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Abstract

:

The nutritional composition of different parts of quinoa (Chenopodium quinoa Willd.), such as sprouts, green leaves, and grains, have previously been studied in detail. This study aimed to compare the nutritional values of quinoa inflorescences against those of quinoa leaves and grains. The assessment of nutritional composition includes crude protein, crude fat, fiber, ash, carbohydrates, essential amino acids, and minerals. The proximate analysis showed that on a dry weight (DW) basis, quinoa inflorescences contain higher amounts of protein, fiber, all essential amino acids, and minerals when compared to quinoa grains. However, quinoa green leaves have higher protein and fat contents than quinoa inflorescences, while retaining all essential amino acids and minerals. Inflorescences possess a higher fiber content and a lower fat content than green leaves and grains do. In this study, nutritional assessments of inflorescences typically ranked in the middle when compared to those of green leaves and grains. These findings emphasize the nutritional potential of quinoa inflorescences as prospective ingredients to develop healthy foods and supplements that provide health benefits beyond basic nutritional functions. Nevertheless, additional research is essential to confirm and substantiate these results.
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1. Introduction


Quinoa (Chenopodium quinoa Willd.) is an important annual dicotyledonous grain crop of the Amaranthaceae family, initially domesticated in the Andean region of South America approximately 7000 years ago. It is one of the most nutritious foods currently known. Quinoa is grown in more than 100 countries, and more than 90% of its production occurs in Peru and Bolivia. Global quinoa production has reached about 175,000 t, with an average yield of 0.93 t ha−1 [1,2]. The United States is the world’s largest consumer and importer of quinoa.



Quinoa grains are gluten-free and contain high quantities of protein, essential amino acids, important minerals, and vitamins [3,4]. Notably, quinoa grains have more protein than cereal grains such as barley, oats, maize, and rice [5]. Quinoa grains are also rich in bioactive compounds such as flavonoids, phenolic acids, bioactive peptides, phytosterols, and saponins [6,7,8,9,10,11,12]. Having regained global popularity for its nutritional excellence, health benefits, richness in bioactive components, and adaptability to hostile climatic conditions, quinoa is referred to as a “superfood”. Its resilience and high nutritional quality led to quinoa being ranked as a potential strategic crop for food and nutritional security [13,14] and being recognized as “one of the grains of the 21st century” [15]. The quinoa plant is resistant to cold, salt, and drought, which leaves no doubt as to why it has been called the “golden grain” [16]. The National Aeronautics and Space Administration (NASA) has considered using quinoa for long-duration human space flights because of its high protein content and unique amino acid composition [17]. Recognizing its significance, the United Nations (UN) General Assembly declared 2013 as the “International Year of Quinoa”. Numerous research and review articles have been published regarding the nutritional qualities and bioactive components of quinoa grains [18,19,20,21,22,23,24].



Like quinoa grains, quinoa green leaves, sprouts, and microgreens are rich in nutritional value and health-promoting properties [25]. There are several articles regarding the nutritional and bioactive components of quinoa leaves evidenced by published studies [6,26,27]. However, only a few studies have explored the nutritional and bioactive components of quinoa inflorescence and infructescence (the fruiting stage of inflorescence). Debski et al. [11] reported that quinoa infructescence contains more antioxidants and minerals than quinoa leaves. Additionally, Khan and Javid [28] reported that quinoa inflorescence is a rich source of bioactive components with antimicrobial, antifungal, antibacterial, cancer-preventive, anti-inflammatory, and cytotoxic properties.



Previous studies have investigated the nutritional content of flowers and inflorescences from various plant species, including banana [29], coconut [30], cocoyam [31], fennel [32], industrial hemp [33], moringa [34,35], rape and cabbage [36], and torch ginger [37], and revealed a diverse array of nutrients, vitamins, minerals, bioactive components, and nutraceuticals. However, there remains limited information regarding the nutritional profile of quinoa inflorescences. Despite extensive studies of the nutritional composition of quinoa green leaves and grains, additional information about the nutritional content of quinoa inflorescences is required. This study aimed to fill this gap by evaluating the nutritional values of quinoa inflorescences and comparing them with those of quinoa green leaves and grains.




2. Materials and Methods


2.1. Study Location, Plant Material, Experimental Design, Field Preparation, and Seed Sowing


This study was conducted at Lincoln University (LU) George Washington Carver Farm (lat. 38°32′ N, long. 92°80′ W, and elevation 170 m) near Jefferson City, MO, USA. The texture of the soil was a well-drained and moderately permeable silt loam with 20% clay, 0.8% organic matter, and a soil pH from 6.5 to 6.8.



Three quinoa genotypes, namely, PI698747 (previous name Ames13724, origin New Mexico, USA), PI614885 (Chile), and PI665275 (Bolivia) were used in this study. These lines were selected based on their early vegetative growth yield of leafy greens and grains. Seeds of these lines were collected from the USDA-ARS Germplasm Resources Information Network (GRIN-North Central Research Plant Introduction Station, Ames, IA, USA).



The experimental design, field preparation, and planting procedures were conducted following the methodology described by Pathan et al. [38]. All-purpose NPK 12-12-12 fertilizer was applied at 42 kg per ha during the land preparation. Plots were irrigated at the rate of 596 L per hour (Lph) per 100 m or 0.61 Lph per dripper for an hour every two days using a drip irrigation system. When required, weeds were manually removed throughout the growing season (June to September). No herbicide was applied. After flowering, an insecticide named “sevin” (concentration 0.12 L per 3.78 L) was sprayed one time to control tarnished plant bugs called lygus bugs (Lygus lineolaris L.).




2.2. Sample Collection and Preparation


Samples of quinoa inflorescences, green leaves, and grains (Figure 1a–c) were collected at different times during the crop’s growing season from the same research plot at LU Carver Farm during the summer of 2022. Seeds were sown on June 1. Quinoa is a short-season crop, extending only 90–100 days from planting to grain harvesting. Four-week-old green leaves were collected in the last week of June, inflorescences in the first week of August, and grains in the second week of September (Figure 1). Quinoa green leaves, approximately one month old, weighing approximately 500 g, were collected from each replicated plot. These leaves were then washed with distilled water and allowed to air-dry at room temperature for an hour. The washed samples were later dried in an oven at 50 °C for 72 h. Each sample was separately ground into powder using a grinder (Cyclotec Mill Foss 1093, FSS A/S, Eden Prairie, MN, USA). Fresh samples of quinoa inflorescences (approximately 200 g) were collected from each plot (60–65 days after seedling emergence, at BBCH code stages 60–69). The collected inflorescences were washed, dried, and subsequently ground into a powder similar to that produced from the leaf samples. About 50 g of grains from each plot were washed for 5 min with distilled water to remove unfilled seeds and dust, then left to dry at room temperature for an hour, and later dried in an oven at 50 °C for 72 h. Each sample was separately ground into powder. All ground samples were placed in labeled plastic bags and stored in a cool, dry place until chemical analysis.




2.3. Chemical Analysis


Proximate, amino acid, and mineral analyses were conducted following Pathan et al. [38]. The food values of quinoa green leaves, inflorescences, and grains were calculated by multiplying their protein, fat, and carbohydrate contents by factors of 4, 9, and 4, respectively, and adding these values to obtain kcal per 100 g [39].




2.4. Statistical Analysis


The statistical procedure SAS Proc GLM was used to evaluate nutritional values using the quinoa green leaves, inflorescences, and grains dataset. Data were analyzed using SAS statistical software (Version 9.3) to realize variability among varieties and treatment groups for yield, all agronomic traits, and nutritional values [40]. Tukey’s honestly significance difference (HSD) test was used at the p ≤ 0.05 significance level to determine differences in nutritional components for different plant parts. Pearson’s correlation analysis was performed using the metan library in R software. JMP Pro 13 Software was used to perform principal component analysis (PCA) [41]. The PCA compared the quinoa lines and treatment groups according to their proximate, mineral, and amino acid compositions.





3. Results and Discussion


The analysis of variance revealed significant differences among quinoa green leaves, inflorescences, and grains regarding their protein (Pro), fat (Fat), fiber (Fib), ash (Ash), carbohydrate (Carb), calcium (Ca), potassium (K), magnesium (Mg), phosphorus (P), and zinc (Zn) contents. The variety-by-treatment group interaction was significant for Fat and Fib, as was variety for Fat, Fib, and Ash. Quinoa varieties had significantly different Fat, Fib, Ash, K, and Fe contents. The treatment-by-variety interaction was significantly influenced by Fat, Fib, Ca, K, Fe, and Zn composition (Table S1).



3.1. Proximate Analysis


The green leaves, inflorescences, and grains exhibited significant variations in crude protein, crude fat, fiber, ash, and carbohydrate contents, as shown in Table 1. Quinoa green leaves showed a significantly higher protein content of 33.40 g/100 g on a dry weight (DW) basis, compared to the 25.09 and 14.74 g/100 g found in inflorescences and grains, respectively. However, quinoa inflorescences showed significantly higher fiber content and lower fat content compared to both leaves and grains (Table 1).



The crude protein (CP) contents of quinoa green leaves and grains agreed with previous reports [21,23]. The ash content was at its lowest in quinoa grains, measuring 4.31 g, while in leaves and inflorescences it was higher, at 16.91 g/100 g and 15.37 g/100 g, respectively. The order of carbohydrate and energy content was grains > inflorescences > green leaves. As there is no information available regarding the nutritional composition of quinoa inflorescences to compare with CP and other assessed nutrients in this study, our discussion focuses more on inflorescences than green leaves and grains.



The CP content of quinoa inflorescences was higher (25.09 g) compared to those found in other inflorescences such as Moringa oleifera (20.48 g), torch ginger (12.6 g), and banana (15.82 g/100 g, DW) [26,34,35]. However, on a fresh weight (FW) basis (about 80% moisture content), much lower CPs were reported in other inflorescences such as rape and cabbage (4.19–4.40 g) and fennel (1.37 g/100 g, FW) [29,33]. The fat content of quinoa inflorescences, 2.80 g/100 g on a dry weight basis, exceeded that of Moringa oleifera (1.83 g) and banana (0.6 g). However, it was lower than the fat content of torch ginger, which was recorded at 18.2 g/100 g on a dry weight basis. Similar or lower ash and fiber contents were found in this study compared with those of torch ginger inflorescences. Quinoa inflorescences were found to have a lower energy content, 323 kcal/100 g, compared to rape and cabbage, which ranges between 383 and 388 kcal/100 g, as reported by Batista et al. [36].



The essential amino acids (EAAs) content (g/100 g protein) of quinoa inflorescences, green leaves, and grains, and published results, are presented in Table 2. The nine EAAs that humans cannot synthesize were found in good quantities in inflorescences. The results showed that total EAA contents were 30.95, 37.82, and 33.23 g/100 g of protein in quinoa inflorescences, leaves, and grains, respectively. The above results indicate that the order of EAAs concentration in quinoa is as follows: leaves > grains > inflorescences. Inflorescences exhibited higher concentrations of leucine (5.53 g), followed by lysine (5.24 g) and valine (4.20 g), with methionine (1.31 g) being the least abundant. Our findings agree with earlier reports [21,23].




3.2. Mineral


Mineral contents (mg/100 g DW) of quinoa inflorescences, leaves, and grains are presented in Table 3. No significant differences were found in the mineral content the three tested varieties, with the exception of K and Fe (Table S1). However, there were significant differences in the mineral content of quinoa’s different plant parts. Quinoa leaves contained a higher amount of Ca (1109.56 mg) and K (6755.56 mg), inflorescence contained Mg (622.78 mg) and P (615.33 mg), and the iron content was similar in all three plant parts (~10 mg).



Overall, mineral content values were higher in quinoa leaves than they were in quinoa grains [21,23]. In this study, the general order of mineral content was leaves > inflorescences > grains; for example, Ca content values were 1109.56 > 835.78 > 76.67 mg per 100 g DW, respectively, and K content values were 6755.56 > 6125.56 > 1516.67 mg per 100 g DW, respectively. Debski et al. [11] found higher amounts of Mg and Zn in quinoa leaves than in quinoa infructescence, but a higher amount of Fe in infructescence than in leaves. Variations in nutritional and mineral contents in different plant parts may be due to the presence of organ-specific physiological activities. Magnesium plays a crucial role as a vital nutrient in regulating photosynthesis, facilitating nutrient distribution among various plant components, and is indispensable for the transportation of N within the plant [42].




3.3. Principal Component Analysis (PCA)


Principal component analysis (PCA) recognized the grouping patterns of different nutrient and mineral components (Figure 2) of the quinoa green leaves, inflorescences, and grains. Utilizing PCA, data condensation was employed to reveal associations among the investigated nutritional aspects of quinoa. The predominant variability in the proximate dataset (Figure 2a) was primarily captured by the first principal component, which accounted for 85%. The PC1 demonstrated positive loadings for protein (Pro) and fiber (Fib), suggesting that there was a positive correlation between proximate and PC1. Samples with higher scores on the PC1 were likely to have higher protein and ash content compared to samples with lower PC1 scores. The PCA also showed patterns in these data that implied that PC1 captured the main pattern or trend in these data regarding protein and ash contents. Samples that were similar in terms of their protein and ash contents tended to have similar PC1 scores. PC1 can be considered an informative dimension that separated samples based on their protein and ash content. Also, the positive loading of protein on PC1 suggests that protein and ash contents were significant contributors to the overall variability captured by PC1. In summary, a positive loading for protein on PC1 indicates that protein and ash content were key factors influencing the variation observed in the dataset, and higher PC1 scores corresponded to higher protein and ash content in the analyzed samples. On the other hand, PC1 showed negative loadings for fat and carbohydrate (Carb), suggesting negative correlation with the underlying structure captured by PC1. The inverse relationship between the principal component (PC1) and fat and carbohydrate content suggests that PC1 captured some underlying structure or pattern in these data that were associated with variations in fat content.



The second component of the PCA explained only 13.1% of the total variation in the proximate dataset. PC2 exhibited positive loadings for protein and fat, coupled with negative loadings for fiber and carbohydrate (Figure 2a). PC1 showed a significant correlation with ash, while PC2 demonstrated a robust association with fat. The PCA biplot of the proximate analysis depicted a relationship between leaves and protein, ash, and fiber, whereas fat and carbohydrates correlated with quinoa grains.



The mineral content evaluation of quinoa through PCA explained 69.7% of the variation in the dataset under component 1 (Figure 2b), with positive loading for all minerals tested. On PC1, the length of eigenvectors for K, Mg, and P were similar and strongly associated with PC1. Component 2 explained 16.3% of the variability in these data; it loaded positively with Fe. Both inflorescence and leaf correlated with Ca, K, Mg, P, Fe, and Zn. K, P, Ca, and Mg are essential macronutrients for plants, and each play a crucial role.



Calcium is vital, as it constitutes a fundamental component of plant cell walls and significantly contributes to plant cell signaling [43]. Simultaneously, magnesium serves as a key nutrient in regulating photosynthesis and the distribution of nutrients among various plant parts. Moreover, magnesium is indispensable for nitrogen transport within the plant [40]. Examining the correlation of these essential nutrients with the inflorescences and leaves of quinoa, particularly when incorporated into salads, could potentially offer health benefits to the human body. Finally, quinoa grains correlated with Ca, K, Mg, and P mineral parameters. Eigenvalues, variability, and cumulative values are presented in Table S2.




3.4. Correlation of Traits


Figure 3 shows the correlation between proximate and mineral nutrient values of quinoa. Notably, protein exhibited strong positive correlations with fiber (r = 0.67), ash (r = 0.93), zinc (r = 0.82), magnesium (r = 0.80), phosphorus (r = 0.79), and potassium (r = 0.92). A strong correlation between protein and phosphorus (P), magnesium (Mg), potassium (K), and ash content in quinoa can be attributed to several factors. As the plant synthesizes protein, it may also require adequate levels of phosphorus, magnesium, and potassium, leading to a correlated accumulation of these nutrients in the seeds. Quinoa naturally produces notable proteins in its grain leaves and florescence. Therefore, adequate levels of essential minerals, including phosphorus, magnesium, and potassium, are required for protein synthesis and overall plant health. The plant may regulate the uptake and allocation of these nutrients to ensure optimal protein production, resulting in a strong correlation between protein and phosphorus, magnesium, and potassium in the seeds. Protein displayed negative correlations with fat (r = −0.62) and carbohydrates (r = −1.00). Calcium displayed a substantial negative correlation with fat (r = −0.73) and carbohydrates (r = −0.96), while indicating positive correlations with all minerals (except iron), as well as the proximate nutritional values of quinoa. It has been reported that the protein content of both quinoa leaf and grain has a negative association with fat and carbohydrates [25,38]. Quinoa inflorescence and leaves contain less carbohydrates and fat compared to quinoa grain. However, all quinoa parts, including grains, are characterized by high protein content and low levels of carbohydrates and fats [25,38]. This nutritional profile makes quinoa a healthy food choice that can contribute to weight loss when required.





4. Conclusions


The results of this study provide essential information regarding the nutritional values of quinoa inflorescences, which demonstrate higher amounts of protein, fiber, all essential amino acids, and minerals (Ca, K, Mg, and P) when compared to quinoa grains.



Compared to quinoa leaves and grains, inflorescences exhibited significantly higher fiber content and lower fat content. However, quinoa green leaves contain higher amounts of protein, fat, and all essential amino acids than quinoa inflorescences do. Quinoa inflorescences have significant potential to develop into valuable food ingredients and nutraceuticals. From our unpublished data, preliminary findings indicate that quinoa stems bearing inflorescence exhibit significant potential as forage for livestock, which requires further investigation. Based on our knowledge and available reports, more research is required regarding the nutritional compositions of quinoa inflorescences, and the findings of this study will facilitate further investigations.
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Figure 1. Quinoa (a) inflorescences, (b) one-month-old green leaves, and (c) grains. 
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Figure 2. Principal component analysis (PCA) biplot (grouping and score/scatter plots) of (a) protein (Pro), fat (Fat), fiber (Fib), ash (Ash), and carbohydrate (Carb) and (b) calcium (Ca), potassium (K), magnesium (Mg), phosphorus (P), iron (Fe), and zinc (Zn). 
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Figure 3. Pearson’s correlation coefficient (r) shows the relationship between proximate analysis and mineral nutrient values of quinoa. 
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Table 1. Mean values (n = 9) for each trait of quinoa inflorescences (Inflor.), leaves, and grains (g/100 g DW) presented with published results.
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This Study

	
Published




	
Traits

	
Inflor.

	
Leaves

	
Grains

	
1 Leaves

	
2 Grains

Range






	
Protein

	
25.09 b

	
33.40 a

	
14.74 c

	
37.05

	
9.10–15.70




	
Moisture

	
7.38 b

	
9.07 a

	
6.90 b

	
4.00

	
8.20–13.10




	
Fat

	
2.80 c

	
4.16 b

	
6.06 a

	
4.50

	
4.00–7.60




	
Fiber

	
11.43 a

	
8.40 b

	
2.71 c

	
6.93

	
1.00–9.20




	
Ash

	
15.37 b

	
16.91 a

	
4.31 c

	
20.04

	
2.00–7.70




	
Carbohydrate

	
49.36 b

	
36.46 c

	
67.98 a

	
34.03

	
48.50–69.80




	
Energy

	
323

	
317

	
385

	
325

	
331–381




	
(kcal/100 g)








Different letters suggest a significant difference among means within a line indicated by Tukey’s honestly significant difference (HSD) test at p ≤ 0.05. 1 Pathan et al. [26]; 2 Nowak et al. [23].













 





Table 2. Mean values (n = 9) of essential amino acids of quinoa inflorescences (Inflor.), leaves, and grains (g/100 g protein) reported with published results.
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This Study

	
Published




	
Amino Acids

	
Inflo.

	
Leaves

	
Grains

	
Leaves 1

	
Grains 2

Mean, Range






	
His

	
2.09 b

	
2.14 b

	
2.92 a

	
1.89

	
2.70, 1.40–5.40




	
Ile

	
3.71 b

	
4.57 a

	
3.83 b

	
4.35

	
3.10, 0.80–7.40




	
Leu

	
5.53 c

	
7.46 a

	
5.95 b

	
7.15

	
6.00, 2.30–9.40




	
Lys

	
5.24 c

	
6.07 a

	
5.69 b

	
5.1

	
4.80, 2.40–7.80




	
Met

	
1.31 c

	
1.78 b

	
1.93 a

	
1.62

	
1.90, 0.30–9.10




	
Phe

	
4.14 b

	
4.84 a

	
3.84 c

	
4.83

	
6.30, 2.70–10.30




	
Thr

	
3.26 c

	
4.01 a

	
3.38 b

	
3.91

	
3.70, 2.10–8.90




	
Trp

	
1.47 b

	
1.81 a

	
1.24 c

	
3.32

	
0.90, 0.60–1.90




	
Val

	
4.20 c

	
5.14 a

	
4.45 b

	
4.97

	
3.70, 0.80–6.10




	
Total EAAs

	
30.95

	
37.82

	
33.23

	
37.14

	








Different letters suggest a significant difference among means within a line indicated by Tukey’s honestly significant difference (HSD) test at p ≤ 0.05. 1 Pathan et al. [26]; 2 Nowak et al. [23].













 





Table 3. Mean values (n = 9) and standard deviations for studied minerals of quinoa inflorescence (Inflor.), leaves, and grains (mg/100 g DW) reported with published results.
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This Study

	

	

	
Published

	




	
Minerals

	
Inflor.

	
Leaves

	
Grains

	
1 Leaves

	
2 Grains

Range






	
Ca

	
835.78 b

	
1109.56 a

	
76.67 c

	
1535.00

	
28–149




	
K

	
6125.56 b

	
6755.56 a

	
1516.67 c

	
8769.00

	
207–502




	
Mg

	
622.78 a

	
575.11 b

	
268.33 c

	
902.00

	
656–1475




	
P

	
615.33 a

	
625.56 a

	
511.33 b

	
405.62

	
350–482




	
Fe

	
10.30 a

	
9.88 a

	
9.56 a

	
11.55

	
2.60–15.00




	
Zn

	
6.94 b

	
9.22 a

	
6.58 b

	
6.79

	
0.79–4.00








Different letters suggest a significant difference among means within a line indicated by Tukey’s honestly significant difference (HSD) test at p ≤ 0.05. 1 Pathan et al. [26]; 2 Nowak et al. [23].
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