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ABSTRACT 
 
Protein-energy malnutrition (PEM) remains a public health concern in most developing 
nations. In Africa, PEM can be attributed to monotonous diets based on cereals, roots, 
and tubers, with little or no protein of animal origin. Diversifying cropping systems to 
include protein dense pseudo-cereals such as Quinoa (Chenopodium quinoa Willd.) could 
help provide more protein in the diet of vulnerable populations. Quinoa is a crop with 
potential for biodiversification because it has a high nutritional value; however, it is 
underutilized in Africa, and information about the nutritional quality of the grain grown 
in contrasting environments is limited. Within the framework of FAO’s commemoration 
of 2013 as the ‘The International Year of the Quinoa’ (IYQ), a Technical Cooperation 
Programme (TCP) project was developed with some African countries to assess the 
capacity of quinoa to adapt to different agro-ecological regions and the nutritional quality 
of the resulting grain. For this study, we evaluated the protein content and amino acid 
profile of three genotypes of quinoa that had been grown under diverse altitudes, soil, 
and climate conditions in Ethiopia, Kenya, Uganda, and Zambia. The mean protein 
content (g/100g) of Kancolla, Titicaca and BBR varieties grown in Africa ranged from 
14.33 ±0.20 to 17.61 ±0.55, 14.23 ±0.25 to 16.65 ±0.55, and 13.13 ±0.2 to 16.23 ±0.49, 
respectively. On the other hand, the protein content (g/100g) of Kancolla, Titicaca, and 
BBR seeds grown in Peru was 13.80 ±0.10, 17.43 ±0.31, and 17.07 ±0.11, respectively. 
The Kancolla variety [grown in Ethiopia and Kenya] had a significantly higher protein 
content than that obtained from Peru [P < 0.001]. Regarding the profile of essential 
amino acids, Quinoa is essentially richer in methionine than most cereals. Levels of 
methionine were lower in the seeds grown in Africa compared to those from Peru [P < 
0.001]. In terms of environmental influences, the protein content was relatively higher in 
quinoa seeds grown in high-altitude areas, where soils have a low pH and high nitrogen 
content. We conclude that Quinoa can be introduced to Africa, especially to high 
altitudes and warm regions where the soil has a low pH and high nitrogen content. The 
crop would be ideal for diversifying local diets. 
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INTRODUCTION 
 
Protein-energy malnutrition (PEM) remains a public health concern in most developing 
nations. A recent review concluded that, although the ‘protein gap’ waned during the 
1970s, contemporary studies have challenged the assumption that children in low-income 
countries are receiving sufficient dietary protein [1]. For example, one study used the 
World Health Organization’s (WHO) Global Database on Child Growth – which covers 
87% of the total population of children under five years old in developing countries – to 
describe the worldwide distribution of PEM. The study showed that more than one-third 
of the children in this age group are affected by PEM globally [2].  
 
Another study reported varying types and severities of hearing impairment in children 
with moderate and severe PEM [3]. Also, an evaluation of six studies to test for 
synergism and elevated mortality in mild to moderate malnutrition demonstrated that 
about 56% of child deaths in developing countries could be attributed to PEM [4]. The 
extent of PEM and its consequences on morbidity, disability, and mortality call for a 
renewed awareness of the importance of protein in the diets of vulnerable populations in 
developing countries. 
 
In Africa, diet is often based on at least one of three staple food groups: cereals, roots, 
and tubers, with little or no protein of animal origin [4]. Some of the most widely 
consumed grains in Africa are maize, rice, sorghum, and millet, while cassava, yams, 
sweet potatoes and potatoes, constitute the most prevalent roots and tubers. Dependence 
on these food groups has resulted in a ‘nutrition gap,’ a disconnect between which foods 
are grown and available, and which foods are needed to sustain optimal nutrition 
outcomes [5]. Also, the persistence of staple grain fundamentalism in agricultural policy, 
coupled with the rate at which biodiversity has been lost, hampers incentives for the 
diversification of production systems [6]. This limits the extent to which vulnerable 
populations can diversify their diets, and calls for a paradigm shift which under food 
systems and diets are reexamined and redesigned from a public health perspective [7]. 
This approach may include shifting focus to neglected and underutilized species that are 
essential components of agrobiodiversity [8].  
 
The Food and Agriculture Organization (FAO) of the United Nations has been at the 
forefront of promoting underutilized crops to improve biodiversity, food security, and 
nutrition outcomes. Quinoa, for example, has been singled out as a food with high 
nutritional value, impressive biodiversity, and an important role to play in the 
achievement of food and nutrition security worldwide. Indeed, FAO commemorated 
2013 as the ‘The International Year of the Quinoa’ (IYQ), the superfood of the Andes 
[9]. 
 
In addition to its nutritional qualities, quinoa is also considered a multipurpose crop [10]. 
Originally grown in the Andean region, its importance has led to it being cultivated in 
other countries, especially the mountainous regions of Africa [11]. Initial research results 
from quinoa cultivation in Kenya indicate high seed quality and a yield level comparable 
to that obtained in the Andes, making it a prime candidate for crop diversification in 
similar African countries [11, 12]. Several countries, including Peru, Bolivia, Chile, 
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Ecuador, Colombia, Argentina, India, Mexico, Egypt, the USA, Canada, Italy, Greece, 
and Spain, have already expanded the production of quinoa for human nutrition [13, 14].  
 
Quinoa is comparable, and at times superior, to other cereals and pseudo-cereals, which 
increases its potential to impact diet diversification and nutrition outcomes in Africa. It 
has high levels of bioactive compounds such as daidzein and genistein, dietary fibre, total 
phenolics, antioxidant activity, fatty acids, carotenoid, and tocopherol/tocotrienol [15, 
16, 17, 18, 19, 20]. Quinoa also has a higher fatty acid composition than amaranth and 
of most essential amino acids [especially lysine] than wheat flour [10, 21]. The total 
phenol content and antioxidant activity are also higher in quinoa than in wheat and 
amaranth [22, 23]. Quinoa has also been shown to have a higher protein and fat content, 
and a more balanced amino acid composition than major cereals, including maize and 
rice [14, 24].  
 
However, studies have also shown that the growth of quinoa and its nutrient profile may 
vary according to location and environmental factors. For example, variations in seed 
yield, total protein content, and amino acid composition among cultivars grown in 
Andean highlands and Argentinean Northwest were attributed to environmental and 
climatic factors [13]. Significant nutritional differences and antioxidant capacity were 
also found among six quinoa seeds grown under three different climatic conditions in 
Chile [14, 24]. There also exist genotype-specific responses to high salinity among 
Chilean lowland genotypes [25].  
 
The agricultural and nutritional versatility of quinoa can leverage food security and better 
diets for populations in Africa. Consequently, a project building on the IYQ was 
developed for seven African countries to assess the capacity of quinoa to adapt to 
different agroecological regions and the nutritional properties of the resulting grain. This 
project also built on earlier efforts in the late 1990s and early 2000s for quinoa promotion 
in Ethiopia, Mali, and Kenya [26]. This analysis is part of agronomic studies carried out 
in Ethiopia, Kenya, Uganda, and Zambia to determine the best-suited cultivation and 
production techniques for the quinoa crop and farming systems involved [9]. Therefore, 
the goal of this study was to evaluate the protein content and amino acid profile of quinoa 
seeds (Chenopodium quinoa Willd) under the diverse altitude, soil, and climatic 
conditions of the four African countries listed above. Analyzing the adaptability of 
quinoa and the resulting nutritional profile in these systems will be useful in the 
development of national and regional strategies to introduce quinoa in the region 
sustainably, from evaluation, selection of suitable varieties, and utilization, to processing 
into food products and marketing. 
 
MATERIALS AND METHODS 
 
Study areas and their environmental and soil characteristics 
Ethiopia, Kenya, Uganda and Zambia were the four countries that participated in the 
agronomic trials for quinoa. In each country, at least one site was established based on 
the agroecological zoning of the land. The respective national agricultural research 
centers managed the trials. In total, the experiments were planted in 12 environments 
across the four countries [9]. 
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Plant materials  
Seeds of three genotypes of quinoa were used: Kancolla variety, supplied by Instituto 
Nacional de Innovación Agraria (INIA), Peru; Brightest Brilliant Rainbow (BBR) 
variety, provided by Lilongwe University of Agriculture and Natural Resources 
(LUANAR), Malawi; and Titicaca variety, supplied by LUANAR, Malawi. 
 
Experimental design of field trials 
As previously published [9], the field trial design was a Randomized Complete Block 
Design (RCBD) with three replications and a plot size of 2 x 2 m2 (four-row plots). A 
mixture of 5 g of seed and 5 g of sand (1:1) was planted per plot using the drilling planting 
method in all sites.  
 
After germination, the plants were thinned to achieve a spacing of 50 cm between rows 
and 10 cm between plants (a total of 80 plants). The net plot was considered as the two 
center rows per plot and resulted in approximately 40 plants. Spacing between plots was 
0.5-1 m and 1-1.5 m between replicates.  
 
To ensure that agronomic, watering and nutritional constraints did not impact the crop 
during development, irrigation was conducted in areas where rain fed conditions were 
absent. Irrigation was mainly practiced in Zambia and Kenya. 
 
Protein and amino acid analysis 
Total protein was determined using the method prescribed by the DIN Standards 
Committee [27]. The nitrogen content was determined with the combustion method using 
a DUMATHERM® analyzer (C. Gerhardt GmGbH & Co. KG, Königswinter, Germany) 
according to the Dumas method [28]. A total of 100 mg of the crushed sample was 
weighed in triplicate. The universal protein-to-nitrogen conversion factor of 6.25 was 
used for the calculation of the protein content expressed in grams per 100 g of sample. 
 
LC-MS/MS analysis of amino acids 
Amino acids were analyzed as previously described [29]. The analysis was carried out 
on a Perkin Elmer Series 200 HPLC system, connected to an API 2000 (AB Sciex) triple 
quadruple mass spectrometer equipped with electrospray ionization (ESI) probe. A 10 µl 
aliquot was injected through an autosampler.  The separation was achieved using a C18 
column (Perkin Elmer, 220 mm x 4.6 mm x 5 mm). The mobile phase was composed of 
(A) water with 0.1% (v/v) formic acid and (B) methanol/water (50:50) 0.1% (v/v) formic 
acid with flow rate 1 mL/min; gradient 0–1.0 min/2% (v/v) B, 1–10 min/2–80% (v/v) B, 
10–12 min/80% (v/v) B, 12–13 min/80–2% (v/v) B and 12–18 min/2% (v/v) B. The ion 
source voltage was 5500 V; temperature was 500 °C, nebulizer gas was 207 kPa, and 
heater gas 379 kPa. 
 
Protein quality 
The protein content of Kancolla, Titicaca, and BBR across the five countries was further 
compared using FAO/WHO, and FAO/WHO/UNU suggested patterns for the amino acid 
requirements of children and adults, respectively [30, 31]. The amino acid score was 
further determined, as previously described [32]. 
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Soil and Ecology data 
Data on soil ecology and characteristics of the agro-ecologies is from the larger 
agronomic studies as published [9]. 
 
Data analysis 
The means, standard deviations, and analysis of variance (ANOVA) of the protein 
content and amino acid profiles of quinoa, as well as the soil characteristics of different 
research sites, were analyzed using Genstat (15, VSN International Ltd, Hemel 
Hempstead, United Kingdom). Statistically significant means were separated using 
Duncan’s mean separation technique. Principal component analysis (PCA) of an 
environment/genotype × trait matrix, containing standardized trait data, was analyzed 
through a biplot constructed by plotting the symmetrically scaled principal component 1 
(PC1) scores against the principal component 2 (PC2) scores using InfoStat® statistical 
software (version 2016, Facultad de Ciencias Agropecuarias, Universidad Nacional de 
Cordoba, Argentina). 
 
RESULTS AND DISCUSSION 
 
The protein content of quinoa varieties grown in Peru and Africa 
The protein content of three varieties of quinoa seeds (BBR, Kancolla, and Titicaca) 
grown in the four African countries are shown in Fig. 1. The seeds were compared with 
original seeds grown in Peru. The moisture content of all the analysed seeds was 14%.  
The mean protein content (g/100g, on dry weight basis) of Kancolla, Titicaca and BBR 
seeds grown in Africa ranged from 14.33 ±0.20 to 17.61 ±0.55, 14.23 ±0.25 to 16.65 
±0.55, and 13.13 ±0.2 to 16.23 ±0.49, respectively. On the other hand, the protein content 
(g/100g) of Kancolla, Titicaca, and BBR seeds grown in Peru was 13.80 ±0.10, 17.43 
±0.31, and 17.07 ±0.11, respectively. Overall, significant (P < 0.001) differences in the 
protein content of each variety of quinoa seeds were observed, resulting from the country 
where the quinoa grew. The protein content in the Kancolla variety, grown in Africa, was 
significantly (P < 0.001) higher than the variety grown in Peru, except for Zambia. In 
the case of Titicaca and BBR varieties, the protein content of the seeds grown in Africa 
were significantly (P < 0.001) lower than those grown in Peru. 
 
Differences in protein content among quinoa genotypes have been associated with 
nitrogen content in the soil [33]. Although few studies have been carried out on quinoa 
seeds in Africa, laboratory analysis carried out in Morocco and Egypt showed that the 
protein of quinoa ranges between 12.5%–14.1g/100g [34, 35]. Protein content in quinoa 
generally ranges from 13.8g/100g–16.5g/100g, with an average of 15g/100g [36]. The 
protein content of quinoa grown in Ethiopia, Kenya, Uganda, and Zambia was within 
this range, which clearly shows that, although geographical variations exist, quinoa 
remains a better source of protein than most of the common cereals in the region (Figure 
1). For example, the protein content of maize grain (Zea mays var. indurate Sturt) Hybrid 
614, grown in Kenya, ranges from 6.9–11.6g/100g [37].  
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Figure 1: The protein content (dry weight basis) of quinoa seeds grown in Africa 

and Peru 
 
Protein is required for normal body growth and function, and inadequate protein intake 
can contribute to impaired growth and suboptimal health in humans [38]. Replacing 
cereals with quinoa can potentially overcome these health effects. A previous study 
showed the protein content of Kancolla obtained from Peru to be low (13.4g/100g) [39]. 
However, the protein content can be remarkably high when the same variety is grown in 
the various countries in Africa.  
 
Amino acid profile of quinoa varieties grown in Peru and Africa  
An assessment of the non-essential amino acids in quinoa seeds showed the least 
difference, in terms of amino acid profile, in Kancolla and Titicaca. Tyrosine content of 
Kancolla and BBR seeds grown in Peru was lower than in African countries (P < 0.001) 
(Table 1). Levels of aspartic acid, serine, and glutamic acid were higher in BBR grown 
in Peru than in African countries (P = 0.01). In contrast, the amino acids of Kancolla did 
not differ among the African countries (P = 0.23). Proline, tyrosine, and arginine in 
Titicaca were significantly higher in Uganda than in the other three African countries (P 
< 0.001). Serine was lowest in Uganda BBR, and arginine was lowest in Kenyan BBR 
(P = 0.02).  
 
The profile of essential amino acids in the quinoa varieties varied greatly, unlike the non-
essential amino acid profile (Table 2). In the Kancolla variety grown in Peru, the content 
of essential amino acids was statistically the same across the African countries (P = 0.33) 
in the study. In the Titicaca variety grown in Peru, valine, methionine, and phenylalanine 
were higher than in most of the African countries (P < 0.001). Threonine and methionine 
in BBR grown in Peru were higher than in the respective African countries (P < 0.001). 
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Isoleucine and leucine were higher in Zambia than the other African countries in BBR 
(P = 0.01). Methionine and lysine were lower in Zambia and Uganda, respectively, than 
in the other African countries (P = 0.03).  
 
The results show that methionine, an essential amino acid, was particularly low across 
the quinoa genotypes (Tables 1 and 2). Essential amino acids cannot be synthesized by 
humans relative to their needs for maintenance, growth, development, and health and 
must be obtained through diet. Conversely, non-essential amino acids are those that can 
be synthesized in adequate amounts to meet requirements [40]. Nevertheless, amino 
acids are necessary for the survival, growth, development, reproduction, and health of all 
organisms, including humans [40]. Methionine and lysine are essential amino acids, and 
usually the most limiting amino acids in plant-derived diets [41]. As a result, vulnerable 
populations from developing countries, whose diet is significantly derived from plants, 
suffer from particular deficiencies in these two essential amino acids [42]. Despite these 
differences, it is not expected that quinoa seeds grown in Africa will have an impact on 
the contribution of methionine to nutrition in the region, provided consumption is high 
enough. Quinoa is essentially richer in methionine than most cereals [43]. The same may 
also be said of phenylalanine, another essential amino acid. It was found that 
phenylalanine was one of the most abundant amino acids in pseudo-cereals [44].  
 
A balanced pattern of essential amino acids is one of the main features of quinoa [45]. 
The essential amino acid composition of quinoa, presented in Table 2, was compared to 
suggested patterns of amino acids and for adults and children  [30, 32]. It was observed 
that the amino acid pattern of quinoa was above the requirements for all the amino acids, 
apart from methionine and phenylalanine, which were below the requirements in most 
countries. Given that the content of most amino acids [in particular lysine, which is 
limited in cereals] was above the requirements, it can be determined that quinoa has 
either adequate or high contents of essential amino acids for both children and adults 
[45].  
 
Furthermore, maize, which is the primary source of energy for populations in Africa, is 
usually low in protein and amino acids. The low amino acid content in the blood serum, 
which can be associated with diets low in protein quality, has been shown to cause 
stunting in children [46]. The results in Table 2 further demonstrate the potential of 
quinoa to alleviate stunted growth in Africa by providing high protein quality diets. In 
Table 3, methionine was identified as the first limiting amino acid in quinoa grown in 
most countries. These results concur with previous reports which state that methionine 
is limiting in quinoa and amaranth, as well as other plant-derived products [47, 48]. 
  
The effect of genotype and environment (soil conditions, climate, and altitude) on 
protein content and amino acid profile of quinoa seeds - a case of three study sites 
The three sites had a high elevation, each at least 1,100 m above sea level. Although the 
rainfall patterns varied from site to site, the site of Mbarara was both the driest and 
hottest. The soil analysis data shows that the soil characteristics differed in all the studied 
parameters, apart from phosphorus, aluminum, and manganese (Table 4). The soil in 
Mount Makulu was more saline and had a higher conductivity at 25 °C. It also contained 
more potassium, calcium, magnesium, and sodium. The soils in Namulonge, however, 
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were more acidic. They also contained higher amounts of organic matter, total nitrogen, 
and calcium to magnesium (Ca: Mg) ratio. Soil parameters had been analyzed in 
triplicate as recommended [49].  
 
Table 5 shows the protein content and amino acid profile of quinoa seeds grown in 
Uganda (Mbarara and Namulonge trial sites) and Zambia (Mount Makulu). The protein 
content in the three varieties was lowest in quinoa grown at the Mount Makulu trial site 
in Zambia (P < 0.001). For the Titicaca and BBR varieties, the non-essential amino acids 
and essential amino acids were highest in varieties grown at Namulonge (P < 0.05). 
Results from the principal component analysis (PCA) applied to standardized data of all 
variables (protein content, amino acid profile, and soil characteristics) are summarized 
in a biplot (Fig. 2). The first two principal components (PC) of the analysis explained 
87.5% of the total variation of the standardized variable data. This percentage is slightly 
higher than in a similar study in which 82.9% of the total variation in data was explained 
[49]. The biplot data from the sites in Uganda and Zambia are distributed on the left and 
right sides from the central axis of PC1, respectively. Furthermore, data from the 
Namulonge and Mbarara trial sites in Uganda is distributed on the top and bottom side 
from the central axis on PC2, respectively. Thus, the relationship among variables 
[identifiable by black crosses] and quinoa/research site (identifiable by black circles) 
positively correlated in each quadrant of the biplot. This correlation, which is an 
indication of a direct influence of the environment on the quinoa genotype traits, was, 
therefore, present when the variables and the genotypes/research site were in a similar 
quadrant. 
 
The biplot analysis established that the environment in Uganda resulted in an improved 
nutritional profile of the three varieties of quinoa. Furthermore, soil pH significantly 
influenced the protein content of the seeds, whereby soil with a high pH corresponded 
with low protein content (Fig. 2). Similar results have been reported in other crops, such 
as beans [50]. Although it has been shown that quinoa is highly tolerant to soil with a 
high pH, these results indicate that growing quinoa in such an environment may be 
detrimental to the availability of proteins and amino acids [51].  
 
However, nitrogen content in the soil greatly increases the protein content of seeds [52]. 
Given that the soil in Mount Makulu had low nitrogen content (Table 4), the biplot 
analysis (Figure 1) clearly explains why quinoa seeds grown at Mount Makulu had a 
significantly lower amount of protein and amino acids than those grown in Uganda 
(Table 5). It is plausible that growing quinoa in nitrogen-deficient soils lowers its protein 
and nitrogen content.   
 
With regards to the difference in nutritional profile in quinoa seeds grown in Uganda, the 
effects of altitude are evident, as protein content positively correlated with high altitude 
(Figure 2). This can be explained by the study results, specifically where Mbarara had a 
higher altitude than the three sites (Table 4). Having originated from the mountainous 
Andes region, it is plausible that quinoa is well suited for high elevations. These results 
further show the importance of such adaptation to the role of quinoa in nutrition. As 
previously stated, these types of results provide useful information for planning genetic 
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and productive improvements in quinoa, focused on its nutritional and functional 
properties in different environments [49].  
 
 

 
Figure 2: The principal component analysis biplot of quinoa seeds’ protein 

content, amino acid profiles, and agroecological characteristics [black 
crosses] of three genotypes grown in Namulonge [NaCRRI] and 
Mbarara [MBAZARDI] in Uganda and Mount Makulu [ZARI] in 
Zambia [black circles]  
TEM=Temperature; RAI=Rainfall; ALT=Altitude 

 
A critical component of the quinoa project in Africa has been the mainstreaming of 
nutrition into its objectives, to assess the quality of the grain in addition to its agronomic 
performance. The quinoa nutrient profile results imply that the suitability and adoption 
of quinoa into the African agricultural systems will be influenced by a variety of 
biophysical factors. This poses a challenge when scaling out the project because efforts 
to maximize grain quality will require deliberate targeting of agro-ecologies that can 
produce superior grain in terms of nutritional content.  
 
Anticipating this, CIAT has designed a user-friendly GIS tool for targeting and assessing 
the out-scaling potential of interventions in agricultural systems. The tool has three 
distinct functionalities. Firstly, the suitability mapping module enables spatially-explicit 
matching of conditions hypothesized to favor the successful implementation of a 
potential intervention within a spatial database. As such, the tool maps out the 
geographical areas where this specific strategy is likely to have a positive impact. 



 
	

 https://doi.org/10.18697/ajfand.93.19960  16573 

Secondly, the out-scaling module estimates the applicability of successful pilots beyond 
the local level; the potential for out-scaling is estimated using socioecological 
characterization and similarity analysis. A visual output in the form of a map indicates 
where else the intervention is likely to be applicable. Thirdly, the characterization 
module provides the functionality of further characterizing the outputs from modules one 
and two, for example, in terms of area covered, total production affected, or the number 
of animals and people reached. The tool is packaged together with a spatial database 
covering a variety of thematic areas, including indicators of natural, human, social, 
financial, and physical capital. This tool will be useful to scale out the production of 
quinoa in Africa, the next phase of the quinoa project. 
 
CONCLUSION 
 
Quinoa has been singled out as a food with high nutritional value, impressive 
biodiversity, and an important role to play in the achievement of food and nutrition 
security worldwide. FAO commemorated 2013 as the ‘The International Year of the 
Quinoa,’ as a superfood of the Andes due to its high nutritional value. The potential for 
quinoa to diversify agricultural systems and diets in Africa has been demonstrated in the 
present study. In terms of protein content, the Kancolla variety showed the highest 
potential, given that its content in seeds grown in Kenya, Uganda, and Zambia was higher 
than in those grown in Peru. Though the content of the other varieties grown in other 
respective countries was lower than those grown in Peru, it was still higher than in cereals 
commonly grown in Africa. All three varieties, therefore, have the potential for 
diversification. In the case of amino acids, methionine was one of the nutritionally 
relevant amino acids that was lower in seeds grown in Africa than those grown in Peru, 
and was found to be limiting in quinoa. 
 
With regards to environmental influences, the protein content was high in soils with a 
low pH, a high nitrogen content, and in high altitude areas. The present study, therefore, 
shows that quinoa could potentially be introduced in Africa to diversify diets, if the crop 
is grown in high altitude regions. Further studies are needed to analyze the impact of the 
farming system and the environment on other nutrients, such as minerals and vitamins, 
to demonstrate the full nutritional potential of quinoa in Africa.  
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Table 1:  Mean [g/100g protein] of non-essential amino acids in Kancolla, Titicaca 
and BBR varieties grown in Africa and Peru [n=6] 

Amino acids 
Country†  

Peru* Ethiopia Kenya Uganda Zambia 
Kancolla      

Aspartic acid 9.59±2.21a 10.5±3.01a 10.53±0.12a -- 11.37±0.11a 
Serine 9.31±2.18a 8.24±2.47a 8.16±3.43a -- 8.16±5.14a 
Glutamic acid 15.17±4.09a 15.54±4.12a 15.79±3.30a -- 15.42±4.17a 
Proline 4.63±1.04a 5.24±1.22a 5.07±2.95a -- 4.88±2.99a 
Glycine 8.96±2.21a 7.80±2.14a 9.01±3.34a -- 9.07±3.23a 
Alanine 5.73±2.39a 5.81±1.10a 5.66±1.19a -- 5.86±1.12a 
Tyrosine 2.23±1.21a 2.87±1.46b 2.63±0.96b -- 3.07±1.44b 
Arginine 7.34 ±2.23a 8.93 ±2.28a 7.57 ±2.12a -- 7.96 ±2.96a 

Titicaca      
Aspartic acid 11.86 ±3.22a 9.12 ±3.71a 8.77 ±3.95a 9.63 ±3.89a 11.24 ±3.63a 
Serine 7.99 ±2.61a 6.31 ±2.82a 5.83 ±1.36a 5.68 ±1.63a 7.45 ±2.18a 
Glutamic acid 16.89 ±4.34a 14.86 ±4.73a 15.20 ±5.96a 16.60 ±3.93a 17.43 ±4.96a 
Proline 4.89 ±1.19a 4.70 ±1.95a 4.32 ±2.36a 6.27 ±1.97b 4.92 ±1.73a 
Glycine 6.51 ±2.99a 6.71 ±3.33a 7.15 ±2.89a 8.14 ±2.63a 8.57 ±2.32a 
Alanine 5.92 ±2.78a 4.76 ±2.43a 4.44 ±1.66a 4.84 ±1.98a 5.62 ±1.78a 
Tyrosine 3.10 ±1.32b 2.75 ±1.62a 2.16 ±1.52a 3.10 ±1.32b 3.02 ±1.29b 
Arginine 8.56 ±3.10a 8.38 ±3.22a 7.81 ±1.19a 11.11 ±3.72b 8.92 ±2.69a 

BBR      
Aspartic acid 12.95±3.22b 9.63±1.22a 9.30±1.36a 8.50±1.74a 11.5±4.65a 
Serine 9.87±2.43c 7.27±1.62b 6.36±1.23b 4.93±1.28a 7.84±3.23b 

Glutamic acid 17.94±5.16c 15.22±5.65a 15.46±3.22a 15.34±4.23a 16.91±5.63a,

b 
Proline 4.63±1.07a 4.97±1.33a 4.69±1.17a 4.13±1.98a 4.95±1.98a 
Alanine 6.88±2.11a 5.22±1.27a 5.29±1.63a 4.50±2.36a 6.32±2.78a 
Tyrosine 1.53±0.23a 2.73±1.17b 2.14±1.91b 3.14±1.69c 2.82±0.32b 
Arginine 8.90±2.08b 8.82±1.96b 7.76±1.24a 8.32±1.78b 8.68±1.91b 

†Values of mean ± standard deviation with different superscript letters within a row 
statistically differed with country [P < 0.05] 
 

*Country where reference seeds, which are the original quinoa seeds were grown 
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Table 2:  Mean [g/100g protein] of essential amino acids in Kancolla, Titicaca and 
BBR variety grown in Africa and Peru [n=6] 

Amino acids 
 Country†  

HR¥ Peru* Ethiopia Kenya Uganda Zambia 
Kancolla       

Threonine 2.3 5.95 ±2.67a 5.31 ±1.22a 5.39 ±1.65a -- 5.65 ±1.14a 
Valine 3.9 4.23 ±2.44a 6.24 ±2.13a 4.87 ±2.33a -- 5.79 ±2.36a 
Methionine 1.6 1.36 ±2.93b 1.25 ±1.28b 1.51 ±0.15b -- 0.91 ±0.78a 
Isoleucine 3.0 4.72 ±2.31a 5.68 ±1.81a 4.93 ±1.65a -- 5.44 ±1.32a 
Leucine 5.9 7.22 ±2.04a 7.87 ±2.33b 7.63 ±2.54a,b -- 8.23 ±2.47b 
Phenylalanine 3.8 2.42 ±1.01a 3.81 ±1.51c 3.22 ±0.87b -- 2.93 ±0.91a,b 
Lysine 4.5 6.82±1.02a 6.49±1.31a 6.51±1.81a -- 6.70±2.65a 
Histidine 1.5 3.29±1.11a 3.43±0.67a 3.62±0.47a -- 4.05±1.95a 

Titicaca       
Threonine 2.3 3.62 ±1.28a 4.07 ±1.18a 4.44 ±1.14a,b 5.88 ±1.18b 5.48 ±1.97b 
Valine 3.9 6.78 ±1.21d 5.16 ±2.62c 3.78 ±1.47a 4.84 ±1.68b 5.62 ±1.61c 
Methionine 1.6 1.96 ±0.22c 1.32 ±1.69a 1.86 ±0.19c 1.29 ±0.53a 1.41 ±0.68b 
Isoleucine 3.0 4.26 ±1.12a 4.13 ±1.38a 4.20 ±1.98a 4.46 ±1.97a 5.41 ±1.39a 
Leucine 5.9 7.25 ±3.25a 6.71 ±2.12a 6.43 ±2.17a 6.98 ±2.37a 8.29 ±4.96a 

Phenylalanine 3.8 4.96 ±1.26c 3.73 ±0.30b 2.88 ±0.24a 3.68 ±1.64b 3.09 ±1.34a,b 
Lysine 4.5 5.68 ±2.11a 5.74 ±2.47a 6.19 ±2.97a,b 9.11 ±2.39c 7.10 ±2.16b 
Histidine 1.5 3.56 ±1.08a 3.16 ±1.93a 3.24 ±0.90a 6.78 ±1.71b 3.94 ±1.56a 

BBR       
Threonine 2.3 6.58±0.12c 4.72±1.18a,b 4.69±1.62a,b 4.00±1.68a 5.86±1.52b 
Valine 3.9 4.73±0.08a 5.59±2.62b 4.48±1.78a 4.93±1.22a,b 5.79±1.73b 
Methionine 1.6 2.31±0.02c 1.24±0.18b 1.94±0.62b,c 1.29±0.91b 0.91±0.62a 
Isoleucine 3.0 5.88±0.05a,b 4.41±1.84a 4.62±1.22a 4.19±1.63a 5.48±1.25a.b 
Leucine 5.9 8.93±0.09b 7.33±2.72a 7.43±2.29a 6.41±1.76a 8.68±3.82b 
Phenylalanine 3.8 3.53±1.03c 3.73±1.09d 3.01±1.19b 3.08±0.48b,c 2.82±1.81a 
Lysine 4.5 6.87±0.04b 6.65±2.75b 7.16±2.22b,c 5.79±1.93a 7.46±1.77c 
Histidine 1.5 3.61±0.07a 3.54±1.26a 3.48±1.27a 3.57±1.74a 4.11±1.93a 

Values of mean ± standard deviation with different superscript letters within a row 
statistically differed with country [P < 0.05] 
 
¥HR: Human requirements for essential amino acids as per the WHO/FAO/UNU 
guidelines 
 

*Country where reference seeds, which are the original quinoa seeds, were grown 
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Table 3:  The amino acid [chemical] score of quinoa grown in Peru, Ethiopia, 
Kenya, Uganda, and Zambia, determined using WHO/FAO/UNU 
guidelinesa. [n=6] 

Amino acids 
Country†  

Peru* Ethiopia Kenya Uganda Zambia 
Kancolla      

Threonine 2.59 2.31 2.34 -- 2.46 
Valine 1.08 1.60 1.25 -- 1.48 
Methionine 0.85§ 0.78¥ 0.76¥ -- 0.57¥ 
Isoleucine 1.57 1.89 1.64 -- 1.81 
Leucine 1.22 1.33 1.29 -- 1.39 
Phenylalanine 0.64¥ 1.00§ 0.85§ -- 0.77§ 
Lysine 1.52 1.44 1.45 -- 1.49 
Histidine 2.19 2.29 2.41 -- 2.70 

Titicaca      
Threonine 1.57 1.77 1.93 2.56 2.38 
Valine 1.74 1.32 0.97§ 1.24 1.44 
Methionine 1.23¥ 0.83¥ 1.16 0.81¥ 0.88§ 
Isoleucine 1.42 1.38 1.40 1.49 1.80 
Leucine 1.25§ 1.14 1.09 1.18 1.41 
Phenylalanine 1.31 0.98§ 0.76¥ 0.97§ 0.81¥ 
Lysine 1.26 1.28 1.38 2.02 1.58 
Histidine 2.37 2.11 2.16 4.52 2.63 

BBR      
Threonine 2.86 2.05 2.04 1.74 2.55 
Valine 1.21§ 1.43 1.15§ 1.26 1.48 
Methionine 1.44 0.78¥ 1.21 0.81¥ 0.57¥ 
Isoleucine 1.96 1.47 1.54 1.40 1.83 
Leucine 1.51 1.24 1.26 1.09 1.47 
Phenylalanine 0.93¥ 0.98§ 0.79¥ 0.83§ 0.74§ 
Lysine 1.53 1.48 1.59 1.29 1.66 
Histidine 2.41 2.36 2.32 2.38 2.74 

aValues of mean with different superscript letters within a row statistically differed with 
country [P < 0.05] 
 

*Country where reference seeds, which are the original quinoa seeds, were grown 
¥First limiting amino acid 
 
§Second limiting amino acid 
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Table 4:  Altitude, climatic and soil characteristic of study sites in Uganda 
[Mbarara and Namulonge] and Zambia [Mount Makulu] 

 Uganda Zambia 
 Mbarara Namulonge Mount Makulu 
Altitude [m] 1800 1180 1213 
Annual mean rainfall [mm] 900 1135 1000 
Annual mean temperature [°C]  26.45 25.70 20.5 
Salinity    

pH at 25 °C 5.16±0.04b 4.38±0.05a 7.41±0.03c 
Conductivity at 25 °C [mmhos/cm] 0.29±0.04b 0.09±0.00a 0.31±0.01b 

Fertility    
Organic matter [% wt] 2.29±0.27b 3.40±0.06c 1.89±0.11a 
Total nitrogen in soil [%] 0.14±0.01b 0.17±0.00c 0.10±0.00a 
Phosphorous [mg kg–1] 64.93±29.59a 34.09±0.62a 28.99±0.52a 
Potassium [mg kg–1] 454.03±89.78b 128.65±0.18a 362.90±0.29b 

Micronutrients [mg kg–1]    
Calcium  2548.54±488.82a 3168.00±7.25b 5912.21±4.15c 
Magnesium 231.74±22.39a 209.48±0.55a 466.85±1.45b 
Sodium 354.68±5.86a 358.34±1.87a 439.18±7.09b 
Aluminium 730.47±122.70a 832.74±1.65a 747.16±2.19a 
Sulphur 16.97±4.51a 12.58±0.13a 35.52±0.29b 
Iron 151.15±35.33b 119.70±0.08b 94.30±0.38a 
Manganese 184.80±46.05a 204.93±0.04a 231.42±0.19a 
Copper 2.35±0.53a 4.77±0.02c 3.30±0.04b 
Boron 1.56±0.12b 1.31±0.04a 1.14±0.09a 
Zinc 2.97±0.74a 4.82±0.12b 2.27±0.16a 
Ca:Mg Ratio 10.91±1.06a 15.12±0.01c 12.66±0.05b 
Cation Exchange Capacity 
[Meq/100g] 17.38±2.89a 19.47±0.03a 36.29±0.03b 
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Table 5:  The protein content [%] and amino acid profile [g/100g protein] of 
quinoa seeds grown in different research sites in Uganda [Mbarara and 
Namulonge] and Zambia [Mount Makulu] 

 Titicaca  BBR  Kancolla 

 Mbarara Namulonge 
Mount 
Makulu  Namulonge 

Mount 
Makulu  

Mount 
Makulu 

Protein 17.22±0.32 16.17±0.23 14.23±0.25  16.93±0.15 14.33±0.21  13.13±0.25 
Non-essential amino acids 
Aspartic acid 8.65±2.23 9.71±3.32 11.24±3.89  9.98±2.75 11.44±3.63  11.50±2.05 
Serine 4.99±1.21 7.98±2.16 7.45±2.23  6.08±2.47 8.16±2.78  7.84±2.11 
Glutamic acid 15.68±5.61 16.08±4.97 17.43±5.87  15.30±5.65 15.42±5.98  16.91±4.65 
Proline 5.52±2.95 7.05±2.20 4.92±2.19  4.49±1.42 4.88±2.48  4.95±1.02 
Glycine 7.26±2.67 7.67±2.14 8.57±3.17  7.56±2.64 9.07±3.78  9.14±3.02 
Alanine 4.30±1.63 5.69±2.98 5.62±2.98  5.61±2.12 5.86±2.67  6.32±2.17 
Tyrosine 3.14±1.02 2.66±1.04 3.02±1.05  2.72±1.13 3.07±2.01  2.82±1.63 
Arginine 10.05±3.38 9.83±2.26 8.92±3.01  7.21±3.57 7.96±2.36  8.68±3.57 
Essential amino acids 
Threonine 5.52±2.36 4.76±1.13 5.48±2.97  5.02±2.47 5.65±2.63  5.86±2.29 
Valine 4.47±2.61 5.69±1.07 5.62±2.08  5.43±1.11 5.79±1.07  5.79±2.65 
Methionine 1.16±0.89 1.73±0.32 1.12±0.22  1.59±0.31 0.91±0.09  0.91±0.16 
Isoleucine 4.07±1.69 4.51±2.26 5.41±2.02  4.90±2.11 5.44±2.06  5.48±3.97 
Leucine 6.21±2.36 7.48±2.03 8.29±3.07  7.62±2.02 8.23±3.08  8.68±3.57 
Phenylamine 3.37±2.68 3.83±1.63 3.09±1.97  3.01±0.93 2.93±0.63  2.82±0.68 
Lysine 7.67±2.63 7.79±2.48 7.10±2.10  6.02±2.36 6.00±2.12  7.46±2.23 
Histidine 6.39±1.50 5.19±2.18 3.94±1.63  3.31±1.06 4.05±1.11  4.11±1.13 
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