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Quinoa (Chenopodium quinoa Willd.) is a pseudocereal celebrated for its excellent

nutritional quality and potential to improve global food security, especially in marginal

environments. However, minimal information is available on how genotype influences

seed composition, and thus, nutritional quality. This study aimed to provide a baseline

for nutritional quality of Washington grown quinoa and test the hypothesis that these

samples contain adequate amounts of essential amino acids to meet daily requirements

set by the World Health Organization (WHO). One hundred samples, representing

commercial varieties and advanced breeding lines adapted to Washington State, were

analyzed for content of 23 amino acids, as well as crude protein, ash, moisture, and

crude fat. Mean essential amino acid values for Washington grown quinoa met the daily

requirements for all age groups for all essential amino acids, except for the amount

of leucine required by infants. We found that only nine genotypes met the leucine

requirements for all age groups. A total of 52 and 94 samples met the lysine and

tryptophan requirements for all age groups, respectively. Mean values for isoleucine,

leucine, lysine, tryptophan, valine, and the sulfur and aromatic amino acids are higher

for Washington grown samples than those reported previously reported in the literature.

Our results show that not all Washington grown quinoa samples meet daily requirements

of essential amino acids, and we identify limiting amino acids for the germplasm and

environments investigated. This study provides the first report of leucine as a limiting

amino acid in quinoa. Additional research is needed to better understand variation in

quinoa nutritional composition, identify varieties that meet daily requirements, and explore

how genotype, environment, and management interactions influence nutritional quality.

Keywords: quinoa, essential amino acid, limiting, complete protein, protein quality

INTRODUCTION

Andean farmers have domesticated, adapted, diversified, and conserved quinoa genetic resources
for the last 7,000 years, and until recently quinoa has been regarded as a neglected and underutilized
species (NUS) (1, 2). Quinoa is a gynomonecious allotetraploid and a facultative autogamous
annual species in the Amaranthaceae family, with a base chromosome number of x = 9 (2n= 4x
= 36) and outcrossing from 0.5 to 17.36% (2–5). Due to domestication along latitudinal and
elevational gradients, quinoa exhibits a large amount of genetic diversity and adaptive capacity (6).
Two germplasm pools exist representing major centers of diversity, one in the Andean highlands,
and the other in central and southern Chilean coastal lowlands (2, 7, 8). Quinoa is grown in a
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wide range of environments, is resilient to agro-ecological
extremes, and is tolerant to several abiotic stressors (e.g.,
drought, salinity, frost) (9–11). The broad genetic variability
and adaptability of quinoa to diverse climates has produced a
gene pool that supports the strategic development of germplasm
with varying morphological (12) and physiological (13, 14)
characteristics, and end-uses (15–18) suitable for adoption
in novel agroecological climates worldwide. However, the
germplasm pool currently available to facilitate quinoa expansion
and adoption in novel production regions is narrow and
represents only a small portion of quinoa’s genetic diversity. The
germplasm pool is primarily constrained by physiological issues
(e.g., grain filling) associated with day length sensitivity (19).

Quinoa has the potential to improve the functional properties
and nutritional quality of a diverse range of dishes and food
products, from traditional and non-traditional applications to
industrial innovations. These include soups, desserts, pastries,
hot and fermented drinks (traditional), cereals, granolas, snack
bars, cakes, chocolates (non-traditional), and extruded, puffed
and expanded products (industrial innovations). Quinoa can also
be used to produce almost all products of the milling industry
(20–24). Moreover, quinoa flour has a major advantage in the
flour industry since it can meet the increasing international
demand for gluten free products (25–27). Quinoa protein, oil,
and starch fractions can be isolated for specific value-added
applications. Quinoa has good freeze-thaw capabilities and
the gelatinized starch is opaque, which makes quinoa useful
in prepared frozen foods and as an emulsifier, respectively
(28, 29). The wide range of quinoa starch physicochemical
properties provides for diverse applications in food and non-food
innovations (16, 30, 31).

Quinoa starch is more viscous and has better water holding
and expansion properties than wheat and barley, and starch
gelatinization occurs at higher temperatures, making quinoa
perform better as a thickening agent and in baby foods (12, 26).
López de Romaña and others have used quinoa in two studies
with Peruvian children recovering from malnutrition. In both
studies, a lower digestibility of quinoa was observed compared
to potato and wheat diets and casein, which contributed to
decreased protein and fat utilization; however, milling improved
both parameters (32, 33). Processing methods and quinoa
variety both contribute to variability in end-use quality (16, 30).
Additional research is needed to characterize nutritional quality
and functional properties depending on variety and processing,
to ensure successful utilization of quinoa in appropriate end-uses.

The superior nutritive potential of quinoa has relatively
recently garnered international interest in the expansion of
quinoa (19). It is beyond the scope of this article to provide a
comprehensive review of quinoa nutritional composition, since
several already exist (34–39). Quinoa protein content can be
highly variable, and is often comparable to most cereals, ranging
from 8 to 22% (37, 40). The quality of quinoa protein is
noteworthy. Quinoa is reported to be a complete protein, because
it contains all nine of the essential amino acids (35, 37, 41);
however, it is better described as “nearly complete,” because of
limiting essential amino acid content. In a review of quinoa
data reported as edible portion, which allows for comparison to

food composition databases, Nowak et al. (37) had to relax the
data selection criteria for amino acids and minerals because of a
lack of information. Although the authors claimed that quinoa
provides a sufficient amount of essential amino acids, even at
the lower ends of the ranges to meet adult daily requirements,
this is based on a miniscule number of data points (n = 37)
(37). Furthermore, the authors neglected to evaluate the ability
of quinoa to meet the daily essential amino acid requirements of
younger age groups. Far toomuch has been inferred about quinoa
nutrition composition from the limited number of peer-reviewed
studies available.

By declaring 2013 as the “International Year of Quinoa,” the
United Nations recognized the emerging potential of quinoa to
contribute to global food security, especially when grown on
marginal lands that cannot currently support major crops (1).
It has been reported that quinoa has been tested or cultivated
in 95 countries, a doubling since the declaration in 2013, and it
appears that this trend will continue (19, 42). However, the large
amount of genetic diversity, resiliency to agroecological extremes,
and diversity of morphological and physiological characteristics
is not necessarily represented in the germplasm pool currently
supporting the global expansion of quinoa (42, 43). Furthermore,
and perhaps most importantly, the nutritional quality of quinoa
produced in novel environments is assumed to be comparable
to the quality of quinoa produced in Bolivia and Peru, which
represents roughly 80% of global production (19). Thus, this
study aims to provide baseline information on quinoa grown in
western North America (i.e., Washington state), representing the
first report that provides a baseline for the protein quality of
quinoa produced in this novel production region. We also test
the hypothesis that Washington grown quinoa contains adequate
amounts of essential amino acids to meet daily requirements set
by the World Health Organization (WHO) for all age groups.
Comparisons are made to not only adult requirements, but also
to the requirements for infants and all other age groups. It is
estimated that between 25 and 33% of children below the age of
five experience stunting worldwide, possibly due to insufficient
protein intake (44, 45). For example, Semba et al. (46) found that
62% of the children in their study in rural Malawi were stunted,
and that these children had lower serum concentrations of all
nine essential amino acids compared to non-stunted children
(p < 0.01). Furthermore, the stunted children had significantly
lower serum concentrations of conditionally and non-essential
amino acids (46). Therefore, providing adequate nutrition to
children under the age of five, especially regarding sufficient
intake of amino acids, is critically important for reducing the risk
of stunting and effects on growth and development (47, 48).

METHODS

Study Region and Field Trials
Raw quinoa seed sent for analysis was grown in 2016 and 2017 in
westernWashington as part of two separate experimental designs
(13, 49). Site characteristics for all locations are summarized
in Table 1. In 2016, F5:F6 advanced breeding lines and control
varieties were planted on three organic farms in Chimacum
(Finnriver Farm; 48◦0’29“N 122◦46’12”W), Quilcene (Dharma
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TABLE 1 | Site characteristics for each year and location that samples were

randomly selected from for chemical analysis. Raw quinoa seed sent for analysis

was grown in 2016 and 2017 in western Washington as part of two separate

experimental designs (13, 49).

2016 2017

Chimacum Quilcene Sequim Mount Vernon

Elevation (m) 37.8 68 31.1 7

Average Annual

Precipitation (mm)

711 1397 432 841

Planting Date April 8, 2016 April 7, 2016 May 5, 2016 May 18, 2017

Soil Type Gravelly sandy

loam

Silty Clay Loam Silt Loam Silt Loam

pH 6.1 6.9 6.5 6.6

Phosphorus (mg kg−1 ) 124 12 31 7

Potassium (mg kg−1 ) 762 290 114 260

Ammonium (mg kg−1 ) 1.1 5.7 4.5 1.2

Nitrate (mg kg−1 ) 21.5 16.6 3.8 25†

Organic Matter (%) 12.1 3.2 3.3 2.9

Previous Crop Barley Vegetable Crops Pasture Rye Cover Crop

Mount Vernon plants were planted in the greenhouse 1 month before being transplanted

on the planting date listed.
†
Reported as nitrate + nitrite.

Ridge Organic Farm; 47◦55’04.0“N 122◦53’23.2”W) and Sequim
(Nash’s Organic Produce; 48◦08’31“N 123◦07’19”W) on the
Olympic Peninsula. Control varieties included Cherry Vanilla
(WildGarden Seed, Philomath, OR, US), CO407Dave (PI 596293,
USDA Plant Introduction, Ames, Iowa) and Kaslaea (Ames
13745, USDA Plant Introduction, Ames, Iowa). At each location,
advanced breeding lines and control varieties were planted in
single hand-sown plots that measured 4.9m in length and
40.64 cm from center and were seeded at a rate of 4 g row m−1

in an augmented randomized complete block design (ARCBD).
An ARCBD uses control varieties to account for field variation by
replicating control varieties across blocks; control varieties can be
used as covariates to make spatial adjustments across blocks. This
design is useful for evaluating advanced breeding lines when seed
quantity is low, land and other resources are limited, and when
many advanced breeding lines must be evaluated.

In 2017, quinoa seeds were planted in a greenhouse, and
after 1 month the seedlings were transplanted in the field
on 19 May at the WSU Northwest Research and Extension
Center inMount Vernon,WA (NWREC; 48◦26’24“N 122◦23’24”
W). The experimental design in 2017 consisted of a split-
plot randomized complete block design with irrigation factor
(irrigated, non-irrigated) as the main-plot and genotype as
the sub-plot. Each plot had a distance of 30 cm between
plants, with 30 plants in each plot. Following harvest each
year, seed was dried at 32◦C and cleaned using metal
screens and a seed blower (Seed Processing Holland Inc.,
Salinas, CA).

Germplasm and Sample Selection
The F5:F6 advanced breeding lines were generated from
single plant selections made on six bi-parental populations
through an evolutionary participatory breeding (EPB) method
(49). Crossing events in 2012 produced the six, original

TABLE 2 | Female and pollen parents listed for each bi-parental population, with

the number of samples from each population included in the study.

Population Female parent Pollen parent Number of samples

102 CO407 Dave QQ74 21

104 Kaslaea QQ74 26

105 QQ065 QQ74 3

106 QQ065 Black 5

107 QQ74 Black 10

108 QQ74 Cherry Vanilla 20

bi-parental populations (50) (Table 2). Germplasm included
in the 2017 trial represents commercially available varieties
and landraces. A summary of the germplasm is included
in Table 3.

Protein values were predicted for a representative selection
of field-grown material (n = 194), including samples from the
two aforementioned experimental designs, using a DA7250 NIR
analyzer (Perten Instruments, Springfield, IL) with a default
quinoa calibration. Predicted values were normally distributed,
and samples included in the study were randomly selected
across the distribution for wet chemistry analyses (n = 100),
with a greater number of samples selected within one standard
deviation of the mean to better represent this dense region of
the distribution.

Chemical Laboratory Analysis
Samples were sent to the (AESCL) for determination of
seed composition via proximate analysis (crude protein, crude
fat, moisture, ash, and carbohydrates) and determination of
the complete amino acid profiles (n = 23) [AOAC Official
Method 982.30 E(a,b,c), chp. 45.3.05]. AESCL is an American
Association for Laboratory Accreditation (A2LA) accredited
proficiency testing provider in accordance with the international
standard 17043:2010. This accreditation demonstrates technical
competence for a defined scope and the operation of a quality
management system.

The complete amino acid profile included essential amino
acids (leucine, lysine, valine, isoleucine, phenylalanine,
threonine, histidine, methionine, and tryptophan) and
non-essential amino acids (glutamic acid, aspartic acid,
arginine, glycine, alanine, proline, serine, tyrosine, cysteine,
taurine, hydroxyproline, hydroxylysine, ornithine, and
lanthionine). Crude protein was determined by combustion
analysis (LECO), and the calculation of total nitrogen ×

6.25 [AOAC Official Method 990.03 (51)]. Crude fat was
determined by ether extraction [AOAC Official Method
920.39 (A)]. Moisture was determined by vacuum oven
[AOAC Official Method 934.01 (51)] and ash was determined
by sample ignition (AOAC Official Method 942.05). Total
carbohydrates were determined by difference calculation
[100—(Crude Protein + Crude Fat + Ash + Moisture)].
Proximate values are reported as g/100 g sample, and
amino acids are reported as g/100 g crude protein, unless
otherwise noted.

Frontiers in Nutrition | www.frontiersin.org 3 August 2020 | Volume 7 | Article 126

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Craine and Murphy Nutritional Quality of Washington Grown Quinoa

TABLE 3 | Summary of samples from both years, each location, and the identity of the advanced breeding lines (ABL) and control varieties (CV).

2016 (n = 91) 2017 (n = 9)

Ch (n = 24) Qu (n = 37) Sq (n = 30) MV (n =9)

ABL CV ABL ABL ABL CV Accessions

102.04 Cherry Vanilla• 102.05 107.03 102.08• Cherry Vanilla• 17GR

(Ames 13735)††

102.08• 102.09 107.07 102.17• Japanese Strain

(PI 677100)††

102.13 CO407 Dave• 102.12 107.50 102.24 CO407 Dave• QQ74

(PI 614886)††

102.31 Kaslaea• 102.17• 107.65• 102.36• Kaslaea• Baer

(PI 634918)†

102.52• 102.23 107.72 102.52• 3 UISE

(Ames 13756)††

102.76•• 102.25 107.84 102.76••

104.01 102.36• 108.18 104.20••

104.02 102.40 108.51• 104.21•

104.20•• 102.76•• 108.56 104.27•

104.27• 104.20•• 108.66 104.28•

104.60 104.21• 108.70 104.45

104.73• 104.28• 108.86• 104.59•

105.43 104.30 108.90 104.71

107.67 104.38 104.80

107.78• 104.53 104.88

108.33 104.59• 105.92•

108.34 104.73• 106.37•

108.39 104.75 106.49•

108.46 104.77 107.65•

108.51• 104.87 107.78•

108.54• 105.92• 108.11

106.37• 108.26

106.49• 108.42

106.85 108.54•

108.69

108.81

108.86•

ABL are denoted by the population number and selection number separated by a period. In 2016, ABL and CV were grown at Chimacum (Ch), Quilcene (Qu), and Sequim (Sq). Samples

were randomly selected from the 2016 experimental design; certain ABL were selected from two (•) or three (••) locations and none of the CV were selected from Quilcene by chance.

Samples were also randomly selected from the Mount Vernon (MV) experimental design, from either the non-irrigated treatment (†) or both the non-irrigated and irrigated treatments (††).

Daily Requirements and Scoring Patterns
FAO/WHO/UNU (52) scoring patterns should be based on
amino acid requirement values divided by the mean protein
requirement, and are presented as g/100 g protein (Table 4).
Scoring patterns are calculated as the age-related amino acid
requirement levels divided by the safe level of protein intake (52).

Data Analysis
Data were analyzed and figures were generated using Microsoft
Excel 2010 (Seattle, WA), and RStudio Version 1.2.1335 (53).
Data was tested for normality using the shapiro.test function
in the stats R package. An overall rank score was assigned to
each sample by summing individual ranks for each nutritional
attribute (Table 4). For example, the samples with the highest
and lowest essential amino acid content received a rank of 1 and

100, respectively. Spearman rank correlation coefficients were
calculated using the corstars function and Hmisc R package,
with significant correlations (p < 0.05) plotted using the corrplot
package and diverging palette “RdBu” from the RColorBrewer
package (54–56). Principal component analysis was conducted
using the prcomp function in the stats package, and biplots
were generated using the ggplot2 package (53, 57). The tabular
function in the tables package provided summary statistics (58).

RESULTS

Seed Composition (Proximates) Profile
Quinoa grown in Chimacum (n = 24; advanced breeding lines
and control varieties; Table 3) had the highest mean total amino
acid, crude protein and moisture content, and the lowest mean
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TABLE 4 | Daily requirements for essential amino acids presented as scoring patterns (amino acid requirements/protein requirements for the selected age groups) for all

age groups considered.

Scoring pattern (g/100g protein requirement)

Age (years) His Ile Leu Lys SAA AAA Thr Trp Val

0.5 2 3.2 6.6 5.7 2.8 5.2 3.1 0.85 4.3

1–2 1.8 3.1 6.3 5.2 2.6 4.6 2.7 0.74 4.2

3–10 1.6 3.1 6.1 4.8 2.4 4.1 2.5 0.66 4

11–14 1.6 3 6 4.8 2.3 4.1 2.5 0.65 4

15–18 1.6 3 6 4.7 2.3 4 2.4 0.63 4

>18 1.5 3 5.9 4.5 2.2 3.8 2.3 0.6 3.9

Amino acids are abbreviated with standard three letter codes. The sulfur amino acids (SAA) include methionine and cysteine and the aromatic amino acids (AAA) include phenylalanine

and tyrosine. This table is adapted from the World Health Organization/Food and Agriculture Organization/United Nations University suggested indispensable amino acid requirements

for all age groups (present estimates; 2007).

crude fat content (Table 5). Quinoa grown in Mount Vernon
(n = 9; accessions; Table 3) had the highest mean ash content,
and the lowest mean total amino acid, crude protein, moisture,
and total carbohydrate content. Quinoa grown in Quilcene (n =

37; advanced breeding lines; Table 3) had the highest mean total
carbohydrate content, whereas quinoa grown in Sequim had the
highest mean crude fat content and the lowest mean ash content
(Table 5). Our sample of Washington grown quinoa seeds is
primarily composed of total carbohydrates (69.56–74.00 g/100 g
sample) followed by crude protein (10.04–13.68 g/100 g sample),
moisture (6.41–7.37 g/100 g sample), crude fat (4.56–7.19 g/100 g
sample), and ash (2.70–5.00 g/100 g sample) (Table 5).

Control varieties grown in Chimacum and Quilcene in 2016
(i.e., CTRL seed source) had the highest mean total amino acid
and crude protein content (Table 5). Population 102 had the
highest mean ash content. Samples from Population 105 had the
highest total carbohydrate content and the lowest total amino
acid, crude protein, and moisture. Population 106 had the lowest
ash content. Population 107 had the lowest mean crude fat
content. Samples from Population 108 had the highest mean
crude fat content, and the lowest total carbohydrate content.

Amino Acid Profile
The most abundant essential amino acids (n = 9), from highest
to lowest mean content, were leucine, lysine, valine, isoleucine,
phenylalanine, threonine, histidine, methionine, and tryptophan
(Table 5). The most abundant non-essential amino acids (n =

14), from highest to lowest mean content, were glutamic acid,
aspartic acid, arginine, glycine, alanine, proline, serine, tyrosine,
cysteine, taurine, hydroxyproline, hydroxylysine, ornithine, and
lanthionine (not reported). Lanthionine was measured at 0.00
mg/100 g protein for all samples (Table 5).

Essential amino acid content varied by location and
population, with particular locations and populations having
higher content on average; however, we were not able to
test for significant differences between groups (i.e., locations
and populations).

Samples from Chimacum had the highest mean total essential
amino acid, aromatic amino acid (AAA), leucine, valine,
and histidine content (Table 5). Mount Vernon samples had

the lowest mean total essential amino acid, leucine, lysine,
sulfur amino acid (SAA), isoleucine, threonine, histidine, and
tryptophan content. Samples from Quilcene had the highest
mean lysine, SAA, and threonine content. Samples from Sequim
(n = 30; breeding lines and control varieties; Table 3) had the
highest mean tryptophan content, and the lowest mean AAA and
valine content (Table 5).

Essential Amino Acid Content by Seed
Source
The “Controls” seed source had the highest mean total essential
amino acid, AAA, valine, SAA, and tryptophan content (Table 5).
Population 102 had the highest mean lysine and threonine
content. Population 104 had the lowest mean AAA, leucine,
valine, isoleucine, and histidine content. Population 106 had the
highest mean leucine, isoleucine, and histidine content, and the
lowest mean tryptophan content. Population 107 had the lowest
mean total essential amino acid, lysine, SAA, and threonine
content (Table 5).

Satisfaction of Essential Amino Acid Daily
Requirements
Mean values for histidine, isoleucine, lysine, sulfur amino
acids, aromatic amino acids, threonine, tryptophan, and valine
content met the daily requirements for these amino acids
for all age groups (Figure 1, Table 6). The mean leucine
content for locations and populations did not meet the
requirements for all groups (Table 5); however, the mean
value for leucine content did meet the daily requirements of
the 3–10, 11–14, 15–18, >18 year-old age groups, although
the infant (0.5 year) and 1–2 year-old daily requirements
were not met (Tables 4, 6). Only 9% of samples met
the leucine requirements for all age groups. These samples
include Kaslaea (Chimacum), 102.52 (Chimacum), CO407Dave
(Chimacum), 107.84 (Quilcene), 108.18 (Quilcene), 106.37
(Quilcene), 102.08 (Sequim), 102.23 (Quilcene), and 102.17
(Quilcene). Furthermore, 8% of samples failed to meet the
leucine requirements for any of the age groups. These samples
include 17GR (Mount Vernon; non-irrigated), 102.17 (Sequim),
102.52 (Sequim), 102.76 (Chimacum), QQ74 (Mount Vernon;
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TABLE 5 | Mean and standard deviation (sd) values for the nutritional components (NC) analyzed are reported for all samples (n = 100), and the samples grouped by

location and population (i.e., seed source).

Location Population

All Ch MV Qu Sq CV 102 104 105 106 107 108

NC n 100 24 9 37 30 6 21 26 3 5 10 20

Carb mean 72.27 71.83 72.07 72.74 72.09 71.68 72.55 72.48 72.17 71.85 71.90 72.27

sd 0.87 0.84 0.89 0.73 0.80 0.80 0.64 0.88 0.69 1.74 0.74 0.80

CP mean 11.77 12.25 11.26 11.46 11.91 12.09 11.70 11.75 12.23 12.01 11.84 11.84

sd 0.70 0.73 0.87 0.54 0.50 0.81 0.55 0.72 0.70 0.85 0.71 0.63

Moist mean 6.97 7.08 6.60 7.03 6.91 7.04 6.96 7.01 6.99 7.11 7.04 6.98

sd 0.20 0.08 0.17 0.13 0.20 0.09 0.16 0.16 0.29 0.15 0.19 0.16

Fat mean 5.89 5.73 5.82 5.79 6.16 6.19 5.89 5.79 5.56 5.87 6.17 5.88

sd 0.50 0.35 0.72 0.47 0.48 0.59 0.34 0.46 0.23 0.96 0.70 0.26

Ash mean 3.11 3.12 4.25 2.97 2.93 3.00 2.90 2.98 3.05 3.15 3.06 3.04

sd 0.41 0.18 0.35 0.17 0.12 0.14 0.08 0.16 0.10 0.29 0.26 0.16

TAA mean 87.11 88.41 84.49 87.71 86.10 89.09 87.28 86.61 89.47 88.52 86.83 87.60

sd 3.61 3.87 3.48 3.16 3.46 4.92 4.67 2.89 1.01 2.37 3.20 3.15

TEAA mean 34.13 34.53 32.79 34.47 33.78 34.92 34.37 33.97 34.68 34.50 33.93 34.36

sd 1.42 1.56 1.11 1.27 1.29 1.93 1.84 1.13 0.15 0.95 1.37 1.17

His mean 2.66 2.72 2.53 2.65 2.66 2.74 2.65 2.64 2.75 2.79 2.65 2.68

sd 0.14 0.15 0.12 0.12 0.13 0.15 0.16 0.11 0.04 0.06 0.12 0.12

Ile mean 4.00 4.09 3.90 4.00 3.96 4.07 4.00 3.95 4.14 4.16 4.03 4.01

sd 0.18 0.19 0.16 0.16 0.16 0.22 0.23 0.14 0.08 0.05 0.18 0.16

Leu mean 6.25 6.35 6.04 6.31 6.16 6.38 6.28 6.18 6.41 6.41 6.27 6.28

sd 0.26 0.27 0.21 0.24 0.23 0.33 0.34 0.21 0.05 0.21 0.25 0.21

Lys mean 5.72 5.64 5.33 5.92 5.65 5.82 5.84 5.76 5.62 5.65 5.60 5.79

sd 0.33 0.32 0.27 0.26 0.26 0.37 0.38 0.25 0.12 0.32 0.31 0.28

SAA mean 4.02 4.05 3.87 4.06 4.00 4.17 3.97 4.05 4.12 3.95 3.94 4.09

sd 0.19 0.18 0.23 0.17 0.19 0.23 0.23 0.15 0.26 0.09 0.10 0.12

Met mean 2.17 2.20 1.97 2.21 2.14 2.26 2.15 2.20 2.24 2.15 2.12 2.22

sd 0.13 0.11 0.15 0.11 0.10 0.17 0.12 0.10 0.15 0.07 0.10 0.08

AAA mean 6.65 6.74 6.55 6.70 6.54 6.81 6.67 6.56 6.81 6.65 6.66 6.68

sd 0.28 0.29 0.28 0.26 0.27 0.39 0.36 0.21 0.12 0.33 0.30 0.23

Phe mean 3.90 3.96 3.82 3.94 3.84 3.99 3.92 3.86 4.03 3.98 3.92 3.92

sd 0.16 0.18 0.14 0.15 0.15 0.21 0.21 0.13 0.05 0.14 0.16 0.14

Thr mean 3.57 3.58 3.47 3.64 3.50 3.62 3.63 3.55 3.57 3.55 3.53 3.58

sd 0.16 0.16 0.13 0.15 0.15 0.19 0.22 0.14 0.06 0.18 0.13 0.13

Trp mean 1.08 1.14 1.00 1.01 1.15 1.15 1.12 1.11 1.04 0.93 1.03 1.09

sd 0.14 0.11 0.07 0.16 0.10 0.09 0.16 0.14 0.03 0.22 0.10 0.12

Val mean 4.78 4.85 4.73 4.79 4.72 4.89 4.79 4.72 4.88 4.87 4.79 4.81

sd 0.20 0.22 0.18 0.19 0.20 0.26 0.27 0.17 0.05 0.14 0.22 0.16

TNAA mean 52.98 53.88 51.70 53.24 52.32 54.16 52.91 52.64 54.79 54.02 52.90 53.24

sd 2.26 2.33 2.57 1.94 2.22 3.03 2.87 1.79 0.86 1.44 1.87 2.04

Glu mean 13.22 13.50 13.02 13.08 13.23 13.46 13.14 13.11 13.81 13.77 13.22 13.24

sd 0.78 0.68 1.07 0.71 0.82 0.99 0.91 0.62 0.36 0.42 0.66 0.78

Asp mean 8.00 8.09 7.80 8.12 7.84 8.14 8.01 7.93 8.32 8.32 8.07 7.97

sd 0.35 0.35 0.29 0.30 0.34 0.43 0.45 0.30 0.06 0.22 0.32 0.27

Arg mean 7.64 7.80 7.23 7.65 7.64 7.93 7.54 7.64 8.04 7.97 7.62 7.72

sd 0.43 0.45 0.63 0.35 0.39 0.45 0.46 0.35 0.17 0.24 0.35 0.36

Gly mean 5.54 5.49 5.47 5.63 5.49 5.63 5.56 5.51 5.61 5.63 5.48 5.57

sd 0.24 0.27 0.33 0.19 0.23 0.35 0.29 0.21 0.05 0.22 0.22 0.21

Ala mean 4.30 4.35 4.12 4.37 4.22 4.38 4.36 4.28 4.33 4.29 4.28 4.32

(Continued)
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TABLE 5 | Continued

Location Population

All Ch MV Qu Sq CV 102 104 105 106 107 108

sd 0.20 0.19 0.16 0.18 0.17 0.23 0.26 0.16 0.03 0.20 0.19 0.15

Pro mean 3.85 4.04 3.69 3.85 3.75 3.96 3.80 3.82 4.21 3.90 3.89 3.91

sd 0.24 0.21 0.13 0.21 0.22 0.28 0.26 0.22 0.25 0.22 0.22 0.22

Ser mean 3.76 3.74 3.68 3.83 3.69 3.77 3.80 3.74 3.85 3.85 3.77 3.71

sd 0.17 0.18 0.18 0.15 0.17 0.19 0.21 0.17 0.12 0.25 0.14 0.13

Tyr mean 2.74 2.78 2.72 2.75 2.70 2.82 2.76 2.71 2.78 2.67 2.75 2.76

sd 0.13 0.13 0.15 0.12 0.14 0.18 0.15 0.10 0.07 0.21 0.14 0.11

Cys mean 1.85 1.84 1.89 1.85 1.85 1.92 1.82 1.85 1.89 1.80 1.82 1.87

sd 0.09 0.09 0.13 0.08 0.10 0.07 0.12 0.08 0.11 0.07 0.03 0.06

Tau mean 1.39 1.54 1.14 1.48 1.25 1.44 1.45 1.44 1.36 1.23 1.33 1.45

sd 0.19 0.16 0.12 0.13 0.11 0.25 0.16 0.14 0.17 0.24 0.19 0.18

Hpro mean 0.47 0.45 0.62 0.47 0.45 0.51 0.45 0.43 0.39 0.45 0.48 0.49

sd 0.10 0.09 0.11 0.08 0.09 0.10 0.07 0.08 0.14 0.07 0.09 0.08

Hlys mean 0.13 0.17 0.22 0.08 0.12 0.12 0.13 0.11 0.13 0.08 0.12 0.13

sd 0.06 0.05 0.04 0.02 0.05 0.06 0.06 0.04 0.05 0.06 0.04 0.07

Orn mean 0.09 0.08 0.10 0.09 0.09 0.08 0.09 0.09 0.08 0.08 0.08 0.09

sd 0.01 0.01 0.03 0.01 0.02 0.01 0.01 0.01 0.00 0.01 0.01 0.02

Lan mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

sd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

The control varieties (CV) included were only selected from the Chimacum (Ch) and Sequim (Sq) locations by chance, while advanced breeding lines from the populations (102, 104, 105,

106, 107, and 108) were randomly selected from Ch, Sq, and Quilcene (Qu). Data from the Mount Vernon samples (n = 9) are only included under the “MV” location and “All” column.

The first five NC, total carbohydrates (Carb), crude protein (CP), moisture (Moist), crude fat (Fat), and ash are reported as grams per 100 g sample. All amino acids are abbreviated using

standard letter codes, except for total amino acid content (TAA), total essential amino acid content (TEAA) sulfur amino acids (SAA; methionine and cysteine), aromatic amino acids

(AAA; phenylalanine and tyrosine); total non-essential amino acids (TNAA), taurine (Tau), hydroxyproline (Hpro), hydroxylysine (Hlys), ornithine (Orn), and lanthionine (Lan). All amino acid

data are reported as grams per 100 g protein.

non-irrigated), 104.59 (Sequim), 108.39 (Chimacum), 104.53
(Quilcene) (Table 6; Supplementary Table 1).

Although the mean value for lysine content met the
requirements of all age groups, the mean value for lysine
content of certain locations and populations failed to meet
daily requirements for certain age groups (Table 5). The mean
value for lysine content for Chimacum, Mount Vernon, Sequim,
Population 105, Population 106, and Population 107 failed to
meet the requirements of infants, but met the requirements for
all other age groups (Tables 4, 6). The lysine daily requirement
for all age groups was met by 52 samples, while 42 samples
and 6 samples failed to meet the lysine daily requirement for
infants and children 1–2 years old, respectively. The tryptophan
daily requirement for infants and children 1–2 years old was not
met by 3 samples for each age group. Ninety-four samples met
the daily requirement of tryptophan for all age groups (Table 6;
Supplementary Table 1).

Comparison to Nowak et al. (37) Mean
Values
Mean values for isoleucine, leucine, lysine, sulfur amino acids,
aromatic amino acids, tryptophan and valine are higher for
Washington grown samples than those reported in the review
by Nowak et al. (37) (Figure 1). For histidine and threonine, the
Nowak et al. (37) mean value is within one standard deviation

of the mean value for the Washington grown samples. However,
we were not able to test for significant differences or report
measures of dispersion around the population mean for the
Nowak et al. (37) samples because the raw data was not available.
Differences among groups were not statistically significant. The
mean value reported by Nowak et al. (37) for isoleucine, leucine,
and lysine does not meet the infant daily requirement, and the
mean value reported for valine does not meet the adult or infant
daily requirement (Figure 1).

Samples With the Highest and Lowest
Values for Nutritional Components
The five highest and five lowest samples are reported for overall
rank (total content of all nutritional components), total amino
acid content, total essential amino acid content, crude protein,
crude fat, and ash (Table 7).

Samples 104.27 (Chimacum), 106.49 (Sequim), 108.54
(Chimacum), 104.20 (Chimacum), and CO407Dave (Sequim)
had the highest crude protein content, while 102.09 (Quilcene),
Baer (Mount Vernon), QQ74 (Mount Vernon), 107.07
(Quilcene), and QQ74 (Mount Vernon) had the lowest
crude protein content.

Overall rank was highest for CO407Dave (Chimacum),
104.52 (Chimacum), Kaslaea (Chimacum), 108.08 (Sequim),
and 102.17 (Quilcene) (Table 7). Samples 102.52 (Sequim) and
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FIGURE 1 | Comparison of essential amino acid mean values from the Washington grown samples (WA Mean) reported with error bars representing one standard

deviation, mean values reported in the review by Nowak et al. (37), and daily adult and infant essential amino acid requirements established by the World Health

Organization (52). Differences among groups are not statistically significant. SAA, sulfur amino acids; AAA, aromatic amino acids.

TABLE 6 | Number of samples (n = 100) that fail to meet the daily requirements

for each essential amino acid within each age group, and the number of samples

that meet all age group requirements for each amino acid (i.e., all met).

Number of samples that fail to meet requirements

Age (years) Leu Lys Trp

0.5 31 42 3

1-2 35 6 3

3-10 9 0 0

11-14 8† 0 0

15-18 8† 0 0

>18 8 0 0

All met 9 52 94

All samples meet the histidine, isoleucine, sulfur amino acid (methionine and cysteine),

aromatic amino acid (phenylalanine and tyrosine), threonine, and valine requirements for

all age groups.
†
Same samples.

102.17 (Sequim) were the two lowest ranked samples overall for
total content of all nutritional components. Additionally, 17GR
(Mount Vernon), 104.59 (Sequim), and 102.76 (Chimacum) were

among the five lowest ranked samples for total content of all
nutritional components.

These same samples were similarly ranked for total amino
acid content and total essential amino acid content, although
the order differed slightly. Total amino acid content was
highest for 102.17 (Quilcene), CO704Dave (Chimacum), 102.52
(Chimacum), Kaslaea (Chimacum), and 102.08 (Sequim) while
total amino acid content was lowest for 102.76 (Chimacum),
17GR (Mount Vernon), 102.52 (Sequim), QQ74 (Mount
Vernon), and 120.17 (Sequim). Total essential amino acid
content was highest for 102.17 (Quilcene), 102.52 (Chimacum),
CO407Dave (Chimacum), Kaslaea (Chimacum), and 102.08
(Sequim); total essential amino acid content was lowest for QQ74
(Mount Vernon), 102.76 (Chimacum), 102.52 (Sequim), 102.17
(Sequim), and 17GR (Mount Vernon).

Correlations Between Nutritional
Components
Total carbohydrate content is negatively correlated with crude
protein and ash content (Supplementary Table 2). Crude protein
content is positively correlated with moisture and ash content.
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TABLE 7 | The five highest and lowest ranking samples are presented for overall rank (all nutritional components combined), total amino acids (AA), total essential AA

(TEAA), crude protein, crude fat, and ash.

Rank Overall TAA TEAA Crude Protein Crude Fat Ash

1 C4D• 102.17t 102.17t 104.27• 107.78† 3UISE8

2 102.52• C4D• 102.52• 106.49† 106.49t JS8

3 Kaslaea• 102.52• C4D• 108.54• 106.49† QQ748

4 102.08† Kaslaea• Kaslaea• 104.20• Cherry Vanilla† 17GR8

5 102.17t 102.08† 102.08† C4D† 107.07t Baer8

96 17GR8 102.76• QQ748 102.09t JS8 102.52†

97 104.59† 17GR8 102.76• Baer8 106.37† 106.37t

98 102.76• 102.52† 102.52† QQ748 3UISE8 107.07t

99 102.52† QQ748 102.17† 107.07t 107.84t 108.42†

100 102.17† 102.17† 17GR8 QQ748 104.38t 104.77t

A rank closer to zero corresponds to higher rank; rank 1 and 100 correspond to the highest and lowest ranks, respectively. Samples were either grown in 2016 in Chimacum (•), Sequim

(†), Quilcene (t), or Mount Vernon (Φ). The variety CO407Dave is abbreviated as C4d and the accession Japanese Strain is abbreviated as JS.

Total non-essential amino acid content is positively
correlated with total essential amino acid content, crude
protein, moisture and ash content, and negatively correlated
with total carbohydrate content. Each of the non-essential amino
acids are positively correlated with total essential and non-
essential amino acid content, except for hydroxyproline,
hydroxylysine, and ornithine content. Ash content is
positively correlated with hydroxyproline, hydroxylysine,
aspartic acid, glutamic acid, proline, cysteine, valine,
isoleucine, leucine, phenylalanine, and histidine content
(Supplementary Table 2).

Total essential amino acid content is positively
correlated with crude protein, and moisture, and negatively
correlated with total carbohydrate content. Each of the
essential amino acids is positively correlated with total
essential amino acid content and crude protein content
(Supplementary Table 2).

Principal Component Analysis
Principal component analysis (PCA) of essential amino acid
data identified nine principal components, with the first two
principal components explaining 92.1% of the cumulative
variance (Figure 2; Supplementary Table 3). Threonine, valine,
isoleucine, leucine, lysine, histidine, the SAA, and the AAA
have large negative loadings on principal component one, and
tryptophan has a large negative loading on principal component
two (Figure 2; Supplementary Table 4). The Chimacum and
Sequim samples appear to cluster near the loadings, in quadrats
two and three. The Quilcene and Mount Vernon samples appear
to cluster on the opposite side of the biplot, in quadrats one
and two.

A biplot of seed composition components further illustrates
results reported in Table 5; the Mount Vernon samples have
lower total essential amino acid content and lower content of
each of the essential amino acids compared to samples from
the other locations. Furthermore, the Mount Vernon samples
cluster separately on the biplot of seed composition components
(Supplementary Figure 1).

DISCUSSION

The quinoa germplasm pool adapted to cultivation in
Washington is extremely narrow, and is primarily limited
by day-length sensitivity (i.e., photoperiod sensitivity) (59).
Therefore, the samples in this study represent a fraction of
the over 16,000 quinoa accessions maintained in in situ and
ex situ collections (6). The limited amount of germplasm
adapted to Washington agroecosystems is reflected by the shared
parents within the pedigrees of the breeding line populations,
the small number of accessions selected and grown at Mount
Vernon, and the commercial varieties included as controls at
Chimacum, Quilcene, and Sequim (Table 3). However, analysis
of this germplasm pool greatly enhances the data available
for amino acid content in quinoa below the species level.
Moreover, these samples provide a baseline for the nutritional
quality of Washington grown quinoa, especially with respect to
identification of limiting amino acids when compared to human
health requirements. Prior to this study, little information
was available regarding seed composition components and
amino acid content of quinoa grown in North America. This
information should inform breeding efforts and strategies,
research objectives, and crop production as they relate to
understanding and enhancing the nutritional quality of quinoa.

Ash Content
Analysis of proximate content revealed considerable variation in
ash content. Mean ash values were remarkably higher for samples
grown at the Mount Vernon location in 2017 (4.25/100 g sample)
compared to the other locations, and the mean value calculated
for all samples (3.11/100 g sample) (Table 5). This may be due to
the influence of genotypes (i.e., commercially available varieties),
site-specific environmental characteristics, or possibly year
effects (i.e., 2017 compared to 2016). Overall, mean ash content
for the samples included in this study is comparable to the value
reported by Navruz-Varli and Sanlier (36) (3.4%). In the review
by Nowak et al. (37), the authors report ash content between
2.0 and 7.7/100 g sample, with a mean value of 3.3/100 g sample.
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FIGURE 2 | Biplot for principal component analysis (PCA) of the essential amino acid dataset (n = 100). Principal component one (i.e., Dim1; 82.5% of variance) and

two (i.e., Dim2; 9.6% of variance) are plotted as the x- and y- axis, respectively. Essential amino acids are abbreviated using standard three letter abbreviations. The

sulfur and amino acids (methionine and cysteine) aromatic amino acids (phenylalanine and tyrosine) are abbreviated as SAA and AAA, respectively. Points are color

and shape coded by locations as shown in the figure legend.

They suggest that differences are likely due to the interactions of
several factors (e.g., varieties/cultivars, analytical methods, and
environmental conditions). Reguera et al. (60) observed varying
concentrations of minerals in quinoa varieties grown in three
different agroecological environments and hypothesize that soil
composition is responsible for these differences. Similar results
supporting this hypothesis are reported byMiranda et al. (61) and
Prado et al. (62).

Relationships Between Nutritional
Components
Strong positive correlations exist between each essential amino
acid and crude protein content. These results are supported
by Gonzalez et al. (63), where they report positive correlations
between amino acid content and protein content. Correlation
coefficients for leucine, phenylalanine, isoleucine, tyrosine,
valine, and tryptophan were significantly higher for the
Bolivia/Argentina site compared to the Northwest Argentina
site, while the correlation coefficients for lysine, methionine,

and threonine did not significantly differ. The authors interpret
these results as evidence of better adaptation of the cultivars
to the Andean highland environment, because of relatively
higher correlation coefficients and no significant difference
in protein content found between the two agroecological
regions. For researchers that do not have the capability to
characterize the amino acid profile, measuring crude protein
content and relying on the fact that an increase in protein
content corresponds to a linear increase in essential amino
acid content may suffice; however, Gonzalez et al. (63) claim
that their results could indicate that the essential amino acid
composition is independent of the amount of protein in
the seed.

Factors That Influence Quinoa Nutritional
Protein Quantity and Quality
It should be noted that the quinoa seeds in this study were
not processed prior to analysis. Processing can impact protein
content, and typically consists of washing, polishing, or pearling
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to remove bitter saponins from the seeds before consumption.
For example, Stikic et al. (64) manually dehulled seeds using
a mortar to remove the pericarp and a sieve to separate the
hulls, and then washed the dehulled seeds until “purified” (i.e.,
no foaming in rinse water from rubbing and washing seeds to
remove saponins). They report a mean protein content of 17.41%
for whole quinoa seeds, 15.69% for dehulled seeds, and 15.16%
for purified seeds. Furthermore, they report a reduction in ash
content following dehulling and sieving, from 7.06 to 3.59%, and
an additional reduction to 2.24% following washing and rubbing
(i.e., “purified”). Aluwi et al. (15) report significantly lower
protein content for degermed Bolivian Royal, and higher protein
content for scarified Cherry Vanilla. Based on the literature, the
protein content reported in this study would change depending
on the processing method performed on the raw quinoa before
nutritional analysis.

Quinoa is often reported as having high protein content
(35, 60, 64); however, quinoa protein content can be highly
variable, and is often comparable to most cereals (37, 40, 65–67).
Across all samples, mean protein content was 11.77/100 g sample,
and ranged from 10.04 to 13.68/100 g sample (Table 5). This is
comparable to values reported by Nowak et al. (37) (range =

9.1–15.7/100 g edible portion; mean= 13.1/100 g edible portion),
Gonzalez et al. (63) (9.2%-15.4%), Dini et al. (68) (12.5%) and
Miranda et al. (69) (11.3–16.1%), and lower than values reported
by Reguera et al. (60) (14.8–17.5%), Vidueiros et al. (70) (14.5–
18.2%), Koziol (67) (16.5%),Wright et al. (71) (16.7%), Bruin (72)
(15.6%), Bhargava et al. (73) (12.5–21.0%), and Mota et al. (74)
(12.2-16.3%). Rojas et al. (6) provide a summary of the nutritional
value of a germplasm collectionmaintained in Bolivia, and report
protein content from 10.21 to 18.39%.

In quinoa, the effects of genotype, environment, management
practices, and their interactions (G × E; G × E × M) on
nutritional parameters have not been completely elucidated.
Protein quantity is influenced by factors such as soil fertility,
environment, and genotype (6). Several studies support the
hypothesis that environmental and agroecological conditions
can influence quinoa protein content. In a study of three
quinoa cultivars (Regalona, Salvedo, Titicaca) grown in three
different agroecological zones (Spain, Peru, Chile), Reguera
et al. (60) found no differences in protein content among
the varieties within a location; however, protein content
significantly differed between locations. Präger et al. (75) show
that environmental conditions can modulate protein content
in a genotype dependent manner. For example, the cultivars
Jessie and Titicaca showed significant differences across years
for protein content, while protein content values for Zeno and
Puno remained stable across the 2 years at the one location
studied. To this point, results from Gonzalez et al. (63) showed
both significant inter- and intra-cultivar differences in protein
content, and no differences for particular cultivars, although
minimum, maximum, and mean values for both sites were
practically the same in a study of 10 cultivars grown at two
different agroecological sites. The authors suggest that complex
underlying environmental and/or G × E interactions contribute
to the significant changes in protein content in quinoa seeds
from different agroecological regions for certain genotypes, but

not others. Miranda et al. (61) found no difference in protein
content values in a study of two cultivars (Regalona and Villarica)
grown in two contrasting environments in Chile, perhaps because
of broad adaptability to contrasting environmental conditions.
Genotype dependent susceptibility to the effect of various factors
(e.g., agro-environmental conditions) on nutritional protein
quality should be further investigated and considered in the
context of germplasm expansion to novel regions outside the
environment the germplasm was developed in.

This study did not explicitly test for the influence of G ×

E interactions on quinoa nutritional parameters. However, our
results provide insight into possible G× E interactions and their
influence on Washington grown quinoa essential amino acid
content. Two breeding lines in particular (102.17-Quilcene and
102.52-Chimacum) ranked in the top five among all samples in
terms of overall content of nutritional parameters, total amino
acid content, and essential amino acid content; however, these
same two breeding lines ranked in the bottom five among all
samples when grown at the Sequim location (Table 7). Soil
analysis of the field locations (Table 1) reveals distinct differences
with respect to environmental (e.g., annual precipitation) and
soil quality characteristics that may be contributing to variation
in the content of nutritional attributes. The Sequim location
can be characterized by lower annual precipitation, although
the farmer-collaborator did irrigate the field. Furthermore, the
Sequim location had the lowest soil nitrate levels (3.8mg kg−1)
compared to Quilcene (16.6mg kg−1) and Chimacum (21.5mg
kg−1). It is possible that G×E interactions contributed to the
stark differences in nutritional quality observed among replicated
genotypes, and that perhaps soil nitrate levels are a driver of
these interactions.

Gomaa (76) found that increased nitrogen application
increased quinoa protein content, and Gonzalez et al. (63)
showed that protein content and essential amino acid content
are positively correlated in quinoa. We expect soil nitrate levels
to influence protein content, and consequently essential amino
acid content, but were not able to adequately test this with
the present study. The Chimacum location had the highest
soil nitrate levels, and samples grown at this location had the
highest mean protein content (12.25/100 g sample), highest total
amino acid content (10.82/100 g crude protein), and highest
total essential amino acid content (34.53/100 g crude protein),
albeit within one standard deviation of the mean values for the
other locations (Table 5). One sample from Sequim (102.08)
ranked fourth overall in terms on nutritional composition, fifth
for total amino acid content, and fifth for essential amino
acid content. This sample belongs to Population 102, which
had two other breeding lines ranked among the top five
samples for the aforementioned traits. This population has
CO407Dave as the female parent; a sample of CO407Dave
from Chimacum was ranked number one overall, second
for total amino acid content, third for total essential amino
acid content, and CO407Dave from Sequim is ranked fifth
overall for crude protein content (Table 7). It’s possible that
these specific breeding lines are capable of efficient nitrogen
uptake for protein and amino acid synthesis, regardless of
the location, perhaps because of the presence of CO407Dave
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in their pedigree. A lack of sufficient replication prohibits us
from explicitly testing this hypothesis and making a definite
conclusion. Studies are currently underway to better understand
these relationships.

Perhaps more important than protein content is protein
quality, or the composition with regards to the proportion of
essential amino acid content (35). Quinoa is often regarded
as having high lysine, leucine and sulfur amino acid content,
especially in comparison to cereal crops (35, 38, 77–79). Leucine,
lysine, and valine had the highest mean values, which is a
finding supported by previous studies (37, 74, 75). For the
non-essential amino acids, glutamic acid, aspartic acid, and
arginine were the most abundant, which is also supported by
other studies (64, 69, 75). Total essential amino acid content
ranged from 30.78 to 37.32/100 g crude protein, which is
similar to the total essential amino acid values reported by
Miranda et al. (69) (34.1–35.9/100 g crude protein). Our values
fall within a narrower range than those reported by Gonzalez
et al. (63) (8.0–37.5/100 g crude protein), and are higher than
the values reported by Präger et al. (75) (20.4–30.0/100 g)
(Supplementary Table 5).

The aforementioned factors (e.g., genotype, environment,
management, and their interactions) that can influence quinoa
protein quantity also have the potential to influence quinoa
protein quality (i.e., amino acid content and composition) (6).
However, the primary factors responsible for influencing amino
acid content in quinoa are not definitively agreed upon in the
literature. For example, Miranda et al. (69) provide evidence
in support of Wright et al. (71) and claim that the genetic
characteristic of the quinoa genotypes decisively influences
amino acid content. In a study of three Chilean landraces
exposed to two levels of salinity under controlled conditions,
Aloisi et al. (80) present results that support strong genotype-
dependent responses to salinity with respect to essential amino
acid content. Conversely, Gonzalez et al. (63) propose that amino
acid content is higher among germplasm when grown in the
environment to which it is adapted, based on the idea that
cultivars growing in the geographic area of origin would exhibit
better gene expression related to amino acid synthesis. Moreover,
they state that both environmental and climatic factors influence
the amino acid composition of quinoa cultivars growing in
different agroecological zones. They report significant differences
in total amino acid content and total essential amino acid
content between the two agroecological sites examined for nine
out of ten cultivars. The findings of Reguera et al. (60) and
Präger et al. (75) support Gonzalez et al. (63) and the case
for complex G × E interactions influencing essential amino
acid content, as both studies found considerable variation in
essential amino acid content depending on the variety and area
of cultivation.

Identification of Limiting Amino Acids
Quinoa is often referred to as a “complete protein” because
it contains all the essential amino acids; however, it is better
described as “nearly complete” because of limiting amino
acid content. Our study provides data on essential amino
acid profiles for 100 distinct samples, representing 92 unique

commercial varieties, landraces, and advanced breeding lines
adapted to cultivation in Washington State, and evaluates the
nutritional protein quality of each sample compared to the
requirements of all age groups (52). We identify samples
that fail to meet the daily requirements of all age groups
for leucine, lysine, and tryptophan. Of the samples analyzed,
only nine met the leucine requirements for all age groups.
These samples include 7 advanced breeding lines (102.52,
107.84, 108.18. 106.37, 102.08, 102.23, and 102.17) and two
commercial varieties (Kaslaea, CO407Dave); five samples were
grown at Quilcene, three samples were grown at Chimacum,
and one sample was grown at Sequim. Moreover, 52 samples
and 94 samples met the lysine and tryptophan requirements
for all age groups (Supplementary Table 1). These results
provide the first report of leucine as a limiting amino acid
in quinoa.

Quinoa protein quality is often compared to that of casein, a
milk protein, because of similar values for protein digestibility
and essential amino acid content (33, 67, 81, 82). In a joint report,
the FAO/WHO/UNU Expert Consultation on Protein Quality
Evaluation recommended the use of the protein digestibility-
corrected amino acid score (PDCAAS) method for evaluating
protein quality. Casein PDCAAS values are typically close
to, or exceeding, the 1.0 truncation value (83). Reports of
quinoa PDCAAS values and protein digestibility are sparse in
the literature; however, 82 report recalculated PDCAAS values
of 0.85 (raw quinoa) and 1.00 (washed quinoa) for the 1–
2 year-old age group, and 0.89 (raw) and 1.09 (washed) for
the 3–10 year age group based on data from Ruales and
Nair (41). Quinoa protein digestibility varies depending on
genotype, processing, and evaluation method, although saponin
removal and cooking generally improves digestibility (34, 65,
81, 84–87). We calculated PDCAAS values using an apparent
protein digestibility value of 84.3% based on fecal protein losses
in rats as reported by Ranhotra et al. (82) for the variety
“Colorado D407.” Values ranged from 0.74 to 0.90 and 0.78
to 0.95 for the 1–2 and 3–10 year-old age groups, respectively
(Supplementary Tables 6, 7).

The vast majority of studies that report quinoa essential
amino acid content, and compare these values to daily human
health requirements, either make comparisons to outdated daily
requirements, or only consider requirements of the adult age
group. For example, Ruales and Nair (41) report the aromatic
amino acids, threonine, and lysine as the first, second, and
third limiting amino acids, respectively, while Boye et al.
(83) identified valine and lysine, and lysine as limited amino
acids for the 1–2 and 3–10 year-old age groups using values
from Ruales and Nair (41) and current WHO/UNU/FAO (52)
requirements. Mahoney et al. (81) analyzed a single quinoa
variety (Sajama; Patacamaya Agricultural Experiment Station,
Lapaz, Bolivia) and identified methionine as the first limiting
amino acid, followed by tryptophan. Gonzalez et al. (63) report
lysine, threonine, and methionine content in relatively adequate
amounts for both human and animal feeding. They also claim
that content for the aromatic amino acids, isoleucine, threonine,
and valine were sufficient for 10–12 year-old children. The
authors identify lysine, tyrosine, and tryptophan as limiting
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amino acids for 2–5 year-old children. In addition to lysine
and tryptophan being limiting amino acids for 2–5 year-old
children, leucine is also a limiting acid for this age group
for our samples. The comparisons made be Gonzalez et al.
(63) are made to the FAO/WHO guidelines published in 1990,
even though updated guidelines were published in 2007. Repo-
Carrasco et al. (88) cite studies conducted at the Universidad
Nacional Agraria La Molina (UNALM) that found that one
cultivar of quinoa, Amarilla de Marangani, does not have any
limiting amino acids, although no information is provided
concerning the age group or requirements that form the basis for
this comparison.

The potential for quinoa to adapt to diverse agroecological
conditions and contribute to food and nutritional security is
generating worldwide interest and contributing to the current
global expansion of quinoa. Recent studies have evaluated
the potential of quinoa in novel production environments,
with a focus on agronomic traits and nutritional quality,
especially essential amino acid content. Indirect evaluation of
quinoa nutritional protein quality, for studies that do not
make a direct comparison, can be accomplished by comparing
published values for essential amino acid content to daily
essential amino acid requirements. For example, the mean
value of the four cultivars (Zeno, Jessie, Puno, Titicaca), and
each individual cultivar, reported by Präger et al. (75) for
a single location and 2 years, fail to meet leucine, lysine,
and histidine requirements for all age groups for the first
year of their study, while only one cultivar (Puno) met the
requirements for isoleucine, the sulfur and aromatic amino
acids, and threonine (Supplementary Table 5). In the second
year of the study, the mean value of the four cultivars, and
each individual cultivar, failed to meet the leucine, lysine, sulfur
and aromatic amino acid requirements; Puno met the isoleucine
requirement within one standard error of the mean, although
the mean value was lower than the requirement. All cultivars
and the mean value for all four cultivars met the tryptophan
requirements for both years (Supplementary Table 5). The
amino acid values reported by Miranda et al. (69) for six
genotypes and one genotype failed to meet the lysine and leucine
requirements for all age groups, respectively. The ability of
quinoa to meet global health challenges depends in part on
the ability to meet essential amino acid requirements for all
age groups.

CONCLUSIONS

This study provides a baseline analysis of the nutritional quality
of quinoa grown in Washington state. For the germplasm tested,
protein content is lower than values reported in the literature;
however, essential amino acid content is generally higher. Mean
essential amino acid values meet the daily requirements for
infants and adults, except for the amount of leucine required by
infants. This is the first report of leucine as a limiting quinoa
amino acid. We identify 9% of the samples that meet the leucine
requirements for all age groups, and 8% of the samples that fail
to meet the requirements for any age group. Lysine requirements

for the <0.5 and 1–2 year-old age groups were not met by 31
and 35 genotypes, respectively. Tryptophan requirements for
the <0.5 and 1–2 year-old age groups were each not met by
three genotypes. This study greatly augments the amount of
data available for quinoa nutritional quality below the species
level, and provides the first in-depth report of the protein quality
of quinoa grown in North America. The information reported
in this study will be useful for guiding research objectives and
breeding strategies, in pursuit of supporting the global expansion
of quinoa and the potential for quinoa to contribute to addressing
global public health challenges. Effective breeding strategies for
improving quinoa protein quality should focus on identifying
limiting amino acids, the factors that influence amino acid
content, and increasing the content of limiting amino acids to
improve PDCAAS. Moreover, increased lysine and sulfur amino
acid content are important targets, because these amino acids
are limiting in most common cereals (e.g., wheat and maize), in
addition to leucine content. Future work must be context specific
with respect to germplasm adapted to the target production
environment and culture.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/Supplementary Material. The raw data supporting
the conclusions of this manuscript will be made available
by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

KM conceived the project and provided edits to the manuscript.
EC performed data collection and analysis and wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

Funding was provided by USDA National Institute of Food and
Agriculture (NIFA) 2016-51300-25808 and the NSF Graduate
Research Fellowship Program (GRFP).

ACKNOWLEDGMENTS

We thank the AESCL at the University of Missouri for nutritional
content and composition analyses, Ryan Bishop of Perten
Instruments for assisting in sample selection, and Halle Choi for
assisting with sample preparation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2020.
00126/full#supplementary-material

Frontiers in Nutrition | www.frontiersin.org 13 August 2020 | Volume 7 | Article 126

https://www.frontiersin.org/articles/10.3389/fnut.2020.00126/full#supplementary-material
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Craine and Murphy Nutritional Quality of Washington Grown Quinoa

REFERENCES

1. FAO, CIRAD. State of the Art Report on Quinoa Around the World in 2013,
Bazile D, Bertero D, Nieto C, editors (2015). Available online at: https://www.
researchgate.net/publication/273134308

2. Jarvis DE, Ho YS, Lightfoot DJ, Schmöckel SM, Li B, Borm TJA,
et al. The genome of Chenopodium quinoa. Nature. (2017) 542:307–12.
doi: 10.1038/nature21370

3. Maughan PJ, Bonifacio A, Jellen EN, Stevens MR, Coleman CE, Ricks M,
et al. A genetic linkage map of quinoa (Chenopodium quinoa) based on AFLP,
RAPD, and SSR markers. Theoret Appl Genet Theor Angew Genet. (2004)
109:1188–95. doi: 10.1007/s00122-004-1730-9

4. Maughan PJ, Kolano BA, Maluszynska J, Coles ND, Bonifacio A, Rojas J,
et al. Molecular and cytological characterization of ribosomal RNA genes in
Chenopodium quinoa and Chenopodium berlandieri. Genome. (2006) 49:825–
39. doi: 10.1139/g06-033

5. Simmonds NW. The breeding system of Chenopodium quinoa I. Male Steril

Heredity. (1971) 27:73–82. doi: 10.1038/hdy.1971.72
6. Rojas W, Pinto M, Alanoca C, Gómez Pando L, Leon-Lobos P, Alercia A, et al.

Quinoa Genetic Resources and ex situ Conservation. State of the Art Report on
Quinoa Around the World in 2013. Rome: FAO (2015). p. 56–82.

7. Jellen EN, Sederberg MC, Kolano BA, Bonifacio A, Maughan PJ.
Chenopodium. In: Kole C. editor.Wild Crop Relatives: Genomic and Breeding

Resources. Berlin; Heidelberg: Springer-Verlag (2011) pp. 35–61.
8. Maughan P, Chaney L, Lightfoot DJ, Cox BJ, Tester M, Jellen EN,

et al. Mitochondrial and chloroplast genomes provide insights into the
evolutionary origins of quinoa (Chenopodium quinoa Willd.). Sci Rep. (2019)
9:1–11. doi: 10.1038/s41598-018-36693-6

9. Hinojosa L, González JA, Barrios-Masias FH, Fuentes F, Murphy
KM. Quinoa abiotic stress responses: a review. Plants. (2018) 7:106.
doi: 10.3390/plants7040106

10. Ruiz KB, Biondi S, Oses R, Acuña-Rodríguez IS, Antognoni F, Martinez-
Mosqueira EA, et al. Quinoa biodiversity and sustainability for food security
under climate change. A review. Agron Sustain Dev. (2014) 34:349–59.
doi: 10.1007/s13593-013-0195-0

11. Ruiz KB, Biondi S, Martínez EA, Orsini F, Antognoni F, Jacobsen S-E.
Quinoa – a model crop for understanding salt-tolerance mechanisms in
halophytes. Plant Biosyst Int J Dealing All Aspects Plant Biol. (2016) 150:357–
71. doi: 10.1080/11263504.2015.1027317

12. Jacobsen S-E, Stølen O. Quinoa—morphology, phenology and prospects
for its production as a new crop in Europe. Eur J Agron. (1993) 2:19–29.
doi: 10.1016/S1161-0301(14)80148-2

13. Hinojosa L, Kumar N, Gill KS, Murphy KM. Spectral reflectance indices and
physiological parameters in quinoa under contrasting irrigation regimes.Crop
Sci. (2019) 59:1927–44. doi: 10.2135/cropsci2018.11.0711

14. Sankaran S, Espinoza CZ, Hinojosa L, Ma X, Murphy K. High-throughput
field phenotyping to assess irrigation treatment effects in quinoa. Agrosyst
Geosci Environ. (2019) 2:1–7. doi: 10.2134/age2018.12.0063

15. Aluwi NA, Gu B-J, Dhumal GS, Medina-Meza IG, Murphy KM, Ganjyal GM.
Impacts of scarification and degermination on the expansion characteristics
of select quinoa varieties during extrusion processing. J Food Sci. (2016)
81:E2939–49. doi: 10.1111/1750-3841.13512

16. Aluwi NA, Murphy KM, Ganjyal GM. Physicochemical characterization
of different varieties of quinoa. Cereal Chem J. (2017) 94:847–56.
doi: 10.1094/CCHEM-10-16-0251-R

17. Wu G, Morris CF, Murphy KM. Quinoa starch characteristics and their
correlations with the Texture Profile Analysis (TPA) of cooked quinoa. J Food
Sci. (2017) 82:2387–95. doi: 10.1111/1750-3841.13848

18. Wu G, Ross CF, Morris CF, Murphy KM. Lexicon development, consumer
acceptance, and drivers of liking of quinoa varieties. J Food Sci. (2017)
82:993–1005. doi: 10.1111/1750-3841.13677

19. Bazile D, Jacobsen S-E, Verniau A. The global expansion of quinoa: trends and
limits. Front Plant Sci. (2016) 7:622. doi: 10.3389/fpls.2016.00622

20. FAO. La Quinua: Cultivo Milenario Para Contribuir a la Seguridad

Alimentaria Mundial. (2011). Available online at: http://www.fao.org/docrep/
017/aq287e/aq287e.pdf

21. González Carrascosa VJ, Iborra Bernad R, Bello M, Martínez Monzó MD,
García-Segovia J. Evaluation of textural and sensory properties on typical

spanish small cakes designed using alternative flours. J Culin Sci Technol.
(2015) 13:19–28. doi: 10.1080/15428052.2014.952475

22. Lorenz K, Coulter L. Quinoa flour in baked products. Plant Foods Hum Nutr.
(1991) 41:213–23. doi: 10.1007/BF02196389

23. Pop A, Muste S, Man S, Mureçan C. Improvement of tagliatelle quality by
addition of red quinoa flour. Bull Univ Agric Sci Vet Med Cluj-Napoca Food

Sci Technol. (2014) 71:225–6. doi: 10.15835/buasvmcn-fst:10858
24. Wang S, Opassathavorn A, Zhu F. Influence of quinoa flour on quality

characteristics of cookie, bread and chinese steamed bread. J Texture Stud.
(2015) 46:281–92. doi: 10.1111/jtxs.12128

25. Jacobsen SE. The worldwide potential for quinoa (Chenopodium
quinoa Willd.). Food Rev Int. (2003) 19:167–77. doi: 10.1081/FRI-12001
8883

26. Machado Alencar NM, Steel CJ, Alvim ID, de Morais EC, Andre Bolini
HM. Addition of quinoa and amaranth flour in gluten-free breads: temporal
profile and instrumental analysis. LWT Food Sci Technol. (2015) 62:1011–8.
doi: 10.1016/j.lwt.2015.02.029

27. Pagamunici LM, Gohara AK, Souza AHP, Bittencourt PRS, Torquato AS,
Batiston WP, et al. Using chemometric techniques to characterize gluten-free
cookies containing the whole flour of a new quinoa cultivar. J Braz Chem Soc.
(2014) 25:219–28. doi: 10.5935/0103-5053.20130286

28. AhamedNT, Singhal RS, Kulkami PR, PalbM. Physicochemical and Functional

Properties of Chenopodium quinoa Starch. (1996). Available online at: http://
quinua.pe/wp-content/uploads/2013/02/Ahamed-Starch1.pdf

29. Ando H, Chen YC, Tang H, Shimizu M, Watanabe K, Mitsunaga T. Food
Components in Fractions of Quinoa Seed. (2002). pp. 80–84. Available online
at: https://www.jstage.jst.go.jp/article/fstr/8/1/8_1_80/_pdf/-char/en

30. Kowalski RJ, Medina-Meza IG, Thapa BB, Murphy KM, Ganjyal GM.
Extrusion processing characteristics of quinoa (Chenopodium quinoa Willd.)
var. Cherry Vanilla. J Cereal Sci. (2016) 70:91–8. doi: 10.1016/j.jcs.2016.
05.024

31. Li G, Wang S, Zhu F. Physicochemical properties of quinoa starch.
Carbohydr Polym. (2016) 137:328–38. doi: 10.1016/j.carbpol.2015.
10.064

32. López de Romaña G, Creed HM, Graham GG. Tolerance and digestibility
of Peruvian “common foods” in malnourished infants. Arch Latinoam Nutr.

(1978) 28:419–33.
33. López de Romaña G, Graham GG, Rojas M, MacLean WC. Digestibility

and protein quality of quinua: comparative study of quinua (Chenopodium
quinoa.) seed and flour in children. Arch Latinoam Nutr. (1981) 31:485–97.

34. Abugoch James LE. Quinoa (Chenopodium quinoa. Willd.): composition,
chemistry, nutritional, and functional properties. Adv Food Nutr Res. (2009)
58:1–31. doi: 10.1016/S1043-4526(09)58001-1

35. Filho AMM, Pirozi MR, Borges JTDS, Sant’Ana HMP, Chaves JBP, Coimbra
JSDR. Quinoa: nutritional, functional, and antinutritional aspects. Crit Rev
Food Sci Nutr. (2017) 57:1618–30. doi: 10.1080/10408398.2014.1001811

36. Navruz-Varli S, Sanlier N. Nutritional and health benefits of
quinoa (Chenopodium quinoa Willd.). J Cereal Sci. (2016) 69:371–6.
doi: 10.1016/j.jcs.2016.05.004

37. Nowak V, Du J, Charrondière UR. Assessment of the nutritional composition
of quinoa (Chenopodium quinoa Willd.). Food Chem. (2016) 193:47–54.
doi: 10.1016/j.foodchem.2015.02.111

38. Vega-Gálvez A, Miranda M, Vergara J, Uribe E, Puente L, Martínez EA.
Nutrition facts and functional potential of quinoa (Chenopodium quinoa

willd.), an ancient Andean grain: a review. J Sci Food Agric. (2010) 90:2541–7.
doi: 10.1002/jsfa.4158

39. Wu G. Nutritional properties of quinoa. In: Murphy KM, Matanguihan JB,
editors. Quinoa: Improvement and Sustainable Production. Hoboken, NJ:
Wiley-Blackwell (2015) pp. 193–210.

40. Valencia-Chamorro SA. Quinoa. In: Caballero B, editor. Encyclopedia of Food
Science and Nutrition. Waltham, MA: Academic Press (2003). pp. 4895–902.
doi: 10.1016/B0-12-227055-X/00995-0

41. Ruales J, Nair BM. Nutritional quality of the protein in quinoa (Chenopodium
quinoa, Willd.) seeds. Plant Foods Hum Nutr. (1992) 42:1–11.

42. Bazile D, Baudron F. The Dynamics of the Global Expansion of Quinoa

Growing in View of Its High Biodiversity. State of the Art Report on Quinoa
around the World in 2013 (2015). Available online at: https://agritrop.cirad.
fr/575493/

Frontiers in Nutrition | www.frontiersin.org 14 August 2020 | Volume 7 | Article 126

https://www.researchgate.net/publication/273134308
https://www.researchgate.net/publication/273134308
https://doi.org/10.1038/nature21370
https://doi.org/10.1007/s00122-004-1730-9
https://doi.org/10.1139/g06-033
https://doi.org/10.1038/hdy.1971.72
https://doi.org/10.1038/s41598-018-36693-6
https://doi.org/10.3390/plants7040106
https://doi.org/10.1007/s13593-013-0195-0
https://doi.org/10.1080/11263504.2015.1027317
https://doi.org/10.1016/S1161-0301(14)80148-2
https://doi.org/10.2135/cropsci2018.11.0711
https://doi.org/10.2134/age2018.12.0063
https://doi.org/10.1111/1750-3841.13512
https://doi.org/10.1094/CCHEM-10-16-0251-R
https://doi.org/10.1111/1750-3841.13848
https://doi.org/10.1111/1750-3841.13677
https://doi.org/10.3389/fpls.2016.00622
http://www.fao.org/docrep/017/aq287e/aq287e.pdf
http://www.fao.org/docrep/017/aq287e/aq287e.pdf
https://doi.org/10.1080/15428052.2014.952475
https://doi.org/10.1007/BF02196389
https://doi.org/10.15835/buasvmcn-fst:10858
https://doi.org/10.1111/jtxs.12128
https://doi.org/10.1081/FRI-120018883
https://doi.org/10.1016/j.lwt.2015.02.029
https://doi.org/10.5935/0103-5053.20130286
http://quinua.pe/wp-content/uploads/2013/02/Ahamed-Starch1.pdf
http://quinua.pe/wp-content/uploads/2013/02/Ahamed-Starch1.pdf
https://www.jstage.jst.go.jp/article/fstr/8/1/8_1_80/_pdf/-char/en
https://doi.org/10.1016/j.jcs.2016.05.024
https://doi.org/10.1016/j.carbpol.2015.10.064
https://doi.org/10.1016/S1043-4526(09)58001-1
https://doi.org/10.1080/10408398.2014.1001811
https://doi.org/10.1016/j.jcs.2016.05.004
https://doi.org/10.1016/j.foodchem.2015.02.111
https://doi.org/10.1002/jsfa.4158
https://doi.org/10.1016/B0-12-227055-X/00995-0
https://agritrop.cirad.fr/575493/
https://agritrop.cirad.fr/575493/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Craine and Murphy Nutritional Quality of Washington Grown Quinoa

43. Zurita-Silva A, Fuentes F, Zamora P, Jacobsen SE, Schwember AR. Breeding
quinoa (Chenopodium quinoa Willd.): potential and perspectives. Mol Breed.
(2014) 34:13–30. doi: 10.1007/s11032-014-0023-5

44. Arsenault JE, Brown KH. Effects of protein or amino-acid supplementation
on the physical growth of young children in low-income countries. Nutr Rev.
(2017) 75:699–717. doi: 10.1093/nutrit/nux027

45. Black RE, Victora CG, Walker SP, Bhutta ZA, Christian P, de Onis
M, et al. Maternal and child undernutrition and overweight in low-
income and middle-income countries. Lancet. (2013) 382:427–51.
doi: 10.1016/S0140-6736(13)60937-X

46. Semba RD, Shardell M, Sakr Ashour FA, Moaddel R, Trehan I, Maleta KM,
et al. Child stunting is associated with low circulating essential amino acids.
EBioMedicine. (2016) 6:246–52. doi: 10.1016/j.ebiom.2016.02.030

47. Christian P, Lee SE, Donahue Angel M, Adair LS, Arifeen SE, Ashorn P,
et al. Risk of childhood undernutrition related to small-for-gestational age and
preterm birth in low- and middle-income countries. Int J Epidemiol. (2013)
42:1340–55. doi: 10.1093/ije/dyt109

48. Prendergast AJ, Humphrey JH. The stunting syndrome in
developing countries. Paediatr. Int Child Health. (2014) 34:250–65.
doi: 10.1179/2046905514Y.0000000158

49. Kellogg J, Murphy K. Evolutionary participatory quinoa breeding for
organic agro-ecosystems in the Pacific Northwest region of the United
States. In: Westengen OT, Winge T, editors. Farmers and Plant Breeding:

Current Approaches and Perspectives. New York, NY: Issues in Agricultural
Biodiversity Series, Routlege Taylor & Francis Group (2019). p. 135–58.

50. Peterson A, Jacobsen SE, Bonifacio A, Murphy K. A crossing method for
Quinoa. Sustainability. (2015) 7:3230–43. doi: 10.3390/su7033230

51. Association of Official Analytical Chemists International W, Horwitz.
Official Methods of Analysis of AOAC International (2019). Rockville, MD:
AOAC International.

52. FAO/WHO/UNU. Protein and Amino Acid Requirements in Human

Nutrition: Report of a Joint FAO/WHO/UNU Expert Consultation. World
Health Organization (2007).

53. RStudio Team. RStudio: Integrated Development Environment for R. RStudio,
Inc. (2018). Available online at: http://www.rstudio.com/

54. Harrel FEJ, Dupont C. Hmisc: Harrell Miscellaneous. (2018). Available online
at: https://CRAN.R-project.org/package=Hmisc

55. Neuwirth E. RColorBrewer: ColorBrewer Palettes. (2014). Available online
at: https://CRAN.R-project.org/package=RColorBrewer

56. Wei T, Simko V. R Package “Corrplot”: Visualization of a Correlation Matrix.

(2017). Available online at: https://github.com/taiyun/corrplot
57. WickhamH. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New

York. (2016). Available online at: http://ggplot2.org
58. Murdoch D. Tables: Formula-Driven Table Generation. (2018). Available

online at: https://CRAN.R-project.org/package=tables
59. Christiansen JL, Jacobsen SE, Jørgensen ST. Photoperiodic effect on

flowering and seed development in quinoa (Chenopodium quinoa.

Willd.). Acta Agric Scand Sect B Soil Plant Sci. (2010) 60:539–44.
doi: 10.1080/09064710903295184

60. Reguera M, Conesa CM, Gil-Gómez A, Haros CM, Pérez-Casas MÁ,
Briones-Labarca V, et al. The impact of different agroecological conditions
on the nutritional composition of quinoa seeds. PeerJ. (2018) 6:e4442.
doi: 10.7717/peerj.4442

61. Miranda M, Vega-Gálvez A, Martínez EA, López J, Marín R, Aranda
M, et al. Influence of contrasting environments on seed composition
of two quinoa genotypes: nutritional and functional properties.
Chilean J Agric Res. (2013) 73:108–16. doi: 10.4067/S0718-58392013000
200004

62. Prado FE, Fernández, Turiel JL, Tsarouchi M, Psaras GK, González
JA. Variation of seed mineral concentrations in seven quinoa cultivars
grown in two agroecological sites. Cereal Chem. (2014) 91:453–9.
doi: 10.1094/CCHEM-08-13-0157-R

63. Gonzalez JA, Konishi Y, Bruno M, Valoy M, Prado FE. Interrelationships
among seed yield, total protein and amino acid composition of ten quinoa
(Chenopodium quinoa) cultivars from two different agroecological regions. J
Sci Food Agric. (2012) 92:1222–9. doi: 10.1002/jsfa.4686

64. Stikic R, Glamoclija D, Demin M, vucelic-radovic B, Jovanovic Z,
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