoa. This short-term development of gel structure is attributed to the retrogradation of amylose so the high viscosity increase is expected for buckwheat WMF. The retrogradation of amylopectin occurs at a much slower rate as it involves the re-association of the branch chains [5]. A lower final viscosity (620–2959 mPa.s) and total setback (184–1736 mPa.s) was found by Bhinder et al. [20].






4. Conclusions


Different commercial amaranth, quinoa and buckwheat samples were evaluated and their seed characteristics, chemical composition and technological properties were compared. The differences in the seed structure and morphology are reflected in the macronutrient composition of the different pseudocereals. The levels of starch, fat, dietary fibre and minerals were similar in amaranth and quinoa seeds. These seeds have a similar structure in which the embryo is large and surrounds the starchy perisperm. Nevertheless, the protein content is higher in amaranth. The high starch content in buckwheat is related to the larger proportion of the endosperm material. Due to the high amount of starch, buckwheat seeds are characterised by the lowest amounts of fat, dietary fibre and minerals. Its protein content ranges between that of amaranth and quinoa. Buckwheat seeds are larger but also more easily reduced in size as the level of starch damage was low compared to amaranth and quinoa seeds.



The lipid fraction of the pseudocereals mostly contained unsaturated fatty acids. Linoleic acid was the most abundant fatty acid in amaranth and quinoa seeds, while oleic acid had the highest prevalence in buckwheat seeds. Palmitic acid was the main saturated fatty acid in the lipid fraction of pseudocereals of which amaranth contained the highest levels. Furthermore, quinoa seeds contained considerable amounts of α-linolenic acid. The highest content of eicosenoic acid was found in buckwheat.



The three pseudocereals contained high levels of P, K and Mg. The most abundant mineral in amaranth seeds was P but similar levels were found in quinoa and buckwheat. The latter also contained a higher amount of K, while amaranth had the highest Mg level. Important amounts of Ca were also found in amaranth.



The highest soluble and bound phenolic contents were found in buckwheat WMF. The soluble phenolic content was low in amaranth WMF but the total content of PhC was similar to that in quinoa WMF. The most prominent soluble phenolic acid was dihydroxybenzoic acid, while vanillic acid was the most concentrated compound in the bound phenolic fraction of the three pseudocereals. The concentrations of the bound PhC were higher when compared to those of the soluble PhC. The share of the bound PhC was also larger in the total phenolic content.



Amaranth WMF was characterised by the highest swelling power but the pasting parameters showed that its starch fraction had a low shear stability. This is attributable to the low amylose content of amaranth starch. Quinoa and buckwheat WMF were more resistant to shear due to the stabilizing effect of amylose-lipid complexes. Furthermore, buckwheat WMF showed a high rate of retrogradation due to its high amylose content. The strong variation in the pasting profiles of the quinoa samples is probably related to variations in the amylose content. Beside the amylose content, other non-starch components (protein, fat, TDF, minerals) are also likely to have an effect on the technological properties of the pseudocereals WMF.
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Figure 1. Swelling power (g/g) of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour measured at different temperatures (55, 65, 75, 85 and 95 °C). 
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Figure 2. Pasting behaviour of amaranth (a, n = 8), quinoa (b, n = 7) and buckwheat (c, n = 10) wholemeal flour. 
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Table 1. Overview of amaranth, quinoa and buckwheat samples.
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Type

	
Code

	
Origin






	
amaranth

	
AM1

	
India




	
AM2

	
India




	
AM3

	
Peru




	
AM4

	
India




	
AM5

	
India




	
AM6

	
Unknown




	
AM7

	
Unknown




	
AM8

	
India




	
quinoa

	
QU1

	
Peru




	
QU2

	
Unknown




	
QU3

	
Belgium




	
QU4

	
Belgium




	
QU5

	
Belgium




	
QU6

	
Bolivia




	
QU7

	
Bolivia




	
buckwheat

	
BU1

	
Unknown




	
BU2

	
Germany




	
BU3

	
China




	
BU4

	
unknown




	
BU5

	
China




	
BU6

	
unknown




	
BU7

	
Czech Republic




	
BU8

	
unknown




	
BU9

	
unknown




	
BU10

	
China
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Table 2. Characteristics of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) seeds.
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Kernel Characteristic 1,2

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 3






	
TKW (g)

	
0.65–0.79

	
2.19–4.05

	
17.59–25.94

	




	
0.69 ± 0.05 a

	
3.13 ± 0.80 b

	
23.32 ± 3.48 c

	
<0.001




	
test weight (kg/hL)

	
84.0–86.2

	
66.8–86.1

	
76.4–80.2

	




	
85.2 ± 0.7 b

	
77.0 ± 5.7 a

	
78.6 ± 1.1 a

	
<0.001




	
length (mm)

	
1.14–1.26

	
1.77–2.37

	
3.80–4.56

	




	
1.20 ± 0.04 a

	
2.09 ± 0.25 b

	
4.29 ± 0.23 c

	
<0.001




	
width (mm)

	
0.99–1.12

	
1.63–2.18

	
3.00–3.44

	




	
1.05 ± 0.04 a

	
1.91 ± 0.22 b

	
3.28 ± 0.13 c

	
<0.001




	
circularity

	
0.87–0.88

	
0.82–0.87

	
0.73–0.79

	




	
0.88 ± 0.01 c

	
0.85 ± 0.02 b

	
0.76 ± 0.02 a

	
<0.001








1 Results presented as minimum–maximum, and mean ± standard deviation. 2 TKW = thousand kernel weight; 3 Average values marked by the same letter (a–c) are not statistically different (p > 0.05).
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Table 3. Chemical composition of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.






Table 3. Chemical composition of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.





	
Property 1,2

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 3






	
starch (g/100 g dm)

	
57.3–65.5

	
53.6–71.6

	
67.8–78.3

	




	
61.0 ± 2.9 a

	
65.1 ± 6.3 a

	
70.5 ± 3.1 b

	
<0.001




	
protein (g/100 g dm)

	
15.1–16.4

	
9.5–16.7

	
13.9–16.4

	




	
16.0 ± 0.5 b

	
13.1 ± 2.2 a

	
15.2 ± 0.7 a

	
0.005




	
fat (g/100 g dm)

	
6.47–7.25

	
2.74–7.34

	
3.43–3.86

	




	
6.81 ± 0.29 b

	
6.36 ± 1.65 b

	
3.68 ± 0.13 a

	
<0.001




	
TDF (g/100 g dm)

	
6.53–11.16

	
7.15–15.31

	
3.55–5.86

	




	
9.45 ± 2.46 b

	
10.41 ± 3.04 b

	
4.93 ± 0.68 a

	
<0.001




	
ash (g/100 g dm)

	
2.23–2.87

	
1.92–3.46

	
1.91–2.30

	




	
2.53 ± 0.20 b

	
2.62 ± 0.59 b

	
2.12 ± 0.13 a

	
0.001








1 Results presented as minimum–maximum, and mean ± standard deviation. 2 dm = dry matter, TDF = total dietary fibre; 3 Average values marked by the same letter (a,b) are not statistically different (p > 0.05).
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Table 4. Fatty acid composition (% of total fatty acid methyl esters) of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.
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Fatty Acid (%) 1

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 2






	
C14:0

	
0.18–0.23

	
0.15–0.22

	
0.12–0.15

	




	
0.22 ± 0.02 b

	
0.17 ± 0.03 b

	
0.13 ± 0.01 a

	
<0.001




	
C14:1

	
0.12–0.25

	
0.10–0.48

	
0.19–0.41

	




	
0.18 ± 0.04 a

	
0.18 ± 0.14 ab

	
0.28 ± 0.07 b

	
0.012




	
C16:0

	
18.8–19.4

	
9.3–10.7

	
13.4–14.9

	




	
18.9 ± 0.2 c

	
9.8 ± 0.5 a

	
14.3 ± 0.6 b

	
<0.001




	
C16:1 c

	
0.09–0.10

	
0.06–0.11

	
0.14–0.18

	




	
0.10 ± 0.00 a

	
0.08 ± 0.02 a

	
0.16 ± 0.01 b

	
<0.001




	
C18:0

	
3.16–3.67

	
0.55–0.76

	
1.71–1.98

	




	
3.53 ± 0.17 c

	
0.68 ± 0.08 a

	
1.86 ± 0.08 b

	
<0.001




	
C18:1 c9

	
22.4–25.4

	
20.2–27.0

	
32.7–35.2

	




	
23.1 ± 1.0 a

	
23.8 ± 3.2 a

	
33.9 ± 0.8 b

	
<0.001




	
C18:2 n-6

	
44.3–47.0

	
46.4–54.2

	
34.9–38.8

	




	
46.3 ± 1.0 b

	
49.7 ± 3.5 b

	
36.4 ± 1.3 a

	
<0.001




	
C18:3 n-3

	
0.91–1.06

	
3.71–8.10

	
2.20–2.56

	




	
0.96 ± 0.05 a

	
6.76 ± 1.58 c

	
2.38 ± 0.10 b

	
<0.001




	
C20:1

	
0.26–0.41

	
1.45–1.72

	
2.73–2.96

	




	
0.30 ± 0.05 a

	
1.57 ± 0.11 b

	
2.85 ± 0.08 c

	
0.001




	
C22:1

	
0.00–0.05

	
1.21–1.96

	
0.16–0.21

	




	
0.01 ± 0.02 a

	
1.51 ± 0.32 c

	
0.19 ± 0.02 b

	
<0.001








1 Results presented as minimum–maximum, and mean ± standard deviation. 2 Average values marked by the same letter (a–c) are not statistically different (p > 0.05).
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Table 5. Mineral composition of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.






Table 5. Mineral composition of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.





	
Mineral (mg/kg dm) 1,2

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 3






	
Ca

	
1818–2060

	
347–1041

	
151–254

	




	
1930 ± 79 c

	
576 ± 288 b

	
220 ± 28 a

	
<0.001




	
Cu

	
1.37–5.46

	
5.52–11.52

	
3.41–6.41

	




	
4.22 ± 1.21 a

	
7.34 ± 2.32 b

	
4.96 ± 0.88 ab

	
0.002




	
Fe

	
76.8–96.9

	
33.7–129.9

	
18.5–38.4

	




	
82.6 ± 6.2 b

	
67.9 ± 37.4 ab

	
32.6 ± 5.5 a

	
<0.001




	
K

	
4389–5218

	
6181–12453

	
2130–5768

	




	
4740 ± 260 a

	
8906 ± 2369 b

	
5174 ± 1079 a

	
0.003




	
Mg

	
2567–2849

	
1222–2824

	
1016–2752

	




	
2755 ± 100 b

	
2054 ± 529 a

	
2439 ± 510 ab

	
0.017




	
Mn

	
27.0–38.1

	
16.1–44.9

	
6.2–21.2

	




	
30.0 ± 3.6 b

	
27.6 ± 12.7 ab

	
15.3 ± 4.0 a

	
<0.001




	
Na

	
47.2–91.5

	
73.1–204.5

	
36.0–100.4

	




	
75.7 ± 14.6 ab

	
127.1 ± 51.2 b

	
65.0 ± 16.9 a

	
0.028




	
P

	
4433–5889

	
2513–5738

	
1687–5515

	




	
5011 ± 477 a

	
4522 ± 1002 a

	
4640 ± 1083 a

	
0.551




	
Zn

	
31.1–47.7

	
25.0–44.3

	
9.4–41.7

	




	
35.5 ± 5.5 b

	
36.0 ± 6.2 b

	
26.1 ± 9.1 a

	
0.015








1 Results presented as minimum–maximum, and mean ± standard deviation. 2 dm = dry matter; 3 Average values marked by the same letter (a–c) are not statistically different (p > 0.05).
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Table 6. Phenolic content (mg GAE/g dm) of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.






Table 6. Phenolic content (mg GAE/g dm) of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.





	
Phenolic Content (mg GAE/g dm) 1,2

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 3






	
soluble

	
0.05–0.07

	
0.31–0.37

	
0.48–1.28

	




	
0.06 ± 0.01 a

	
0.33 ± 0.02 b

	
1.08 ± 0.23 c

	
<0.001




	
bound

	
1.92–2.91

	
2.26–3.97

	
3.06–3.68

	




	
2.53 ± 0.34 a

	
2.83 ± 0.61 ab

	
3.36 ± 0.17 b

	
<0.001




	
total

	
1.98–2.98

	
2.61–4.29

	
4.15–4.66

	




	
2.59 ± 0.34 a

	
3.16 ± 0.61 a

	
4.45 ± 0.19 b

	
<0.001








1 Results presented as minimum–maximum, and mean ± standard deviation. 2 GAE = gallic acid equivalents, dm = dry matter; 3 Average values marked by the same letter (a–c) are not statistically different (p > 0.05).
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Table 7. Contents of soluble phenolic compounds (mg/g dm) in amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.






Table 7. Contents of soluble phenolic compounds (mg/g dm) in amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.





	
Soluble PC (mg/g dm) 1,2

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 3






	
gallic acid

	
0.010–0.017

	
0.009–0.014

	
0.007–0.010

	




	
0.014 ± 0.003 ab

	
0.012 ± 0.002 b

	
0.008 ± 0.001 a

	
0.001




	
dihydroxybenzoic acid

	
0.135–0.169

	
0.008–0.109

	
0.012–0.038

	




	
0.151 ± 0.013 b

	
0.056 ± 0.034 a

	
0.028 ± 0.008 a

	
< 0.001




	
vanillic acid

	
0.004–0.005

	
0.008–0.021

	
0.008–0.009

	




	
0.005 ± 0.000 a

	
0.016 ± 0.006 a

	
0.008 ± 0.000 a

	
0.264




	
caffeic acid

	
0.003–0.005

	
0.003–0.017

	
n.d.

	




	
0.004 ± 0.001 a

	
0.008 ± 0.008 a

	
n.d.

	
0.579




	
o-coumaric acid

	
n.d.

	
n.d.

	
0.031–0.091

	




	
n.d.

	
n.d.

	
0.071 ± 0.019 a

	
-




	
rutin

	
n.d.

	
0.033–0.110

	
n.d.

	




	
n.d.

	
0.065 ± 0.025

	
n.d.

	
-








1 Results presented as minimum–maximum, and mean ± standard deviation; 2 PC = phenolic compounds, dm = dry matter, n.d. = not detected; 3 Average values marked by the same letter (a,b) are not statistically different (p > 0.05).
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Table 8. Contents of bound phenolic compounds (mg/g dm) in amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.






Table 8. Contents of bound phenolic compounds (mg/g dm) in amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.





	
Bound PC (mg/g dm) 1,2

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 3






	
vanillic acid

	
0.247–0.564

	
0.248–0.621

	
0.160–0.334

	




	
0.447 ± 0.102 b

	
0.342 ± 0.158 a

	
0.228 ± 0.065 a

	
<0.001




	
caffeic acid

	
n.d.

	
0.111–0.157

	
0.108–0.119

	




	
n.d.

	
0.136 ± 0.019 a

	
0.113 ± 0.007 a

	
0.499




	
o-coumaric acid

	
n.d.

	
n.d.

	
0.191–0.223

	




	
n.d.

	
n.d.

	
0.205 ± 0.009

	
-








1 Results presented as minimum–maximum, and mean ± standard deviation; 2 PC = phenolic compounds, dm = dry matter, n.d. = not detected; 3 Average values marked by the same letter (a,b) are not statistically different (p > 0.05).
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Table 9. Level of α-amylase and starch damage, and water absorption of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.






Table 9. Level of α-amylase and starch damage, and water absorption of amaranth (n = 8), quinoa (n = 7) and buckwheat (n = 10) wholemeal flour.





	
Property 1,2

	
Amaranth

	
Quinoa

	
Buckwheat

	
p-Value 3






	
α-amylase (CU/g dm)

	
0.06–0.22

	
0.05–1.07

	
0.03–0.10

	




	
0.15 ± 0.06 b

	
0.25 ± 0.38 ab

	
0.05 ± 0.02 a

	
0.005




	
starch damage (% dm)

	
3.10–3.95

	
3.51–4.44

	
0.94–1.43

	




	
3.57 ± 0.28 b

	
4.04 ± 0.35 c

	
1.22 ± 0.16 a

	
<0.001




	
water absorption (g/g)

	
1.86–2.15

	
1.52–2.05

	
1.59–1.77

	




	
2.02 ± 0.09 b

	
1.68 ± 0.18 a

	
1.67 ± 0.06 a

	
<0.001








1 Results presented as minimum–maximum, and mean ± standard deviation. 2 dm = dry matter, CU = Ceralpha Unit; 3 Average values marked by the same letter (a–c) are not statistically different (p > 0.05).
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