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Preface to “"Worldwide Evaluations of
Quinoa—Biodiversity and Food Security under
Climate Change Pressures”

Quinoa (Chenopodium quinoa Willd.) is a herbaceous plant which has been domesticated for
more than 5000 years BP in the Andean region. The crop is characterized by a very high biodiversity,
which allows it to adapt easily considering the very different pedoclimatic conditions it faces, as well
as makes it resistant to abiotic stresses and climate change. Moreover, quinoa is distinguished by
its exceptional nutritional characteristics, such as the content and quality of its proteins, minerals,
lipids, and tocopherols. These features have determined, since the 1990s, the growing interest in
quinoa crop by the scientific community and international organizations. In 2013, the United Nations
Organization for Food and Agriculture (FAO) celebrated the “International Year of Quinoa” to
valorize its biodiversity for fighting against food insecurity. Several experiments around the world
have taken place in order to study the quinoa plant, evaluating the adaptability of different genotypes
in new environments and its response to various laboratory stimuli and cultivation best practices.

This volume collates the most recent developments from studies on quinoa worldwide.

Cataldo Pulvento and Didier Bazile
Editors

xi
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Editorial
Worldwide Evaluations of Quinoa—Biodiversity and Food Security
under Climate Change Pressures: Advances and Perspectives

Cataldo Pulvento 1*© and Didier Bazile 23-*

Department of Soil, Plant and Food Science (DISSPA) University of Bari, 70121 Bari, Italy
CIRAD, UMR SENS, F-34398 Montpellier, France

SENS, Univ Montpellier, CIRAD, F-34398 Montpellier, France

Correspondence: cataldo.pulvento@uniba.it (C.P.); didier.bazile@cirad.fr (D.B.)
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1. Introduction

Quinoa (Chenopodium quinoa Willd.) is an Andean herbaceous crop that has attracted
increasing interest in recent years thanks to its ecophysiological behavior and the nutritional
characteristics of its seeds. The quinoa boom followed the celebration of the International
Year of Quinoa in 2013 by the United Nations (FAO), when numerous initiatives were
implemented to spread the positive characteristics that make quinoa a suitable crop with
which to fight world hunger. In this Special Issue, we wanted to summarize the state of
the art and the main research activities that are currently underway in different parts of
the world.

2. Ecophysiological Traits and Adaptability

A bibliographic analysis of selected papers published from 2000 to 2020 highlighted
that the number of studies on the best agronomic practices for quinoa strongly increased
after 2013, when the FAO celebrated the International Year of Quinoa and disseminated the
importance of quinoa as a high-quality protein crop resistant to unfavorable environments.
Experimentation activity especially increased in countries characterized by a hot, arid
climate and water scarcity (Morocco, Egypt, Burkina Faso, and the UAE), as well as in
countries at risk of water and salt stress due to climate change (Italy, Greece, Turkey,
Worldwide Evaluations of Pakistan, and the USA), with trials focused on the effect of deficit irrigation and the
Quinoa—Biodiversity and Food . . . .

use of saline water on quinoa yield and quality [1]. The same theme was also taken up
by the papers published in this Special Issue; quinoa confirmed its adaptability to arid
environments such as the Brazilian Cerrado, where water regimes between 309 and 389 mm
do not reduce grain yield with respect to higher irrigation volumes [2].

In the same way, a field experiment in the southern Atacama Desert in Chile to
investigate the responses to reduced irrigation of nine previously selected coastal lowland
Received: 30 November 2022 self-pollinated (CLS) lines and the commercial cultivar Regalona showed that several lines
Revised: 7 February 2023 performed best when faced with a 50% reduction in irrigation [3].

Accepted: 9 February 2023 Bharami et al. [4] studied the yield response of quinoa cv. Titicaca under field condi-
Published: 15 February 2023 tions in Iran and showed that the application of 75% of full irrigation requirements led to

NOs-N accumulation in upper soil layers, thus facilitating nitrogen uptake and reduced

Citation: Pulvento, C.; Bazile, D.

Security under Climate Change
Pressures: Advances and
Perspectives. Plants 2023, 12, 868.
https:/ /doi.org/10.3390/
plants12040868

nitrate loss to deeper layers of the soil and allowing for a reduction in the optimal nitrogen
fertilization level for the study area.

Quinoa responds positively to fertilization in the Bolivian Altiplano [5], with differ-
This article is an open access article ~ €1C€S among irrigated and rainfed conditions; quinoa can produce 1850 kg grains ha™!
distributed under the terms and ~ With 50 kg N ha~! under irrigated conditions and 670 kg grains ha~! with 15 kg N ha!in
conditions of the Creative Commons  Tainfed conditions.

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

Attribution (CC BY) license (https:// Rehman et al. [6] demonstrated, in Pakistan, that urea enriched with urease and
creativecommons.org/ licenses /by / nitrification inhibitors simultaneously can be used to improve the N uptake, seed yield,
40/). and grain protein contents in quinoa.
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Quinoa was confirmed as maybe being a complementary crop in the marginal lands
of high salinity in Egypt and the Mediterranean region [7]. Delatorre-Herrera et al. [8]
demonstrated that the salinity tolerance of salares ecotypes is due to their ability to control
non-diffusional components, indicating their superior photosynthetic capacity under salt
stress conditions. Quinoa has also been proven to be a promising crop in cases of heat stress,
with increased values of crude protein, ash, phosphorus, calcium, and relative feed [9].

Many papers from the literature are focused on the study of the best time and density
for sowing, which represent the main agronomic practices for the introduction of a crop to
anew environment [1]. In this Special Issue, new field trials evaluated the adaptability of
quinoa to new environments in terms of yield, quality, and physiochemical characteristics
in Belgium [10,11], Morocco [12], Pakistan [13], and Spain [14], in addition to selecting
promising materials for breeding programs under greenhouse conditions [15]. The culti-
vation of quinoa was also reviewed in Pakistan [16] and Ecuador [17]. A large group of
researchers from universities and research institutes from all over the world have proposed
standard methodology guidelines [18] to be used for the phenotypic characterization of
quinoa in order to improve comparability among field trials across the globe and to facilitate
collaborations with the Global Collaborative Network on Quinoa (gcn-quinoa.org). Aspects
related to quinoa diseases were reviewed by Colque-Little et al. [19], who summarized
existing information on symptoms and causal agents. In Central Italy, the presence of
P. variabilis and F. equiseti was monitored on C. quinoa [20]. Seed dormancy and breeding as
well as nonbreeding strategies for enhancing resistance to preharvest sprouting in quinoa
were reviewed by McGynti et al. [21].

Other ecological aspects, such as the geographical distribution of herbivore arthropods
that affect the production of quinoa [22] and the impact of insecticides on insect pests of
quinoa, as well as their side effects on the arthropod community [23], were analyzed in
Chile and Peru.

3. Quinoa Seed Quality and Post-Harvest Activities

Hussain et al. [24] summarized recent findings regarding the nutritional and phyto-
chemical properties of quinoa grains. A spectroscopy analysis of different quinoa cultivars
grown under greenhouse conditions was conducted by Garcia-Parra et al. [25] to evaluate
the structural characterization and antioxidant capacity of quinoa.

The profiles of bioactive compounds in seeds of two quinoa varieties, Regalona-Baer
and Titicaca, grown in Northern Italy, compared to that of seeds of those varieties grown
in Chile and Denmark, were respectively assessed in order to establish the best condi-
tions (genotype/geographical cultivation zone) leading to seed enrichment in functional
compounds [26].

The pearling of quinoa seeds, nutrients, and saponin contents was evaluated to deter-
mine a correct standard for postharvest seed processing [27]; the description of a project
aimed at the development of a potential quinoa value chain in order to improve food and
nutritional security in rural communities in Rehamna, Morocco, was also reported [28].

Author Contributions: Writing—original draft preparation, C.P,; writing—review and editing, C.P.
and D.B. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Quinoa (Chenopodium quinoa Willd.) is one of the most popular emerging food crops in the
Andean region. It is tolerant to environmental stresses and characterized by interesting nutritional
traits. Thus, it has the potential to contribute to food and nutrition security in marginal environments.
In this study, we conducted a systematic review integrated with a bibliometric analysis of cropping
practices of quinoa under field conditions. The analysis is based on published data from the literature
relating to the period 2000-2020. A total of 33 publications were identified, revealing that scientific
research on the agronomic practices and performances of quinoa under field conditions is still limited.
Africa, Asia, and Europe were the leading research production sites in this field and together provided
over 81% of the total scientific production. There were no papers from the Australian continent. The
number of papers screened dealing with tillage and weed control management was very limited. The
keyword co-occurrence network analyses revealed that the main topics addressed in the scientific
literature related to the effect of “variety” and “deficit irrigation”, followed by “water quality”,
“fertilization”, and “sowing date” on seed yield. Results from this study will permit us to identify
knowledge gaps and limited collaboration among authors and institutions from different countries.
Salinity, sowing density, and sowing date were the agronomic interventions affecting productive
response the most.

Keywords: quinoa; systematic review; bibliometric analysis; concept network analysis; agro-
nomic practices

1. Introduction

In recent years, quinoa (Chenopodium quinoa Willd.) cultivation has expanded to several
countries beyond its area of origin due to increasing interest, market development, research,
and promotion [1]. Thanks to its high-quality protein content, quinoa is considered a
promising candidate for enhancing high-quality plant protein food production in the
world [2]. It is recognized as a crop of great value in terms of tolerance to abiotic stresses
and it is one of the most nutritious food crops currently known [3]. However, there are still
many issues, including a lack of knowledge of best management practices, which need to
be addressed in order to introduce quinoa crop in marginal areas [4].

Till the early 1900s, the cultivation of quinoa remained limited to its countries of origin.
In the following century, quinoa arrived in Africa, Asia, Europe, and North America [1].
Until 1999, few studies were published in peer-review journals concerning agronomic
practices in the open field. Risi and Galewey [5] evaluated the effect of sowing density and
sowing date on different genotypes of quinoa grown in the UK. Jacobsen et al. [6] analyzed
the effects of varying the nitrogen fertilization rate, seed rate, row spacing, harvesting
method, and harvest date on quinoa in Denmark. In 1998, Vacher [7] analyzed the effect of
drought on quinoa in Bolivia. Besides these few examples, most of the studies carried out
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before the new millennium on quinoa were reported in the so-called gray literature; many
of the experimental trials were conducted in the countries of origin, but not available in
international databases.

Despite the importance of quinoa in marginal areas, its adaptability to unfavorable
environments, high protein content, and the interesting nutritional properties of the seed,
few studies have been conducted on its yield responses to different strategies of agronomic
management under field conditions; this represents a gap in research in this field.

Therefore, there is a need for a systematic review integrated with a bibliometric
analysis to answer the question: what is the research gap in agronomic management and
performance of quinoa under field conditions?

A systematic review (SR) is defined as a review of the evidence on a formulated
question that uses systematic and explicit methods to identify, select, and critically appraise
relevant primary research; it is used to extract and analyze data from the studies included
in the review [8]. Bibliometric or research impact is the quantitative method of analyzing
citations and content for academic journals, books, and researchers. The quantitative
impact of a given publication is appraised by measuring the number of times a certain
work is cited by other resources [9].

This study aims to apply a systematic review integrated with a bibliometric analysis to
evaluate the research trend of the last twenty years (2000-2020) on the subject of cropping
practices of quinoa production under field conditions.

2. Results
2.1. Screening Process

In total 520 sources of literature were identified within academic databases (after the
removal of 252 duplicates or non-journal papers), of which 33 were selected and analyzed
(Table 1), to provide 513 observations. The screening process is described in Figure 1.

2.2. Evolution Articles over the Years

Figure 2 shows the annual scientific production dealing with the agronomic practices
and performances of quinoa under field conditions in the world. The research on the effect
of agronomic practices on quinoa under field conditions is considered relatively young
and started less than twenty years ago. In fact, the first paper in this research area was
published in 2003. The number of published research papers has fluctuated over the last
two decades, reaching a peak of eight during 2019. This leads us to infer that this rise in
the number of articles over the years represents an increasing interest in this research area.

2.3. Geographical Distribution of Articles

Our screening process reveals that accessible published research on the agronomic
practices and performances of quinoa under field conditions in the world, with high
reporting standard suitable for this systematic review, is concentrated in Europe (13 articles,
39%), followed by Africa (8 articles, 24%), and Asia (6 articles, 18%) (Table 2, Figure 3).
These three continents together represent more than 80% of the research papers published
in the past two decades. Such research is lacking in the Australian continent, a large part of
which is arid.
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!

Meta-data extraction of 33
articles

1

!

!

Studies excluded (Removed
duplicates, non-journal papers and
papers in languages other than En.)

(n=252)

317 articles excluded after screening
of title

105 articles excluded after screening
of abstract

65 articles excluded after full-text
screening

Figure 1. Selection of studies for inclusion in the systematic review (n—the number of studies).
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Figure 3. Number of published research articles worldwide.

In the following text, numbers in brackets indicate the number of research articles
published in the categories described. Greece and Morocco (1 = 5) were the most frequently
studied countries, followed by Turkey (n = 4) (Figure 3).
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The most commonly studied climatic zones were Csa (n = 13) with a hot-summer
Mediterranean climate (Table 3).

Table 3. Number of observations included in the meta-dataset as per the Képpen—Geiger climate zone.

. . Koppen-Geiger . No. of No. of
Main Climate Groups Climate Zone Name of the Climate Zone Articles Observations
Tropical Climates Aw Aw: tropical wet-dry climate 2 49
BSh BSh: hot semi-arid climate 6 54
Drv Climates BSk BSk: cold semi-arid climate 3 58
Y BWh BWh: hot desert climate 4 54
BWk BWk: cold desert climate 1 12
Cfa Cfa: humid subtropical 1 3
Cfb Cfb: maritime 3 32
Temperate Climates Csa Csa: interior Mediterranean 13 232
Csb Csb: coastal Mediterranean 2 30
Csc Csc: cold-summer Mediterranean climate 1 8
2.4. Management and Duration of Trials
Seven main groups of agronomic management were identified during the screening:
deficit irrigation (1 = 10), salinity (n = 6), fertilization (n = 3), sowing density (n = 2), sowing
date (n = 5), weed control (n = 1), and multiple interventions (n = 10). The number of
articles and observations reporting investigations of each group of treatments is shown in
Figures 3 and 4, and Table 3.
O] .
01O

United States

Atlantic Ocean

Ma
Indian Ocean

Agronomic management \
Peru 1 _~ Brazil

¢ Deficit imigation .

Fetiliser

Muitiple interventions Madagascar

@ sainity
. Saiki @ Atlantic Ocean o
Sowing densiy -
9 - : ) @'vqu;v Afri
@ Weed control e
I (©) argencine _ -

Figure 4. World map showing the number of observations per country. The writing and color in each Doughnut chart
represent the total number of observations for each study area and interventions (deficit irrigation, salinity, fertilizer, sowing
date, sowing density, weed control, and multiple interventions), respectively.

In the continent of Europe we found all types of agronomic management, with salinity,
sowing date, and multiple interventions (e.g., tillage and fertilization) being the most
frequently studied treatments (3, 3, and 5 articles, respectively), while in North America,
only deficit irrigation was found (2 articles) (Figure 5).
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Number of studies

—

Africa

Europe

North America

Study continent

0 I ‘II I II I ||l|| | I I

South America

Agronomic
management

® Deficit irrigation

M Fertilizer

m Multilpe Interventions
MW Salinity

W Sowing date

M Sowing density

m'Weed control

Figure 5. The number of studies undertaken across continents. The numbers are separated by the agronomic management

group investigated in each study. Studies may be present in more than one agronomic management category.

A major proportion of the studies were carried out in temperate zones (59% of the
total observations), of which 35% were deficit irrigation and 37% multiple interventions
(e.g., tillage/fertilization; deficit irrigation/salinity). Salinity treatment represented 50% of
the total observations in the arid zones, while 100% of the total observations in the tropical
zones were represented by multiple interventions (e.g., deficit irrigation and fertilization)

(Table 4).

Table 4. Summary of agronomic managements factors used in the systematic review.

h?f;:;:r?el:\t Articles Obs. Countries  Tropical Obs.  Arid Obs. Tenglaaesr.ate (tﬁzlfll)
Overall 33 513 16 49 160 304 2.00+1.35
Sowing Date 5 48 5 0 14 34 2.94 +1.63
Sowing Density 2 12 2 0 4 8 281 +£1.15
Salinity 6 86 5 0 80 6 2324143
Deficit Irrigation 10 145 7 0 40 105 197 £ 1.57
Fertilization 3 30 3 0 10 20 140+ 1.12
Weed Control 1 18 1 0 0 18 1.69 +0.22
Multiple Interventions 10 174 6 49 12 113 1.67 £ 0.89

Obs.: Observations.

A large number of studies were carried out over one year (21) and less commonly over
two years (12), with only one study carried out over three years (Figure 6). The longest
studies occurred in Europe (three years) with tillage and fertilization treatments in the
Agrinio area, Greece (Table 1).

13
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AFFILIATIONS

AGRON AND VET MED HASSAN Il INST (MOROCCQ)

INST AGR AND FOREST MEDITERRANEAN SYST ISAFOM (ITALY)
INST ENVIRONM AND RECH AGR INERA (BURKINA FASO)

AGROTECNIO CTR RES AGROTECHNOL (SPAIN)

25

[ = [N)
o w o

Number of studies

w

1 Year 2 Years 3 Years

Study duration
Figure 6. Duration of trials included in the systematic review.

2.5. Most Productive Institutions and Analysis of Source Publications

Figure 7 shows the top twenty most productive institutions. According to the bib-
liometric analysis, the most productive institutions were the University of Copenhagen,
Denmark with eight articles, followed by the Agricultural University of Athens, Greece;
Cukurova University, Turkey; University of Agriculture Faisalabad, Pakistan; and the
University of Concepcion, Chile, who produced three articles each.

ARTICLES
4 5 6 7 8 9

=]
=
o8]
8]

UNIV COPENHAGEN (DENMARK)
AGR UNIV ATHENS (GREECE)
CUKUROWA UNIV (TURKEY)

UNIV AGR FAISALABAD (PAKISTAN])
UNIV CONCEPCION (CHILE)

ALATA HORT RES INST (TURKEY)
FAC AGRON (MOROCCO)

PONTIFICIA UNIV CATOLICA (CHILE)
SHIRAZ UNIV (IRAN)

UNIV BUENOS AIRES (RGENTINA)
UNIV FLORENCE (ITALY)

UNIV IOANNINA (GREECE)

UNIV LA SERENA (CHILE)
WASHINGTON STATE UNIV (USA)

BRIGHAM YOUNG UNIV (USA)
CLEMSON UNIV (USA)

Figure 7. The top 20 most productive institutions in terms of publications.

Figure 8 shows the collaboration network among the leading institutions. The network
was drawn from the institution X institution adjacency matrix counting the co-authored
publications. In the open-source R package bibliometrix [43], we considered only the first
20 institutions, with a threshold of at least one co-authored publications. The institutions
were classified into six clusters, with the first cluster formed by the University of Florence,
Italy, and Institut de I’"Environnement et de Recherches Agricoles, Burkina Fasso, who
are closely connected to each other. A similar situation was observed in respect of two
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univ florence

inst environm and rech agr inera

institutions from Turkey, the Alata Horticultural Research Institute and Cukurova Uni-
versity. The third cluster represented a strong connection between two US universities,
Washington State University and Brigham Young University, with the National Research
Centre in Egypt as well as Durham University in the UK. Another cluster was represented
by the University of Copenhagen, Denmark, which is closely connected to the Hassan II
Institute of Agronomy and Veterinary Medicine, Morocco, and weakly connected to the
Pakistan universities. The fifth cluster is represented by the different Greek universities
connected to the Pontifical Catholic University of Chile. Finally, the Agrotecnio Centre for
Research in Agrotechnology and the University of Barcelona in Spain were connected with
the International Center for Biosaline Agriculture in the UAE.

This analysis is useful for identifying potential partners and cooperative organizations
and opening up prospects for research cooperation in this field.

natl res ctr
alata hort res inst

brigham yeung univ cukurova univ

univ durham

agr univ athens

washington state univ

Juniv copenhagen

pontificia univ catolica chile

univ agr faisalabad ghazi univ

agron and vet med hassan ii inst

univ barcelona
int ctr biosaline agr icba

agrotecnio cir res agrotechnol

Figure 8. Institution collaboration network. The total number of papers related to each institution proportionally sizing the

corresponding label. The thicker the line, the closer the connection between the two institutions.

The bibliometric analysis showed that between 2000 and 2020, the 33 papers included
in the systematic review were published in 20 journals. Figure 9 shows the top 10 journals
that published articles related to the agronomic practices and performances of quinoa
under field conditions. According to the analysis, the journals mostly selected by authors
were the Journal of Agronomy and Crop Science followed by Irrigation and Drainage.
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JOURNAL OF AGRONOMY AND CROP SCIENCE
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COMMUNICATIONS IN SOIL SCIENCE AND PLANT ANALYSIS
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AGRICULTURAL WATER MANAGEMENT
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IRRIGATION AND DRAINAGE
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CROP & PASTURE SCIENCE
CROP SCIENCE

Figure 9. Top 10 journals that published articles related to the agronomic practices and performances of quinoa under field

conditions.

2.6. Concept Network Analysis
2.6.1. Terms Analysis

A concept network analysis was performed to extract the terms most used in the
title and abstract fields of the publications selected for final review in this research. Our
bibliometric analysis revealed the presence of 1206 terms used in the 33 articles. The
minimum number of occurrences of a term used in VOSviewer software [44] was set to 6.
Accordingly, of the 1206 terms, 17 met the threshold. Figure 10 shows the concept network
map for the titles of the 33 articles included in the systematic review and the corresponding
abstracts. The 17 terms are classified into three different clusters, in which these terms
are based on the same topics (co-occurrence). The higher the number of co-occurrences of
two terms, the closer will they be located on the map. The mapped data revealed that the
quinoa research fields are related to the effect of the agronomic management (water quality,
deficit irrigation, fertilization, sowing date), variety, and soil on seed yield of quinoa. The
terms with the highest occurrences are seed yield, variety, deficit irrigation, full irrigation,
and fertilization, with a number of occurrences of 23, 19, 25, 20, and 18, respectively.

location

gy W

sowing date
weed

Seweld fresrsall%n#?:vater
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organj@matter deficit ation
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Figure 10. Concept network map for the titles of the 33 articles included in the systematic review and the corresponding
abstracts. Map produced by VOSviewer.
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2.6.2. Authors Keywords Analysis

Figure 11a shows the author’s keywords map. This analysis was performed by
VOSviewer. The minimum number of occurrences of a keyword was set to two. Con-
sequently, of the 110 identified keywords, 17 met the threshold. This analysis identified
four clusters: quinoa (modeling), seed yield, crop (Chenopodium quinoa) and abiotic stress

(Figure 11a).

Figure 11b shows the thematic evolution of the author’s keywords based on the
average times they appeared in our collection of articles. We find that the keywords related
to water use efficiency, harvest index, and drought stress appeared early while those related

to deficit irrigation, abiotic stress, and growth analysis appeared later.
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Figure 11. Authors keywords maps. (a) Network visualization of authors keywords co-occurrence. (b) Thematic evolution
of authors keywords in the field of research on the agronomic practices and performances of quinoa under field conditions
2000-2020. Map produced by VOSviewer.
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2.7. Overall Yield Across Factors of Variation

Figure 12 shows that the variation of yield due to environment, agronomic manage-
ment, and soil factors was quite large. Yield response varied across the ten climatic zones
with the lowest value of 0 t ha~! obtained in the tropical climates zone (Aw) and the
highest value of 7.80 t ha~! observed in the cold desert climate zone (BWK). It can be seen
from Figure 12a that the highest seeds yield was recorded in the arid climate zone and
the lowest in the tropical climate zone. The humid subtropical zone (Cfa) was the most
homogeneous class, followed by the Aw zone. The hot desert climate zone (BWh) and the
coastal Mediterranean zone (Csb) were the least homogeneous classes. The yield values for
zones Aw, BSk, and Cfa were clearly behind those of BWh, BWk, and Csb.
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Figure 12. Box plots of patterns of yield (t ha~!) for all articles (1 = 33) across: (a) different groups of climatic zones, Aw:
tropical wet-dry climate; BSh: hot semi-arid climate; BSk: cold semi-arid climate; BWh: hot desert climate; BWk: cold
desert climate; Cfa: humid subtropical; Cfb: maritime; Csa: interior Mediterranean; Csb: coastal Mediterranean; and
Csc: cold-summer Mediterranean climate, (b) different groups of agronomic management, A: deficit irrigation; AB: deficit
irrigation and salinity; AD: deficit irrigation and fertilizer; B: salinity; C: tillage; CD: tillage and fertilizer; D: fertilizer; E:
sowing density; EF: sowing density and sowing date; F: sowing date; and G: weed control, (c) different groups of soil
texture, C: coarse soil; M: medium soil; F: fine soil, and (d) different groups of the continent. Box edges represent the upper
and lower quantile with the median value shown in the middle of the box. The small circles on the box plot relate to outliers.

Table 4 and Figure 12b show the yield variation between different agronomic man-
agements. The highest value of 6.35 t ha~! was obtained in the salinity and sowing date
treatment. Salinity, sowing density, and sowing date treatments were the agronomic
interventions most influential to productive response; fertilization and multiple interven-
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tions were less impactful, with average yield values ranging from 1.40 and 1.67 t ha™ !,
respectively.

The variation of yield between soil texture showed that medium soil (M) and fine soil
(F) were the most productive, with average yield values ranging from 2.36 to 1.83 tha™!,
respectively. The highest value of 7.80 t ha~! was obtained in the coarse soil (C), with fine
soil (F) being the most homogeneous class (Figure 12c).

Studies conducted in South America and Asia showed the highest yields, ranging
from 0.55 to 7.80 t ha~!, and 0.01 to 6.35 t ha~!, respectively (Figure 12d). In contrast, the
yield values of the North American continent were clearly behind other continents. The
European continent was the most homogeneous class, with yield values ranging from 0.52
t03.93 tha~!.

3. Discussion

The systematic review integrated with bibliometric analysis allows the identification
of a research gap in the cropping practices of quinoa production under field conditions,
highlighting the necessity to develop research and to establish global research networks in
order to include different scientists worldwide, especially from arid regions.

The analysis of co-occurrence terms and the author’s keywords identified the main
topics of actual research. Over the last 20 years, of the top 17 terms in the 1206 used
in 33 articles, five (seed yield, variety, deficit irrigation, full irrigation, and fertilization)
registered the highest co-occurrence frequency, indicating that from 2000 to 2020, research
was primarily focused on these topics. The high occurrence of the terms seed yield and
deficit irrigation in the titles and abstracts of the analyzed papers may indicate the focus
of most of the papers on the effects of deficit irrigation on seed yield. According to
Radhakrishnan et al. [45], the keyword co-occurrence network analyses can be performed
quickly to explore a wide range of literature and can provide a knowledge map and insights
before conducting a rigorous conventional systematic review. In the early stages of research
on the cropping practices of quinoa production under field conditions, the studies focused
on topics related to water use efficiency, harvest index, and drought stress. Later on, the
focus was on more recent topics related to deficit irrigation and abiotic stress. In the last
twenty years, drought signals in the field have been confirmed by a large number of field
studies [46]. The major agricultural use of water is for irrigation, which is thus affected by
decreased supply. In recent years, significant effort was made to increase the efficiency of
water use through the use of deficit irrigation strategies [47].

The bibliographic analysis of the selected studies highlighted the beginning of the
study of best agronomic practices for quinoa production in 2003, probably due to the
impact of specific research projects conducted from 1990 to 2000 [48]. The number of
studies strongly increased after 2013, when the FAO celebrated the International Year
of Quinoa; this activity of disseminating the importance of quinoa as a crop resistant to
unfavorable environments and a high-quality protein source focused world attention on
it [49].

The highlighting of the resistance of quinoa to abiotic stresses and its adaptability to
different environments led to an increase in studies, especially in countries characterized
by a hot, arid climate and water scarcity (Morocco, Egypt, Burkina Faso, and the UAE)
and countries at risk of water and salt stress due to climate change (Italy, Greece, Turkey,
Pakistan, and the US). Many of the studies in these countries were related to the evaluation
of the effect of deficit irrigation and the use of saline water on quinoa. Much importance
has also been bestowed on the study of the best time and sowing density, which represent
the main agronomic practices for the introduction of a crop in a new environment.

The analyzed papers showed that quinoa is able to guarantee seed yields in line with
those of the countries of origin even in different climatic conditions and different soils
texture; in fact, even if quinoa prefers well-drained soils and warm beds [50], it has been
shown to adapt well and guarantee high yields even in clayey and less-drained soils.
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The geographical distribution of the studies confirmed that quinoa adapts to different
pedo-climatic regions.

The papers analyzed have also shown that agronomic practices such as sowing date
and sowing density are very important parameters that affect seed yield; the evaluation of
the best sowing date is fundamental in the case of quinoa introduction in new environments.

Studies on the effect of irrigation management, such as deficit irrigation or use of saline
water, have confirmed that these are sustainable practices conducive to the optimization
of production by reducing the use of water resources; moreover, quinoa can be grown in
marginal environments [51] characterized by scarcity and poor-quality of water.

The total number of papers found in peer-reviewed journals appears still limited
compared to the potential of quinoa to adapt to different environments and the great
genetic diversity that distinguishes this crop. Today, it is estimated that there are over
6000 varieties cultivated by farmers [52], each of these accessions with distinctive genetic
characteristics requiring specific study.

4. Materials and Methods
4.1. Literature Research

A systematic review (SR) was conducted across two bibliographic databases (ISI
Web of Science™ and Scopus™), to identify studies related to the agronomic practices of
quinoa (Chenopodium quinoa) production in the World. The studies were published between
2000 and 2020 in peer-reviewed journals written in English. The searches of academic
databases were performed on 5 October 2020. In bibliographic databases the following
search strings were used to search “topic words” combined with Boolean operators: ((field
OR cultivar* OR genotyp* OR crop* OR farm* OR cultivat* OR accessions) AND (yield
OR grain OR product* OR seed*) AND (quinoa or (Chenopodium and quinoa))). The
wildcards * represent any number of characters.

4.2. Inclusion and Exclusion Criteria

We used a highly robust and rational systematic review methodology to synthesize
the evidence from a wide range of sources. In this study, we constrained the SR by defining
boundaries to include: (I) studies conducted only under field conditions, but not under
glasshouse conditions and pots; and (II) studies that focused on crop productivity, omitting
forestry, fisheries, livestock, and other non-food crop agricultural sectors. Following the
SR convention, the search terms were based on the four PICO components (population,
intervention, comparator, and outcome) (Table 5). A list of references included in the SR
meta-database is provided in Table 1.

Table 5. Defining the PICO terms for the research “question” used in this study.

PICO Description
Agriculture: food crops under field conditions
Population
World: study included all the countries in all the continents
Intervention Management included sowing date, sowing density, fertilizer, tillage, salinity, deficit irrigation,
and weed control
Comparator Impacts and/or benefits
Outcomes Yield, yield gap, potential yield, farmer yield, and attainable yield

4.3. Screening

Following the removal of duplicates, in order to extract yield information data from
accepted papers were entered into Endnote (online bibliographic management software)
(version basic; Clarivate Analytics, https://access.clarivate.com/#/login?app=endnote);
all the references were retrieved and screened for relevance using the following inclusion
criteria: every selected study was screened through three stages: title, abstract, and full text.
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At each level, records containing or likely to contain relevant information were identified
and taken to the next stage.

4.4. Coding and Data Extraction

Meta-data (descriptive categorical information regarding citations, study setting,
design, and methods) were extracted from included studies following full-text assessment.

The investigated treatments (agronomic management) were recorded for each study
as categorical variables where possible; in this case, a complete disjunctive coding of
our variables (treatments investigated) was carried out. This means that variables are
dichotomous, assuming the value “1” should the keyword be associated with the paper, and
“0” if not. This coding was done according to methods described by Cuccurullo et al. [53].

Data for different years or experimental conditions (i.e., cultivars or other experimental
factors) within each publication were treated as independent observations. Data were
obtained directly from tables and if data were provided in graphical form, means were
extracted using WebPlotDigitizer [54].

4.5. Bibliometric Analysis and Concept Network Analysis

The meta-data from SR was analyzed for the year of publication, the journal, and the
frequency of terms and keywords used by authors. This analysis was carried out with the
aid of a software package of comprehensive science mapping analysis, bibliometrix [43] in
R studio software [55]. The package is available through the Comprehensive R Archive
Network (CRAN, https:/ /cran.r-project.org). We used the VOSviewer software developed
by scientometricians [44] (http:/ /www.vosviewer.com) for concept network mapping to
generate keywords and term maps.

5. Conclusions

This study analyzed the scientific production in the last 20 years on the adoption
of agronomic practices for the cultivation of quinoa under field conditions. The results
showed that since 2003 there has been a fair amount of scientific production; however, only
after 2013, the International Year of Quinoa celebrated by FAO, was there a significant
increase in the number of papers.

In many cases, the results of previous experiments mostly carried out in South America
have been published in journals and/or volumes not indexed.

The analysis revealed a greater interest in studying the date and density of sowing,
and irrigation (deficit irrigation and with saline waters) as sustainable practices to ensure
good yields in different environments. The studies analyzed have emphasized that the
best agronomic practices can guarantee good production of quinoa even in marginal
environments or those characterized by abiotic stress (drought and salinity). Studies have
shown that quinoa can also be grown on fine, less-drained soils.

Data reported in the screened paper need to be analyzed more deeply; a useful ap-
proach to this could be a meta-analysis using the relative yield as an effect-size estimator.
The meta-analysis would allow investigation of the interaction between different continen-
tal regions, environmental and agronomic management, and the effect of these factors on
yield response.

Scientific production still appears limited and no publications relating to experiments
were found for the Australian continent, which is characterized by large arid areas and
marginal environments.

Several agronomic practices should be explored such as weed control (only one article
has been detected), use of wastewater, soil processing, etc.

This systematic review can be used by researchers to identify deficiencies and best
practices in research methodology, fostering collaboration, especially between arid country
researchers, increase the field research, and exploit research results at the maximum extent. It
would make a significant contribution to the expansion of quinoa in different environments.
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W N e

Abstract: Sustainable field crop management has been considered to reach the food security issue
due to global warming and water scarcity. The effect of deficit irrigation and nitrogen rates on quinoa
yield is a challenging issue in those areas. In this regard, the interaction effects of different N rates
(0, 125, 250, and 375 kg N ha~!) and irrigation regimes [full irrigation (FI) and deficit irrigation at
0.75 F1 and 0.5 FI] on quinoa yield and water and nitrogen efficiencies were evaluated with a two-year
field experiment. Increasing nitrogen fertilizer application levels from 250 to 375 kg N ha~! under
FI and deficit irrigation did not cause a significant difference in seed yield and the total dry matter
of quinoa. Furthermore, 20% and 34% reductions were observed for nitrogen use efficiency (NUE)
and nitrogen yield efficiency with the application of 375 kg N ha~! compared with that obtained in
250 kg N ha~! nitrogen fertilizer, respectively. Therefore, a Nitrogen application rate of 250 kg ha~!
and applying 0.75 FI is suggested as the optimum rate to reach the highest seed water use efficiency
(0.7 kg m~3) and NUE (0.28 kg m~3) to gain 4.12 Mg ha~! quinoa seed yield. Under non-limited
water resource conditions, an FI and N application rate of 375 kg ha~! could be used for higher seed
yield; however, under water-deficit regimes, an N application rate of 250 kg ha~! could be adequate.
However, questions about which environmental factors impressively restricted the quinoa growth for
optimizing the potential yield need further investigation.

Keywords: Chenopodium quinoa Willd.; deficit irrigation; nitrogen fertilizer rate; water use efficiency;
nitrogen uptake; residual soil NO3-N

1. Introduction

Recent studies revealed that crop production must be increased by around 25-70% to
meet the worldwide food demands in 2050 [1,2] due to rapid population growth. Therefore,
it is expected to use sustainable field management [3] and use resilient crops to increase
crop products and reach the food security mission; whereas environmental changes [4]
such as global climate change [5] and scarce water availability have put negative pressure
on agricultural production [6-8].

Quinoa crop (Chenopodium quinoa Willd.) is an alternative option for farmers due to its
adaptability to various agroecosystems [6,9,10], which has been considered widely in the
last decades [7,9-11]. The adaptation of quinoa to some environmental changes such as
drought or water stress [12,13], salinity [14-16], and frost [17] has made it favorable amongst
scientists for securing food production [18-21]. A systematic review showed that the mean
value of quinoa seed yield amongst the Asian countries (Iran, Israel, Pakistan, Turkey,
United Arab Emirates) was about 2.55 Mg ha~! (in the range of 0.01-6.35 Mg ha~!) while
it was about 2.65 Mg ha~! in South America (ranging from 0.55 to 7.8 Mg ha™1). Africa,
Europe, and North America (with the lowest mean seed yield, 0.65 Mg ha~!), respectively,
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were placed after them [16]. Quinoa seed is rich in proteins, fats, fiber, minerals, vitamins,
and essential amino acids [22-24], which extensively enhanced quinoa’s popularity.

Deficit irrigation has been introduced as a proper irrigation regime to increase water
use efficiency in quinoa production [14,25], which has been an acceptable strategy, especially
in arid and semi-arid areas that suffer from water scarcity [9,26]. Therefore, it could be a
valuable option to reach the optimum quinoa seed yield in areas with water scarcity [27-30].
In this regard, findings by Geerts et al. [25] based on some field experiments in Bolivia
and crop modeling, indicated that a deficit in irrigation to 55% of full irrigation had no
significant effect on dry matter, while it enhanced seed yield and water use efficiency [25].
Nevertheless, another study in Bolivia reported the flowering and seed filling stages as
the most sensitive stages to the water stress conditions [31]. It is correlated with exposure
to high temperatures at this stage that have cumulative effects [6,32,33]. Therefore, deficit
irrigation and high temperatures at the flowering and seed filling stages play an important
role in quinoa seed yield.

Furthermore, nitrogen plays a vital role in increasing crop productivity as it increases
crop yield for the unit of applied water [34,35] and seed quality [32,33]. Geren [33] in-
vestigated the effects of different N rates (0, 50, 75, 100, 125, 150, and 175 kg N ha=1) on
quinoa seed yield and its components, which indicated a positive increase in seed yield by
increasing N rates. This investigation indicated that for the Mediterranean conditions, a rate
of 150 kg N ha~! was appropriate to earn a 2.95 Mg ha~! seed yield with a 16% protein con-
centration. However, Oelke et al. [36] suggested the possibility of a 4.5 Mg ha~! seed yield
in Colorado by increasing the N rate to 170 and 200 kg N ha~! [36]. Likewise, Kaul et al.
reported a 94% rise in quinoa seed yield by increasing the N rate to 120 kg N ha~! [37].

Despite the influence of the increasing N rate on quinoa seed yield and its components
in different soil types [38], the interaction effects between the N rates and other field
practices such as irrigation could be important in different climate conditions [39,40].
Limited research on nitrogen fertilizer and irrigation water management is available in
European humid weather conditions [38] or arid weather conditions in quinoa native
regions [32]. For example, the results of Alandia et al. [35] showed that N might confer
a certain degree of drought tolerance to quinoa as seed quality and yield of N-fertilized
plants were not affected by drought stress. Their results under controlled conditions serve
as a basis to elucidate drought tolerance mechanisms activated with N fertilization.

Soil organic matter content is lower in soil with high temperatures in arid and semi-
arid weather conditions. Moreover, microbial activity is affected by soil water content [41].
Therefore, the nitrogen fertilizer application rate in arid climates is higher than those in
humid climates. However, documented research on quinoa nitrogen fertilizer management
in arid and semi-arid weather conditions in non-native regions (out of the Andes area) is not
well documented. The complex cycle of nitrogen in the environment under different soil
and weather conditions associated with nitrogen degradation and assimilation mechanism
is an essential aspect of nitrogen fertilizer application [42]. Quinoa cultivation is becoming
popular in non-native arid and semi-arid regions; however, there is still a gap in its yield
response to different field management practices, especially in these climate conditions.
Moreover, the rate of the optimum nitrogen fertilizer is still unknown under field conditions
in non-native quinoa cultivation areas with water scarcity. Therefore, investigating the
effect of different irrigation regimes and different nitrogen rates on quinoa yield, irrigation
water use efficiency, and N use efficiency was the objective of this study.

2. Results
2.1. Water Use

Figure 1 illustrates the irrigation depth in three irrigation regimes along with reference
evapotranspiration, mm, during the two growing seasons. Irrigation depths before apply-
ing irrigation regimes treatments were 326 mm and 256 mm with a 6-day interval in the first
and second year, respectively. Irrigation treatments were initiated at the vegetative with
bud formation stage. The highest value of irrigation depth belonged to full irrigation in

26



Plants 2022, 11, 2048

both years (850 mm and 714 mm in the first and second years, respectively). Data showed
that irrigation depths in 0.75 FI were 719 mm and 600 mm in both years, with a similar
reduction of 15% and 15.7% compared to full irrigation. Likely, in 0.5 FI, irrigation depths
were 588 mm and 485 mm, which decreased by 30% and 31.5% in the first and second years,
respectively, compared to full irrigation (Figure 1).
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Figure 1. Irrigation depth, ET,, and rainfall during the quinoa growing season; (a) first year; (b) sec-
ond year. DAP: days after planting.

There was no significant interaction between the effect of irrigation regimes and
nitrogen application rate on the soil water contents before irrigation, according to the
analysis of variance (p < 0.05). Furthermore, there was no significant difference in soil
water contents between 0.75 FI and 0.5 FI, while they decreased by 8.2% compared to FI
(Table 1). Furthermore, the mean soil water content in the control N treatment (0 kg N ha1)
was statistically higher than that in the 250 kg N ha~!. Nitrogen application at the rate of
250 kg N ha~! noticeably decreased soil water contents before irrigation events by 4.5%
compared to non-fertilized treatment due to higher crop growth and higher water uptake.
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Table 1. Seasonal mean soil water content, seasonal evapotranspiration, evaporation, transpiration,
seed, and total dry matter water use efficiencies (SWUE, DWUE) for two nitrogen application rates
and irrigation regimes averaged in two growing seasons.

Nitrogen Application Rate

Parameters Irrigation Treatment (kg Nha™1)

0 250
S FI 23.8a* 22.5 ab
Mool st gz
gation, % 0.5 FI 212b 20.8b
1 L FI 802.50 a 782.1a
Seasonal evapotranspiration, 0.75 FI 676.5b 655.9 b
mm 0.5 FI 542.2 ¢ 528.0 ¢
FI 3774b 479.3 a
Seasonal transpiration, mm 0.75 F1 295.7 ¢ 396.2b
0.5FI 236.2 ¢ 363.8b
FI 425.1a 302.8b
Seasonal evaporation, mm 0.75 FI 380.9 a 259.7b
0.5FI 306.0b 164.2 ¢
FI 043¢ 0.61b
SWUE, kg m—3 0.75 FI 042c 0.70 a
0.5 FI 0.29d 0.77 a
FI 1.04 ¢ 1.48b
DWUE, kg m—3 0.75 FI 1.08 ¢ 1.54Db
0.5FI 0.93d 1.80a

* Means followed by the same letter in each trait are not significantly different at a 5% level of probability.

2.2. Seasonal Evapotranspiration

Actual crop evapotranspiration was estimated using water balance and averaged in
two growing seasons, which is presented in Table 1. Overall, in the first year, reference
potential evapotranspiration was higher than that in the second year due to higher temper-
ature during the growing season (Figure 2); however, the difference was not statistically
significant according to the analysis of variance (p < 0.05). The results indicated a significant
difference amongst the irrigation strategies, in which FI had the highest ET (802.5 mm)
followed by 0.5 FI with the lowest ET (528.0 mm) (Table 1). In non-fertilized treatment, ET
decreased by 15% and 32% in 0.75 FI and 0.5 FI, respectively, compared to FI. Likewise, there
was a reduction of 19% and 48% of ET in 0.75 FI and 0.5 FI in 250 kg N ha~!, respectively,
compared to FI. Furthermore, nitrogen application did not show a significant impact on ET
in both full and deficit irrigation regimes (Table 1).

2.3. Seasonal Evaporation and Transpiration

The mean value of soil surface seasonal evaporation over two growing seasons (Table 1)
indicated that there was a significant difference in evaporation between the two nitrogen
treatments (0 and 250 kg N ha~!) at all irrigation regimes. The nitrogen application rate
of 250 kg N ha~! remarkably decreased soil evaporation by 4.5%, on average, compared
to non-fertilized treatment. Therefore, nitrogen application statistically reduced the soil
evaporation during the growing season due to higher crop canopy development and
higher coverage of the soil surface so that about 53-56.4% and 32-39% of ET was related to
evaporation in non-fertilized and fertilized treatments, respectively. On the other hand, the
evaporation did not significantly differ between FI and 0.75 FI (Table 1) in two nitrogen
application rates, though both were different from the 0.5 FI. On average, deficit irrigation
regimes decreased evaporation by 12% and 35% in 0.75 FI and 0.5 FI, respectively, compared
to FI (Table 1). The two-year average of seasonal crop transpiration over the growing
seasons is presented in Table 1. The highest value (479.3 mm) of crop transpiration was
observed in the FI and 250 kg N ha~!, which was significantly higher than the other

28



Plants 2022, 11, 2048

Daily temperature, °C

45

35

25

15

Daily temperature, °C

treatments. The application of 250 kg N ha~! enhanced crop transpiration by 27, 34, and 54%
compared to non-fertilized treatment in FI, 0.75, and 0.5 FI treatment, respectively (Table 1).
Therefore, nitrogen application increased crop transpiration due to improving crop canopy
growth, especially in treatments with water stress conditions. Additionally, deficit irrigation
regimes as 0.75 FI and 0.5 FI remarkably decreased seasonal crop transpiration compared
to FI, though they were not statistically different (Table 1). Generally, quinoa transpiration
dropped by 19% and 30% in 0.75 FI and 0.5 FI, respectively, in comparison with that

obtained in FI (Table 1).
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Figure 2. Daily maximum and minimum air temperature (Tmax, Tmin), relative humidity (RHavg),

and rainfall during both growing periods. (a) 2017; (b) 2018.
2.4. Yield and Yield Components

There was a significant interaction between the effect of irrigation regimes and nitro-
gen application rate on quinoa seed yield, total dry matter, and harvest index (p < 0.05).

Therefore, the interactive effects are presented in Table 2.
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Table 2. Seed yield (Mg ha=1), the two-year mean of total dry matter (Mg ha~1), harvest index
and estimated seed yield in the first year’, hypothetically discarding the pest and unfavorable air
temperature (Mg ha~1), total N uptake, (kg N ha~1), and residual soil NO5-N, (kg N ha~1) in different
N application rates and irrigation regimes.

Irrigation Nitrogen Application Rate (kg N ha—1)
Parameters Treatment 0 125 250 375
FI 077cde*  084bc  0.89ab 096 a
. -1

Seed Y‘e;gfll;’lg ha 0.75 FI 055gh  0.68ef  085bc  0.8bcd
(2017) 0.5 FI 047 h 054h  073def  0.64fg

FI 296gf  391bed 427D 471a

. -1

Seed Y‘e;gflg’lg ha 0.75 FI 263g  34ldef  412bc  376cd
(2018) 0.5 FI 139h 263g  358de  3.17ef

Total dev matter FI 637bc  7.43abc 8.86 a 9.03a
M }ym,l ' 0.75 FI 579 ¢ 6.81 be 7.87ab  7.40abc

& 0.5 FI 423d 6.31bc 7.19 be 6.91 be

FI 0.40 be 0.45a 042 ab 045a

Harvest index 0.75 FI 0.40 bc 0.44 ab 045a 0.44 ab
0.5 FI 031d 0.37 c 0.43 ab 0.40 be

Estimated seed yield FI 2.10gh 2.83 cd 3.13b 344 a
in the first year (2017), 0.75 FI 1.98h 2.51 ef 3.08 bc 2.68 de
Mg ha~1 0.5 FI 1221 201h  259def  235fg
Total N untake FI 9656de  129.61c  159.15b  186.49a
o N hg,l g 0.75 FI 8353e¢  117.85c  147.68b  14857b
J 0.5 FI 5049f  9890d  130.82c  12971c
. . FI 49.98h 9259f  13561d 15559 c
ReSIdl‘(‘all\slcﬁfjoyN’ 0.75 FI 81.01g  9681f  12705d  150.56c¢
& 0.5 FI 11194e  11722e  20296b  21626a

* Means followed by the same letter in each trait are not significantly different at the 5% level of probability.

2.4.1. Seed Yield

Quinoa seed yield was significantly different between the two years (2017-2018)
according to the analysis of variance (p < 0.05); therefore, the measured data were separately
presented and discussed (Table 2). In the first year, seed yield dramatically decreased by
80% compared to that obtained in the second year. The highest seed yield was 0.96 Mg ha~!
in the first year, which was 80% lower than that obtained in the second year. This dramatic
decrease in the first year occurred due to facing air temperatures higher than 35 °C in the
flowering stage (Figure 2).

In the first year, the effects of different irrigation regimes and nitrogen rates on quinoa
seed yield were significant (Table 2). Nitrogen application increased seed yield in FI, and
the highest value was obtained in 375 kg N ha~! while there was no significant difference in
seed yield between 375 kg N ha~! and 250 kg N ha~! in the first year with pest damage and
unfavorable air temperature. However, in the second year with favorable air temperature,
the highest yield with a significant increase was obtained in 375 kg N ha~! and FI regime.
In the deficit irrigations, on the other hand, the highest value of seed yield was achieved
at 250 kg N ha~!, and adding more N declined the quinoa seed yield (Table 2). Deficit
irrigation as 0.75 FI and 0.5 FI reduced seed yield by 15% and 30%, respectively, compared to
FI. In comparison with FI, applying the 0.5 FI regime decreased quinoa seed yield by 38.9%,
35.7%, 17.9%, and 33% in the nitrogen application rates at 0, 125, 250, and 375 kg N ha~!,
respectively. Even though seed yield was much higher in the second year than that in the
first year, the same trend in the results was obtained in the second year, which indicated
the significant effect of different N application rates and irrigation strategies on quinoa
seed yield (Table 2). Despite the first year, the interaction effect of N application rate and
irrigation regimes was significant in the second year (p < 0.05). In FI, the highest seed yield
was obtained in 375 kg N ha~! (4.71 Mg ha™!), followed by 250 kg N ha~! (4.27 Mg ha™1!),
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whereas the maximum seed yield was obtained in 250 kg N ha~! in 0.75 FI and 0.5 FI as
4.12 Mg ha~! and 3.58 Mg ha~!, respectively. Although various irrigation regimes showed
a significant difference in seed yield, N application rates of 250 and 375 kg N ha~! did show
any significant difference in seed yield. The application of 125 kg N ha~! enhanced quinoa
seed yield by 42.5% compared to non-fertilized treatment, whereas applying 375 kg N ha~!
increased seed yield by 69%. A reduction of 53% and 16% in seed yield was observed in
0.5 FI with 0 kg N ha~! and 250 kg N ha~! application rates compared to 375 kg N ha~!,
respectively. Likely, 0.5 FI with 125 kg N ha~! and 375 kg N ha~! decreased seed yield
by 32.7% compared to FI (Table 2). Generally, increasing N fertilizer to 250 kg N ha~!
noticeably enhanced the quinoa seed yield; therefore, statistically, it could be the proper
rate of N application in rising seed yield for deficit irrigation regimes. However, under
non-limited water resource conditions, an FI and N application rate of 375 kg ha~! could
be used for higher seed yield.

2.4.2. Total Dry Matter

Quinoa total dry matter (TDM) was not significantly different in the two years
(p <0.05). Therefore, the mean values of TDM over two years are presented in Table 2.
The interaction effect between N application rates and irrigation regimes was significant
(p <0.05). The highest value of TDM was obtained in FI at the rate of 375 kg N ha~!
(9.03 Mg ha—'), while in deficit irrigation regimes, 250 kg N ha~! had the highest TDM
values (Table 2). However, there was no significant difference between 250 kg N ha—! and
375 kg N ha~! in TDM in FI for all irrigation regimes. When the N application rate exceeded
250 kg N ha~!, it caused a rise of 40.5% in TDM compared to non-fertilized treatment. In
deficit irrigations (0.75 FI and 0.5 FI), TDM matter did not show a significant difference
when the N rate exceeded 125 kg N ha~!. However, considering the seed yield increase,
the N rate higher than 250 kg N ha~! did not show a significant effect on seed production.
Furthermore, a linear relationship between quinoa TDM and total transpiration during the
growing season, indicated that increasing transpiration directly increased total dry matter
(TDM = 0.0188 T, R? = 0.92, p <0.001, SE = 0.45, n = 18). This relationship can be used for
comparing quinoa transpiration efficiency with other cereals.

2.4.3. Harvest Index

A reduction of 80% in quinoa seed yield occurred in the first year as compared with
the second year. This was due to high air temperature in the flowering stage and pests
damage in the first year compared to the second year. Therefore, the harvest index was
determined only for the second year (Table 2). The results indicated that the interaction
effect between N application rate and irrigation regimes was significant, as well as the main
effects (p < 0.05). The harvest index varied between 0.31 and 0.45 for quinoa in the second
year. Although 0.75 FI in all fertilized treatments did not show a significant difference in
harvest index with those in FI, harvest index significantly decreased in 0.5 FI and N rates
by 25.5%, 17.8%, and 11% in non-fertilized, 125 kg N ha~!, and 375 kg N ha~1, respectively,
compared to FI. However, the harvest index in 0.5 FI and 250 kg N ha~! were statistically
the same as that in FI (Table 2). Overall, the N application effectively increased harvest
index in comparison with that obtained in non-fertilized treatment, especially in 0.5 FI. In
0.75 FI, N application of 250 kg N ha~! and 375 kg N ha~! raised harvest index by 12.5%
and 10%, respectively, compared to non-fertilized treatment. Likewise, 0.5 FI increased
the harvest index by 19.4%, 38.7, and 29% in N application rates of 125, 250, and 375,
respectively. Taking the second-year harvest index into account, quinoa seed yield for the
first year was estimated by multiplying HI and first-year dry matter (Table 2). Therefore,
seed yield was estimated by omitting pest and heat damage to seed yield in the first year.
According to this result, the highest seed yield (3.44 Mg ha~!) was obtained in FI with
375 kg N ha~! and the lowest value (1.22 Mg ha~1) in 0.5 FI with non-fertilized treatment
(Table 2).
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2.5. Total Nitrogen Uptake

The total N uptake is estimated by seed N uptake plus straw N uptake (Table 2). The
analysis of variance showed that the interaction effects between irrigation regimes and
N application rates on total N uptake were significant (p < 0.05). Generally, a high-water
deficit (0.5 FI) resulted in a high reduction in total N uptake (Table 2). In FI, increasing
the N rate from 250 to 375 kg N ha~! significantly raised total N uptake by 17%, whereas
this increase was not significant in 0.75 FI and 0.5 FI. In non-fertilized treatment, irrigation
application of 0.75 FI and 0.5 FI dropped total N uptake by 13.5% and 48% compared to FL
Likewise, in 375 kg N ha~!, the application of 0.75 FI and 0.5 FI decreased total N uptake
compared to FI by 20.3% and 30.5%, respectively. Furthermore, increasing N application
rates significantly increased total N uptake (Table 2). For example, the application of
125 kg N ha~! compared to non-fertilized treatment significantly enhanced total N uptake
by 34%, 41%, and 95.9% in FI, 0.75 FI, and 0.5 FI, respectively. Therefore, the highest value of
total N uptake was obtained in 375 kg N ha~! and FI, while the lowest value was obtained
in non-fertilized treatment and 0.5 FI.

2.6. Residual Soil NO3-N

The residual soil NO3-N in three different depths, including, 0-30 cm, 30-60 cm, and
60-90 cm, was measured before sowing and after harvest in both years, and the total
residual NO3-N, in the soil profile is presented in Table 2. The results indicated that
the interaction effect of irrigation regimes and N application rates on soil NO3-N was
statistically significant (p < 0.05). In non-fertilized conditions, an irrigation regime of 0.75 FI
noticeably enhanced the residual soil NO3-N by 62% compared to FI, while, in fertilized
treatments, there was no significant difference between 0.75 FI and FI in residual soil
NOs-N (Table 2). By contrast, 0.5 FI significantly increased residual soil NO3-N in all N
rates compared to FI and 0.75 FL. In this study, the highest residual soil NO3-N was obtained
in 0.5 FI and 375 kg N ha~! when the FI and non-fertilized treatment had the lowest value
(Table 2). Furthermore, measured residual soil NOs-N at different soil depths after harvest
averaged in both years is presented in Figure 2. This figure illustrates the variation of soil
NO;3-N in all treatments after harvest compared to that before planting. In FI, residual soil
NOs-N in all N application rates at the topsoil layer (0-30 cm) decreased at the end of the
growing season (Figure 3). Although, it increased at deep layers (60-90 cm), especially at
higher N rates (250 kg N ha~! and 375 kg N ha~!) due to N leaching to the lower soil layers.
Application of 0.75 FI led to NO3-N accumulation at upper soil layers compared to that in
FI. A dramatic increase was observed at the 30-60 cm soil layer by applying 375 kg N ha~!.
When the irrigation water decreased to a lower level as 0.5 FI, NO3-N accumulation in
the middle of the soil profile (30-60 cm) increased, which remarkably exceeded the initial
soil NO3-N at topsoil (0-30 cm) and 60-90 cm in two application N rates of 250 kg N ha~!
and 375 kg N ha~1. Therefore, a higher reduction in irrigation water led to a much higher
increase in residual soil NO3-N, almost the same as increasing N application rate effects on
residual soil NO3-N.

2.7. The Relationship between Total N Uptake and Transpiration

Due to the influential role of seasonal transpiration (T) in N uptake (TNU), the rela-
tionship between these parameters was obtained for two application N rates of 0 kg N ha~!
and 250 kg N ha~! as follows:

TNU = 0.195 T for 0 N ha~! nitrogen rate )
R?=0.76,p <0.001,SE=0.35,n=9

TNU =0.16 T + 41.4 for 250 N ha~! nitrogen rate @
R?=0.75,p <0.001,SE =0.40,n =9

where TNU and T are total nitrogen uptake (kg ha~!) and seasonal transpiration (mm),
respectively. It is indicated that passive absorption of N in the plant is regulated by
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transpiration. Therefore, transpiration is an effective force in N uptake in two N application
rates of 0 kg N ha~! and 250 kg N ha~!. However, the slope of T in the regression is higher
in the N application rate of 0 kg N ha~!. According to Equation (2), at an N application
rate of 250 kg ha~! about 41.4 kg N ha~! [intercept of Equation (2)] is absorbed by active
absorption from the root zone. It is indicated that at high N application rates, both N
absorption mechanism is effective [Equation (2)].
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Figure 3. Mean residual soil NO3-N at different soil depths after harvest over two years.

2.8. The Relationship between Soil Total Available N and Yield

Due to the influential role of soil total available N in producing crop yield and N
uptake, the relationships between these parameters were obtained (Figure 3). Soil total
available N (STAN) included soil N, applied N by fertilizer, and N applied by irrigation
water. Soil N was considered to be residual N at planting plus the N mineralization that was
determined considering 3% of the soil organic N mineralized to inorganic N [43].The rela-
tionship between seed yield and soil total available N indicated that in all irrigation regimes,
seed yield increased gradually by increasing the soil total available N and reached a maxi-
mum value at a specific value of soil total available N, after which it dropped (Figure 4a).
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A similar trend was found for the total dry matter and crop N uptake (Figure 4b,c). The
maximum value of the soil total available N was different in various irrigation regimes.
Therefore, the maximum values to reach the highest seed yield were obtained by numerical
differentiation of the equation for each irrigation regime. These values are 822, 639, and
634 kg N ha~! in FI, 0.75 FI, and 0.5 FI, respectively. By subtracting applied N by irrigation
water, mineralized N, and soil N before planting, the optimum amount of N fertilizer
was individually estimated for different irrigation strategies. In FI, 0.75 FI, and 0.5 FI, the
maximum N fertilizer rate in the study area is estimated as 467, 287, and 285 kg N ha=1,
respectively. Overall, seed yield, total dry matter, and N uptake decreased when applied
water dropped from full irrigation to 0.5 FI. Considering the total available soil N and
irrigation water depth, a relationship was found to predict quinoa seed yield as follows:

SY =—-1.758 x 107> N2 — 1.143 x 107° I? + 23.22 x 1073 N + 0.0192 T — 10.96 3)
R?=0.88,p <0.001,SE=0.22,n=9

where SY, N, and I are the seed yield (Mg ha™1), soil total available N (kg ha—1), and
irrigation water depth (mm), respectively. This relationship could be used in modeling
to predict seed yield based on soil total available N and applied water. Further, contour
(iso-quant) plots were developed in (Figure 5) to show the combined effect of soil total
available N and irrigation water depth on seed yield for practical use by farm managers.
The quadratic equation implied that the optimum N application rate would be different in
various irrigation regimes to reach the maximum seed yield.

2.9. Water Use Efficiency

The analysis of variance showed a significant effect of the interaction between
irrigation regimes and the N application rates on the seed water use efficiency (SWUE)
(p < 0.05). Table 1 presents the comparison between means of SWUE for two N applica-
tion rates at different irrigation regimes. Crop evapotranspiration was calculated from
Equation (4) to determine WUE. As the soil water content was measured by neutron
probe tubes located at two N application rates (0 and 250 Kg N ha~!), WUE is presented
for these two treatments. Generally, the N application significantly raised SWUE and
DWUE. Adding 250 kg N ha~! noticeably increased SWUE by 42%, 67%, and 165.5% in
FI, 0.75 FI, and 0.5 FI, respectively. There was a significant difference between FI and
deficit irrigation regimes in SWUE when the 250 kg N ha~! rate was applied, whereas
no significant difference was observed between 0.75 FI and 0.5 FI. By contrast, non-
fertilized treatment and 0.5 FI significantly decreased SWUE by 31% compared to 0.75 FI
(Table 1). Furthermore, total dry matter water use efficiency (DWUE) was determined at
different irrigation regimes and two N application rates (Table 1). The highest DWUE
of 1.8 kg m~3 was obtained in 0.5 FI with the application of 250 kg N ha~!, whereas it
was 19% higher than those obtained in FI and 0.75 FI. In non-fertilized treatment, DWUE
decreased by 12% in 0.5 FI compared to those obtained in FI and 0.75 FI. Accordingly,
increasing the N application rate to 250 kg N ha~! enhanced DWUE by 42%, 43%, and
94% in FI, 0.75 FI, and 0.5 FI, respectively. Generally, deficit irrigation could not increase
SWUE and DWUE in non-fertilized treatment.
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Figure 4. The relationship between soil total available N and quinoa seed yield, dry matter, and crop
N uptake.
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2.10. Nitrogen Efficiencies

The results of the estimated nitrogen use efficiency (NUE) and nitrogen yield efficiency
(NYE) at different irrigation regimes and N application rates in the second year are pre-
sented in Table 3. There is no significant interaction between the effect of irrigation regimes
and nitrogen application rate on nitrogen use efficiencies (p < 0.05). However, the main
effects of the irrigation regimes and nitrogen rates had a significant effect on both NUE
and NYE (p < 0.05). In general, the increasing N application rate decreased NUE though
there was no significant difference between 125 kg N ha~! and 250 kg N ha~!. Increasing
the N application rate from 125 kg N ha~! and 250 kg N ha~! to 375 kg N ha~! noticeably
decreased NUE by 29% and 21%, respectively (Table 3). Reducing water application to
half (0.50 FI) significantly increased NUE, whereas 0.5 FI increased NUE by 19% and 29%
compared to FI and 0.75 FI, respectively. Same as the NUE, the increasing N rate decreased
NYE with no significant difference between 125 kg N ha~! and 250 kg N ha~!. The ni-
trogen application rate of 375 kg N ha~! dropped NYE by 44.3% and 34% compared to
125 kg N ha~! and 250 kg N ha~!, respectively (Table 3). In addition, no significant differ-
ence was found between 0.75 FI and FI in NYE, while the application of 0.5 FI increased
NYE by 54% compared to FI. Table 3 presented the mean physiological N efficiency (NPE)
at different irrigation regimes and N application rates. Analysis of variance showed that
the effect of irrigation regimes was the only significant factor in NPE (p < 0.05). Compared
to FI, deficit irrigation of 0.75 FI significantly increased NPE by 26.7%, whereas 0.5 FI raised
NPE by 17%, which was not statistically different from FI.
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Table 3. Nitrogen use efficiency (NUE) and nitrogen yield efficiency (NYE) and physiological N
efficiency (NPE) at different irrigation regimes and N application rates in the second year.

NUE, kg m—3 NYE, kg kg1 NPE, kg kg1
Irrigation treatment

FI 0.26Db * 594 b 26.98 b

0.75 FI 0.24b 512b 3419a

0.5 FI 0.31a 7.87 a 31.55 ab

Nitrogen rate (kg N ha=')

125 0.31a 790 a 29.77 a

250 0.28 a 6.64 a 34.08 a

375 022D 440b 28.87 a

* Means followed by the same letter in each trait are not significantly different at the 5% level of probability.

3. Discussion
3.1. Quinoa Yield Is Affected by N Application Rate and Irrigation Regimes

Comparing the results of quinoa seed yield in two growing seasons, apart from the
irrigation and N application rates, showed an unexpected drop in seed yield (0.96 Mg ha~?)
in the first year. However, TDM was not different in the two growing seasons. Therefore,
the results from these experiments could be generalized for field management decisions in
arid and semi-arid weather conditions. The dramatic decrease in the first year occurred
due to the late planting dates in the first year and air temperatures higher than 35 °C in
the flowering stage (Figure 2). The value of 35 °C for air temperature is considered the
threshold value for quinoa in Algeria, Lebanon, Yemen, and Iraq during the flowering
stage [6,44—47]. This could be due to the strong dependence of pollen moisture on-air vapor
pressure deficit [48]. Therefore, a slight temperature increase higher than 35 °C would
greatly reduce seed yield [49]. The increasing N application rate remarkably raised seed
yield, and the highest seed yield in the second year was 4.7 Mg ha~! in 375 kg N ha~! with
FI (Table 2), which is inconsistent with findings by Shams [50], and Kakabouki et al. [2]
who reported the rise of quinoa seed yield with increasing N application rate to 120, 200,
and 360 kg N ha~!. Additionally, in the weather conditions of Turkey, the highest seed
yield, ranged between 4.1 Mg ha~! and 8.7 Mg ha~! [39], whereas it was 3.3 Mg ha~! in
the south of Morocco [51]. Deficit irrigation (0.5 FI) significantly reduced quinoa seed yield,
while there was no significant difference between FI and 0.75 FI. Therefore, an irrigation
regime of 0.75 Fl is suggested in the case of scarce water. Similar findings were reported by
Yazar et al. [52]. According to our findings, in water scarcity conditions, 0.75 an FI and N
application rate of 250 kg N ha~! is recommended.

Considering the total dry matter, increasing the N application rate higher than 125 kg N ha
did not show a significant increase in the dry matter; however, the highest value of DM
(9.03 Mg ha~!) was obtained in 375 kg N ha~! (Table 2). Similarly, Kakabouki et al. [2]
reported no significant difference in the dry matter between two N application rates of
200 kg N ha~! and 345 kg N ha~!. In the Mediterranean conditions, the highest average
DM was reported as 8.5 kg ha~! [51]. The linear relationship between quinoa TDM and total
transpiration during the growing season indicated that increasing transpiration directly
increased total dry matter (TDM = 0.0188 T). The comparison between the slope of the linear
relationship between quinoa total dry matter and seasonal transpiration with that reported
by Azizian and Sepaskhah [53] for maize as a C4 crop (0.028 Mg ha~!) and Bahari-Sadi
for saffron as a C3 crop (0.010 Mg ha~!) indicated that maize could produce higher TDM
in given seasonal transpiration as compared with quinoa as a C3 crop. However, quinoa
can produce higher TDM in given seasonal transpiration as compared with saffron in
similar weather conditions. In general, based on our findings, it is recommended to use
375 kg N ha~! for reaching the optimum quinoa yield in full irrigation (no water scarcity)
with an average of 24% soil water content before irrigation, and 250 kg N ha~! is required
for 0.75 FI and 0.5 FI (scare water conditions) with an average of 21.0 and 20.8% soil water
content before irrigation, respectively.
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3.2. Water and N Efficiencies as Influenced by N Application Rate

In the current study, the highest water use efficiency obtained in 0.5 FI with 250 kg N ha~*
was 0.77 kg m~3, which was lower than 1.2 kg m~2 obtained in Italy [54]. Increasing N
rates resulted in higher water use efficiency; however, the inverse impact of exceeding the
N application rate from 250 kg N ha~! was observed (Table 1). Similarly, increasing the N
application rate reduced all the N efficiencies (NUE, NYE, and NPE), which is in agreement
with the findings of Kakabouki et al. [2] for quinoa and Mehrabi and Sepaskhah [55] for
winter wheat. Therefore, N application at a rate of 250 kg N ha~! could be suggested as
the optimum rate, reaching the highest water use efficiency and N use efficiencies in the
study region. Although an increase was found in the water and N use efficiencies in the
application of 0.5 FI with 250 kg N ha~!, it is not recommended to produce quinoa crops
because it might not be economic, as it remarkably decreases seed yield.

3.3. Nitrogen Uptake Mechanism and N Application Rate

Nutrient ion’s movement from the soil solution to the vascular center of the root cell
membrane may be passive or active. Passive absorption is the movement across a mem-
brane from higher to lower concentrations. A similar gradient leads to crop transpiration.
Active absorption requires metabolical energy. As with the uptake of other nutrients, N up-
take activities are both strongly regulated by a high plant N status [56]. A different nitrogen
uptake mechanism is discussed by [57-59] in the physiological and molecular mechanism.
According to our findings, passive absorption is an effective force in N uptake in two N
application rates of 0 kg N ha~! and 250 kg N ha~!. However, at high N application rates,
both passive and active N absorption mechanism is effective.

4. Materials and Methods
4.1. Experimental Site and Design

The experimental research was conducted in the Experimental Research Station of
the Agricultural College, Shiraz University, Shiraz, Iran, during two growing seasons
(2017 and 2018). The station is located at 29°56' N, 52°02' E and is 1810 m above sea
level, with a semi-arid climate. Maximum and minimum temperatures (Tmax, Tmin),
average relative humidity, and rainfall during both growing seasons are presented in
Figure 6. Tmax and Tpyi, during the first growing season were, on average, 32.4 °C and
12 °C, respectively. In contrast, the mean daily Tiax and Tpyin during the second growing
season were 27 °C and 7 °C, respectively. The rainfall depths during the two growing
seasons were 29 and 64 mm, respectively.

The experimental design was a factorial arrangement with randomized complete
blocks in three replications. The treatments consisted of four nitrogen application rates
of 0, 125, 250, and 375 kg N ha—! (N1, N2, N3, and N4, respectively) and three levels
of irrigation water regimes. The irrigation regimes included full irrigation (FI), 75%
of full irrigation (0.75 FI), and 50% of full irrigation (0.5 FI). Therefore, 36 plots were
constructed with the dimensions of 2 m x 2 m and placed at a distance of 1.5 m from
each other (Figure 6a). The physical and chemical properties of soil adapted from Yarami
and Sepaskhah (2015) are presented in Table 4 [60].
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Figure 6. Experimental plot design at planting date (a), quinoa at seed filling stage (b) and the
micro-lysimeter (c) for soil water evaporation measurement.

Table 4. Soil and water properties.

. . . Soil Depth (cm) Irrigation Water
Physical and Chemical Properties
0-30 30-60 60-90
Field capacity (cm cm~3) 0.32 0.32 0.32
Permanent wilting point (cm cm™3) 0.17 0.19 0.19
Bulk density (g cm™3) 14 1.47 1.51
Sand% 11 10 16
Silt% 56 51 50
Clay% 33 39 34
Texture SCL * SCL SCL
EC (dSm™1) 0.74 0.51 0.49 0.58
Cl~ (meqL71) 5.31 3.05 2.90 0.50
Na* (meq L™1) 3.29 1.97 191 0.48
Ca?* (meq L 1) 543 4.16 4.07 1.80
Mg?* (meq L) 3.50 2.88 2.84 2.0

* Silty clay loam.

After a deep plowing (30 cm) during the land preparation, triple superphosphate
(CaH,POy, including 46% P,0s) at a rate of 30 kg ha~! was mixed with the soil surface layer.
The quinoa seeds (Titicaca cultivar, developed by University of Copenhagen, Denmark)
were planted in 6 rows with 0.33 m spacing. The seeds were placed in 0.01-0.02 m depth
with a 0.15 m distance on the row. The sowing dates were 6 April and 3 March in the first
and second growing seasons, respectively, with the average air temperature of 10 to 12 °C.
Two weeks after germination, the crops were hand-thinned to obtain a uniform density of
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20 plants per plot. Physical weed control was also conducted every two weeks during the
growing seasons. Nitrogen as urea (46% N) was added to the soil surface at the vegetative
and seed filling stages (Figure 6b), which were 60, and 80 days after sowing, respectively.

4.2. Irrigation Requirement

The irrigation water depth was determined using the daily potential evapotranspi-
ration and crop coefficient for quinoa. The potential evapotranspiration was estimated
using the modified FAO-Penman—-Monteith method [61]. The crop coefficients at initial,
mid-season, and late season growth stages for quinoa were also determined by Talebnejad
and Sepaskhah as 0.58, 1.2, and 0.8, respectively [14]. Therefore, irrigation depth as crop
evapotranspiration (ET.) was determined by multiplying crop coefficient and potential
evapotranspiration during the irrigation intervals. The irrigation treatments were initi-
ated at the vegetative with bud formation stage with a 7-day interval as surface basin
irrigation. The total irrigation water depths were 850 and 714 mm for the two growing
seasons, respectively.

4.3. Crop Actual Evapotranspiration

Crop actual evapotranspiration (ET) during each growing season is estimated by
following the soil water balance equation considering negligible deep percolation:

ET =14+P+AS @)

where I and P are the irrigation and precipitation depth (cm), respectively. AS implies soil
water variations (cm) in each interval.

The soil water content was measured by a neutron probe three times during the
growing season at four soil depths (0-30 cm, 30-60 cm, 60-90 cm, and 90-120 cm) for
two nitration application rates (0 and 250 kg N ha~!). Soil evaporation was measured
using micro-lysimeters [55], which were installed in the plots with different irrigation
regimes and two N treatments (N1 and N3) with three replications. Micro-lysimeters were
made of a small cylinder with 10 cm diameter and 30 cm height filled up with the same
field soil (Figure 6¢). The micro-lysimeters were weighted between irrigation intervals.
Then, decreasing in micro-lysimeter weight was divided per the micro-lysimeter area to
determine the evaporation from the soil surface.

4.4. Field Measurements

Characterizing the plants in the fields needs to be managed with attention considering
the last international consensus on quinoa phenotyping methodologies [62]. Ten to fourteen
days after the last irrigation event, four rows in the middle of each plot were harvested
[134 and 122 days after planting (17 August and 3 July) in the first and second year,
respectively]. The panicles were separated, and the seeds and shoots were oven-dried at
72 °C for about 48-72 h to determine seed yield, shoot dry weight, and total dry matter.
The harvest index was calculated as seed yield divided by the total top dry matter. The seed
and shoot nitrogen concentrations were measured by the Kjeldahl method then nitrogen
uptake was determined by multiplying seed and shoot N concentrations by their relevant
dry weight. Before N application and after harvesting, soil samples were taken from three
depths, 0-30 cm, 30-60 cm, and 60-90 cm, and air-dried to determine the residual soil
nitrate spectrophotometrically.

4.5. Water and Nitrogen Use Efficiencies

Seed water use efficiency (SWUE) and dry matter water use efficiency (DWUE) are
determined as the ratio between seed yield (SY) or total dry matter (TDM) and crop water
use (ET). Furthermore, nitrogen use efficiency as a vital component in obtaining net yield
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with high quality has different descriptions such as nitrogen use efficiency (NUE), nitrogen
yield efficiency (NYE), and physiological N efficiency (NPE) [63] as follows:

~ NU, - NU,
NUE = T2 —RR. ®)
Y, - Y.
YE= ————
N NR; — NR, ©)
Y, - Y
NPE = ————— 7
Nud - NuC ( )

where NU,, Y,, and NR, are the quinoa N uptake, quinoa seed yield, and nitrogen appli-
cation rate, kg ha=1, respectively, in different treatments. While NU,, Y., and NR. are the
quinoa N uptake, seed yield, and nitrogen application rate, kg ha™!, respectively, in the
control treatment (N application rate of 0 kg ha™1).

4.6. Statistical Analysis

Statistical analysis was carried out using software SAS 9.4 software (SAS Institute Inc.,
Carry, NC, USA). The interaction effects between irrigation regimes and N application rates
were evaluated using the analysis of variance (ANOVA), and the year was incorporated
into the model. The means were compared at a 5% level of probability using Duncan’s
multiple range tests.

5. Conclusions

The nitrogen fertilizer application rate in arid and semi-arid areas is higher due
to warmer climates. However, deficit irrigation improves NUE. Therefore, the effect of
different irrigation regimes and nitrogen rates on quinoa yield is a challenging issue in
those areas. Increasing nitrogen fertilizer application levels from 250 to 375 kg N ha~!
under FI and deficit irrigation (0.75 FI and 0.5 FI) did not cause a significant difference in
grain yield and the total dry matter of quinoa. Furthermore, the application of 0.75 FI led to
NOs3-N accumulation in upper soil layers compared to that in FI, which facilitated nitrogen
uptake and reduced nitrate loss to deeper layers of the soil. Therefore, an appropriate
nitrogen application rate of 250 kg N ha~! and deficit irrigation of 0.75 FI is suggested
as the optimum management in the study area, with challenging water scarcity based
on SWUE, NUE, and total nitrogen uptake. However, in the area with ample water
resources, FI with 375 kg, N ha~1 could be recommended based on seed yield and total
nitrogen uptake. These factors should be considered as struggling with the potential quinoa
seed yield and considering fertilizer application environmental impacts. Questions about
which environmental factors impressively restricted the quinoa growth for optimizing the
potential yield need further investigations.
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Abstract: Quinoa is known as a super food due to its extraordinary nutritional qualities and has the
potential to ensure future global food and nutritional security. As a model plant with halophytic
behavior, quinoa has potential to meet the challenges of climate change and salinization due to
its capabilities for survival in harsh climatic conditions. The quinoa crop has received worldwide
attention due to its adoption and production expanded in countries out of the native Andean
region. Quinoa was introduced to Pakistan in 2009 and it is still a new crop in Pakistan. The first
quinoa variety was registered in 2019, then afterward, its cultivation started on a larger scale. Weed
pressure, terminal heat stress, stem lodging, bold grain size, and an unstructured market are the
major challenges in the production and promotion of the crop. The potential of superior features of
quinoa has not been fully explored and utilized. Hence, there is a need to acquire more diverse quinoa
germplasm and to establish a strong breeding program to develop new lines with higher productivity
and improved crop features for the Pakistan market. Mechanized production, processing practices,
and a structured market are needed for further scaling of quinoa production in Pakistan. To achieve
these objectives, there is a dire need to create an enabling environment for quinoa production and
promotion through the involvement of policymakers, research institutions, farmers associations, and
the private sector.

Keywords: Andean regions; abiotic stresses; nutrition profile; value chain; developing countries;
germplasm diversity

1. Introduction

Climate change, water shortage, and increasing salinization including malnourishment
and chronic dietary problems are the major challenges for sustainable agriculture as well
as for food and nutritional security of the burgeoning population. It is the right time to
diversify cropping systems by introducing new crops to achieve sustainable development
goals [1]. Quinoa is an ideal candidate crop which may contribute to environmental and
food sustainability owing to its high adaptability to a wide range of growing conditions [2].
Quinoa is gaining popularity due to its functional and nutritional characteristics [3]. It can
achieve higher productivity and maintain nutritional quality in different environments
where conventional crops cannot perform well. Moreover, quinoa has potential for climate
resistance to different stresses such as salinity, drought, and frostlike conditions [4-6]. It
is an annual, mainly self-pollinated, dicotyledonous, and Cs crop for CO; fixation during
photosynthesis [4].

Quinoa has a high nutritional profile with 10-18% seed proteins [7,8] and 4.1-8.8%
fats [9]. It is ideal for celiac patients because it is gluten free. The whole plant can be used as
feed for both humans and animals. Its leaves are also used as a salad because they have the
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same nutritional value as spinach and mustard [10]. Quinoa grain is rich in all amino-acids,
vitamins (A, E, B2), carbohydrates, minerals (K, Fe, Ca, Mn), and healthy supportive fatty
acids (Omega-3) [9]. Its grains are ground into flour as wheat and used for further purposes
such as bread formation, beer formation, and fermented drinks [11].

Quinoa has been cultivated in more than 120 countries worldwide with major produc-
ers including Peru, Bolivia, Ecuador, USA, Columbia, Chile, and Brazil [12].

The quinoa plant life cycle is divided into vegetative and reproductive stages. Each
phase is dependent on day length and temperature [13] due to which it has wide adaptabil-
ity [9]. Quinoa plants take about 40-89 days for bud appearance, 7-50 days for the anthesis
stage, and 66-135 days for maturity after anthesis [14]. However, the crop reaches maturity
within 109-182 days in Europe [15,16].

In Pakistan, quinoa was introduced for the first time in central Punjab by the Univer-
sity of Agriculture, Faisalabad (UAF), to increase diversity in the cropping system and
environmental sustainability [17,18]. Now it is well adapted and grown in all provinces
of Pakistan.

Over 7 million hectares in Pakistan are affected by soil salinity. Research indicates
that quinoa can be grown on salt affected soils with electrical conductivity (ECe) 10 to
15dS cm ! in South Punjab [19,20]. It can even tolerate salinity and arsenic stress due to less
uptake of toxic ions and higher activities of antioxidant enzymes [21]. Therefore, quinoa
crop has potential for salt affected soils. Despite huge potential and wide adaptability, lack
of awareness about nutritional and health benefits and unstructured markets are major
challenges in upscaling quinoa crop in Pakistan. This review highlights the current trends
in quinoa research, its cultivation and future challenges in quinoa production, and value
chain development in Pakistan.

2. Germplasm Collection and Evaluation

Only a few quinoa varieties have been commercialized out of more than 3000 lan-
draces identified in the Andean countries [22]. Cultivated quinoa has plentiful seed colors
(>10), but the marketable grain is usually white, red, and black. During 2009, quinoa
was introduced successfully in Pakistan based on a collection of 170 accessions from the
USDA, USA, and Denmark [17]. Out of 170 quinoa lines tested, only four accessions were
found to be widely adapted to the local climatic conditions of Pakistan and valuable for
domestic production. Basic farming practices have been developed by optimizing sowing
time; sowing method; and nitrogen, phosphorus, and potassium (75:60:50 kg ha~?) require-
ments under Faisalabad conditions. The preliminary trials have shown that quinoa is also
well acclimatized to the different agro-ecological conditions of Punjab. Yields obtained
(3.2 tonnes/ha) and nutritional profiles investigated in these environments are equivalent
to native regions of quinoa production [16]. Likely, adaptability trials across different parts
of the country including KPK and Sindh are in progress.

The University of Agriculture, Faisalabad, has conducted trials on genetic variability
for a wide range of quinoa types under agro-climatic conditions of Faisalabad, Punjab-
Pakistan, in collaboration with King Abdullah University of Science and Technology, Saudi
Arabia. About 370 accessions have been phenotyped for morphological, phenological, and
yield traits under field and for postharvest management of quinoa seed during the years
2019-2021 [unpublished data].

The UAF-QY7 is the first approved variety of quinoa in Pakistan [23]. The basic produc-
tion practices for this variety have been optimized [17]. The UAF-Q7 variety has a hollow
stem with a tap root system, and its leaf shape resembles the goose foot type. Its plant
height ranges from 110 to 150 cm. The panicle shape is an intermediate type with a green
color at flowering that turns brown at maturity. It matures in 130-140 days and has an
average yield potential of 3.2 t ha~!.
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3. Developments in Quinoa Research

Due to high grain yield, biomass, and nutritional quality, quinoa is regarded as a
dual-purpose crop both for grain production and livestock feed [24]. After seed harvesting,
there is potential for quinoa growers to market straw a forage crop [24-26]. Generally,
genotypes with thick stems, more branches, and moderate plant height producing higher
biomass are ideal for fodder and genotypes with compact inflorescence are ideal for grain
purpose [27]. Presently, some quinoa lines with high nutritional profile, biomass, and
low saponin contents have been evaluated for fodder purposes [unpublished data]. The
assessment of the digestibility and palatability potential of these quinoa lines for ruminants
is in progress.

3.1. Germplasm Diversity

Quinoa is cultivated from sea level to 4000 m with a broad agroecological adaptation
to different types of soils [28]. It is an Andean crop that originated around Lake Titicaca in
Peru and Bolivia, the area with greatest diversity and genetic variation. Currently, quinoa
is grown in countries spanning five continents, including North America, Europe, Asia,
Africa, and Oceania. The center of quinoa diversity is the southern Andean highlands
viz. Bolivia and Peru have huge variability and Bolivia’s gene bank center has more than
5000 accessions [29]. Quinoa varieties are genetically grouped into two main groups:
lowland and highland. Fuentes et al. [30] mapped quinoa’s genetic structure by matching
it with natural geographical edaphic climatic constraints and the social linguistic context of
ancient people inhabiting the Andes region [30].

Huge diversity also exists in the quinoa germplasm based on morphological and phys-
iological adaptability to various climatic conditions [31]. Yield mainly depends upon the
phenological and seed related attributes of a crop and duration between each stage. Under
local conditions of Faisalabad, Pakistan, exotic accessions with medium crop duration and
more plant biomass produced higher grain yield as compared to long duration genotypes.
The number of lateral branches in quinoa plants vary according to the genotypes and
the crop condition. Accessions with more branches and inflorescence express more plant
biomass and yields as compared to accessions with a single panicle per plant [16].

According to Sosa-Zuniga et al. [32], 15 panicle colors and 3 types of panicle shapes
(Glomerulate, intermediate, and amaranthiform) are reported in quinoa at physiological
maturity. The large grain size in quinoa is preferred [3]. Apart from phenological and
grain characteristics, quinoa genotypes also diversified in terms of nutritional quality as
protein contents ranged from 11 to 16% in selected genotypes adapted in Pakistan [33].
Fewer studies have reported on the role of phytates in quinoa as it is known as an anti-
nutritional factor.

3.2. Production Practices

Quinoa can grow in a range of soils from clayey to sandy including marginal soils
with a pH of 4.5-9.5 [13]. For quinoa cultivation in a new environment, sandy loam soils
with good drainage, appreciable organic matter, and nutrients should be preferred. In
Pakistan, quinoa crop has been preliminarily tested on sandy loam and clay loam soils
with a pH range of 7.4-8.8, medium in fertility and low in organic matter contents (0.77%)
under semi-arid regions of Punjab (elevation 184 m above sea level 31.4187° N, 73.0791° E;
elevation 190 m above sea level 31.8950° N, 73.2706° E) [17,34,35] and Sindh (20 m above sea
level) [36]. Quinoa is grown during rabi season as a spring crop in most parts of the country
except for northern areas. The window of plasticity for planting ranges from 15 October
to 15 December and favorable time for its growth and yield potential is during November
under irrigated conditions [17,34,36]. A delay in planting the crop usually prolongs growth,
reduces grain filling, and delays crop maturity with a substantial reduction in seed yield [37]
and response may be genotype specific [38—41].
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The crop sowing requires fine textured, well drained, and levelled seedbed with
optimal moisture for its germination; but it is important to know that quinoa is sensitive to
high moisture due to its small seed [4]. The planting method and geometry are critical in
crop establishment of quinoa because of slow growth rate until the bud formation stage,
otherwise weed-crop competition becomes greater to affect yield. Timely sowing of quinoa
can provide a head start over weeds as crop may obtain good growth during this period.

Experimentally, quinoa has been cultivated on ridges manually or by hand drill on
normal and salt affected soils to sowing depth of 2-3 cm at field capacity level [17,34]. Ridge
cultivation is usually practiced by many growers with plant distance of 15 cm on 75 cm
spaced ridges [17]. Weeds are cumbersome to control; hence optimum plant density is
important to reduce weed competition. Experimentation is in progress by planting quinoa
at 30 cm inter-row distance and a plant distance of 11 cm using the drill method. Seed rate
in quinoa depends on the method of sowing viz. 5-7 kg ha~! for the drill method and
4-5 kg ha~! for ridge cultivation. Nonetheless, high biomass, growth, and yield have also
been reported in quinoa sown on beds with 75 cm width and 15 cm plant distance of a
furrow on both sides for water flow under irrigated conditions [35]. This method has an
advantage of planting quinoa on both sides of the beds compared to ridge planting with
a single row [35]. Though, further studies on resource use efficiency in terms of water,
fertilizer, and radiation including stem breaking under high wind and thunderstorms
are required.

Quinoa is produced in marginal lands of its native regions. Although, the crop is
very fertilized and irrigation input is responsive under irrigated conditions. In Pakistan,
a recommendation for nitrogen (N), phosphorus (P), and potassium (K) (N:P:K) using
75:60:50 kg ha~! for quinoa cultivation is being followed. A full dose of the phosphorus and
potassium and 1/2 dose of nitrogen are applied as basal and the remaining at the flowering
stage [17,34]. Usually, high N application has been reported to delay maturity, increase plant
height, and the crop may be susceptible to lodging [17]. Alandia et al. [42] discovered that
increase in N rate 80-160 kg ha ! resulted in a 10~15% rise in seed yield, while enhancing N
rate up to 240 kg ha~! resulted in negligible seed output. Furthermore, extensive research
concerning nutrition in relation to soil type should be conducted before recommending
farming practices for any specific location. As Pakistan soils are of alkaline nature and low
in organic matter and micronutrients (Z, Fe, Mn, B), these essential micronutrients should
be included in the basic fertility plan to harvest high quality quinoa grains.

Quinoa is a drought-tolerant crop and has a low water requirement, though yield is
significantly affected by irrigation [2]. Between three and four irrigations are required by a
quinoa crop during its growing cycle; however, crop stages critical for its irrigation during
the vegetative and grain formation period remain to define for its successful adaptation
to semi-arid condition of country. Heavy watering throughout the panicle development
phases has been reported to extend crop maturity and increase plant height, suggesting
that the crop might be prone to lodging [Personal observation].

Various narrow and broad leaf weeds occur in quinoa fields and are mainly influenced
by the type of sowing method, planting geometry, and plant density. Quinoa plants resem-
ble its wild relatives C. album and C. murale, during the early growth period. Therefore,
quinoa seedlings must be differentiated for proper identification of weeds and their control.
As there is no chemical weed control yet established due to sensitivity of Chenopodium
to herbicides, weeds are controlled manually. In research trials, weeds are controlled
usually at 2—4 true leaf and bud formation stages to achieve optimum plant density [17,35].
Studies are much needed to establish the critical crop weed competition period in quinoa
and combined application of different pre- and post-emergence herbicide formulations
without detrimental effects on soil and plant foliage including their residual effects on
the environment. Nonetheless, an integrated approach which involves mechanical, cul-
tural, chemical, and biological control is called sustainable weed management in quinoa
organic production.
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3.3. Abiotic Stresses

Abiotic stresses are becoming the most devastating threat that limits agricultural
productivity for most of the crops [43]. One of the possible solutions to cope with
abiotic stresses is the cultivation of stress resistant crops to abridge the food require-
ment [44]. Quinoa is cultivated due to its abiotic stress tolerance behavior [45]. Due
to this potential and unique nutritional profile, FAO termed quinoa as “Future Smart
Food” and advocated for its promotion, especially in salt affected and drought prone
areas [22,44].

Quinoa genotypes well adapted to local conditions had been evaluated for salt toler-
ance, heat, and phytoremediation potential [34,46].

Quinoa has been identified as a facultative halophyte with better salt tolerance [47]
and a high variability in salinity tolerance among quinoa genotypes has been re-
ported [48-50]. Saleem et al. [51] investigated the salt tolerance behavior of various
quinoa lines grown hydroponically at 100 mM NaCl salinity level and found that Q7
and Q9 lines had better chlorophyll content index, free proline, ascorbic acid, and
carotenoids contents but gaseous exchange traits decreased in Q7 plants under saline
environment. In another study, Igbal et al. [34] found an improvement in water relations,
leaf photosynthetic rate, K* contents in leaf, proline, phenolics, morphological and yield
related attributes and ultimately increased grain yield at 10 dS m~!. Quinoa perfor-
mance decreased drastically at 30 dS m~!. Igbal et al. [19] also found that under natural
salt affected conditions (9.8 and 13.9 dS m’l), leaf antioxidants, K*, total phenolics,
and proline contents increased compared to control conditions while 1000-seed weight,
grain protein, Cu*?, Ca*?, and Zn*? contents were not affected [19]. However, seed and
biological yields diminished under high salinity (>13.9 dS m~!) might be ascribed to
poor seedling emergence caused by dispersion effects in sodic soil [52]. Yet, seed yield
reported by Igbal et al. [19] was higher (=1 t ha~!) than world average yield under salt
affected conditions [3]. Abbas et al. [20] reported that quinoa significantly improved
plant biomass, grain number and weight, antioxidants, total chlorophyll, and relative
water contents at 10.5dSm 1.

High temperature is one of the limitations to widespread cultivation of quinoa. Under
the climate change scenario, the high temperature causes drastic effects on plant func-
tions [53]. Rashid et al. [54] reported that quinoa plants under terminal heat stress induced
76 days after sowing produced less chlorophyll contents and decreased gaseous exchange
parameters, seed yield and its nutrients. Contrastingly, plant height, antioxidants, seed
Mg*?, K*, and Na* contents were increased in heated plants as compared to controlled
conditions. In another study, Rashid et al. [55] observed lower gaseous exchange, pani-
cle length, 1000 seed weight, seed yield, seed Ca*?, K*, and chlorophyll content during
anthesis when exposed to terminal heat stress. Control quinoa seeds, on the other hand,
showed more antioxidant enzymes activity [54,55]. Quinoa performance was negatively
affected when it was planted late in Pakistan conditions. At temperatures above 35 °C,
quinoa performance suffers due to phenological changes which promote more vegetative
growth than reproductive growth [3,17]. Quinoa is a cool season crop and sensitive to high
temperature stress for grain production.

Heavy metal toxicity hinders the physiological, biochemical, and morpholog-
ical responses which ultimately limits the yield of crops [56]. On the other hand,
tolerance and plasticity in quinoa against heavy metals have been reported [57-59].
Parvez et al. [21] reported that at 150 uM arsenic (As) stress, seedling biomass, and
chlorophyll contents were decreased while antioxidant enzymes increased. Under lead
(Pb) 100 mg kg ! and 60 mg kg~! cadmium (Cd) stress, quinoa seedling biomass, and
membrane stability index decreased, while tissue Pb, Cd, and antioxidant enzymes
were increased [60].
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Recently, Naeem et al. [61] found a decrease in seedling vigor and membrane stability
index and a concomitant increase in root/shoot growth, SOD, POD and CAT activity
including grain Cd contents at 75 mg kg ! cadmium (Cd) stress. Haseeb et al. [46] found a
decrease in morphological, yield related attributes and final grain yield and an increase in
soluble phenolics, root, stem, leaf, and seed Pb contents at 100 mg kg’l Pb stress. More
importantly, Pb contents in quinoa grain were within the permissible limits (0.3 mg kg !
DW) as per FAO/WHO guidelines [61]. This depicts the phyto-extraction capacity of
quinoa against industrial effluents, mainly heavy metals.

3.4. Phenotyping Approaches

Phenotyping is a foundation of plant breeding and grain yield is the most reliable
phenotypic trait in the breeding programs [62]. Secondary traits also contribute to crop
improvement depending upon genotype by environment interaction under various
environmental conditions [63]. Three main classes of phenotyping are identified in the
literature: handy, high-throughput, and precision phenotyping traits to tackle current
bottlenecks to yield improvement [64]. Many useful phenotypes were established with
the publication of Descriptors for Quinoa and Wild Relatives [64] and the guidelines for dis-
tinctness, uniformity, and stability testing of quinoa under CPVO system [65]. However,
a detailed explanation of the important traits was lacking and needs further investiga-
tion. Regarding precision and high-throughput phenotyping through remote sensing, no
work has been reported on quinoa in Pakistan. Studies for a consensus on phenotyping
methods for 400 quinoa accessions in the field with the international collaboration are
in progress, during which the phenotyping protocols at different phenological stages,
maturity time, harvest and postharvest phases throughout the growing season have
been established.

Quinoa genotypes show different behavior in phenological stages and duration to
complete their lifecycle according to the latitude, altitude, and environmental conditions es-
pecially photoperiod and temperature of a region [65]. Sosa-Zuniga et al. [32] presented the
most recent and comprehensive description of phenological stages of quinoa in accordance
with the BBCH criteria. For reliable and stable phenotyping, defined phenological phases
are critical. Researchers defined eight major phases of quinoa crop development. However,
stage five, inflorescence, is the crucial bordering phase between vegetative and reproductive
growth stages. Additionally, stage six, flowering, is highly associated with yield related
traits. Moreover, sowing and harvest dates are also important to record according to the
local conditions.

The duration of each quinoa stage is highly dependent upon temperature and pho-
toperiod which is different for each quinoa variety [13]. In Pakistani conditions, exotic
quinoa accessions along with UAF-Q7 reached the inflorescence emergence stage within
45-71 days after sowing and completed anthesis at 70-108 days after sowing. The acces-
sions having emergence with UAF-Q7 completed the physiological maturity stage within
101-144 days after sowing (unpublished data; Table 1). In South America, days to flowering
varies from 71 to 101, days to maturity varies from 117 to 157 days after emergence and
seed yield (t/ha) varies from 0.32 to 9.33 [66]. In European region conditions, the total
growth duration of quinoa crop varies from 109 to 182 days. In England, the appearance of
true leaves to the visible floral bud initiation stage varies from 41 to 89 days, the visible
floral bud stage to anthesis stage ranges from 7 to 53 days and maturity is reached from 65
to 135 days after anthesis [67].
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Table 1. Description of phenological stages of quinoa accession under agro-climatic conditions of
Faisalabad-Pakistan during 2020-2021.

Sr# Description of Stage Days after Sowing Image

1 Emergence of Cotyledons 4-5

2 Emergence of true leaves 17-19
3 Visible bud appearance 65-68
4 Anthesis 83-85
5 Physiological maturity 125-126
6 Harvest maturity 153-168
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3.5. Grain Nutritional Profile

Pakistan has the world’s sixth highest population by human index, which has a drastic
impact on the world food program. A decrease in food security and safety has led to a
child stunting rate of 45% in Pakistan, ranking 8th among 132 nations [68]. Such condi-
tions increase the healthcare costs of this lower-middle-income country. Quinoa’s diverse
nutritional profile can offset prevalent nutrient deficiencies related to the lack of nutrient-
dense or biofortified crops. Nasir et al. [33] investigated the nutritional profiles of grains
obtained from Pakistan’s well adapted quinoa genotypes (Q1, Q2, Q7, and Q9). Genotypes
of quinoa were evaluated with special emphasis on functional properties and digestibility
of its proteins. Proteins of all genotypes had good functional properties, i.e., water ab-
sorption capacity (2.81-3.82%), oil absorption capacity (2.72-3.03%), and foaming capacity
(9.09-10.05%). Proteins also exhibited outstanding in vitro digestibility (75.95-78.11%),
protein efficiency ratio (3.5-3.78%), net protein ratio (3.9-4.69%), net protein utilization
(70.75-73.78%), biological value (79.15-81.74%), and true digestibility (87.66-90.57%). Fats
were also studied, and various fatty acids were found including oleic acid (26.28-31.62%),
palmitic acid (11.39-13.25%), «-Linoleic acid (4.45-7.71%), and Linoleic acid (47.73-52.02%).

Igbal et al. [19] estimated the nutritional profile of quinoa grains obtained from crops
grown on fertile and salt affected soils. Highly significant results showed the resilient
nutritional profile of quinoa grains via depicting no change in the quality of grain protein
contents. Astonishingly, seeds harvested from salt-affected soils were rich in potassium,
magnesium, and manganese. Mineral profiles of quinoa grains adapted to Pakistani soils
are given in Tables 2 and 3.

Table 2. Comparative proximate analysis of UAF-Q7 quinoa cultivar based on published re-
ports [7,33,69-71].

% [33] [7] [69] [70] [71]
Ash 2.44 3.80 3.20 3.00 3.70
Protein 13.47 16.50 16.70 15.60 12.50
Fat 5.59 6.30 5.50 7.40 8.50
Fiber 2.71 3.80 10.50 2.90 1.90

Note: [33] values are average of four genotypes.

Table 3. Comparative mineral analysis of quinoa grains based on published reports [7,8,33,72].

Minerals (mg/kg) [33] [8] [7] [72]
Ca 691.00 940.00 1487.00 1020.00
Copper 4.49 37.00 51.00 ND
Iron 64.47 168.00 132.00 105.00
Potassium 8877.98 ND 9267.00 8225.00
Magnesium 2115.70 2700.00 2496.00 ND
Manganese 32.72 ND ND ND
Sodium 48.14 ND ND ND
Phosphorous 4523.55 1400.00 3837.00 1400.00
Sulphur 1549.06 ND ND ND
Zinc 28.67 48.00 44.00 ND

Ref. [33] values are average of four genotypes; ND = Not detected.

Vega-Galvez et al. [73] studied detailed characterization of the nutritional composition
of six quinoa varieties grown in Southern Europe. High contents of potassium, phosphorus,
and magnesium along with low saponin contents were reported in these quinoa varieties.
Nonetheless, further studies are required to explore amino acid profile, antioxidants, and
identification of bioactive compounds such as kaempferol and quercetin.
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3.6. Seed Storage

Quinoa seed quality depends on environmental conditions at the time of harvesting
and storage [74]. Proper handling and safe storage ensure seed quality at the time of
sowing. Temperature, moisture contents, and oxygen are important factors that influence
seed longevity [75] but elevated seed moisture is the most critical factor responsible for
loss of seed quality during storage [76,77]. Poor storage enhances the attack of storage
insect pests, which promotes deterioration, and eventually death of seeds [78]. Due
to inadequate storage, both natural and economic resources are spoiled if poor quality
seeds are sown in the field [79]. So, the quality of seed should be maintained during
production, harvesting and storage to ensure the availability of highly viable seed at the
time of planting.

Quinoa seed is spherical and consists of a peripherally curved embryo surrounded
by a large central perisperm, a two-layered pericarp, and a seed coat. A micropylar
endosperm in the form of a cone surrounds the radicle tip [80]. Quinoa seeds lose
viability more rapidly than cereals because of the porosity in the integument, which
allows a seed to easily gain or lose moisture and may initiate germination in the pani-
cle [74]. Initial quality of seed, temperature, and humidity during storage and rate of
aging process influence seed longevity [81]. This aging process varies among quinoa
accessions [82]. Quinoa seed deteriorates with an inadequate storage environment,
particularly at high relative humidity and temperature [74]. Recently, Kibar et al. [83]
reported loss in viability of quinoa seed packed in traditional bags during storage at
ambient conditions. Conversely, if a seed is dried properly and packed in hermetically
sealed storage bags, the quality of quinoa seed could be maintained as reported in other
cereals [76]. If seed loses its viability under ambient storage conditions, then it would
be very difficult to obtain optimum plant population in the field as quinoa seed is very
sensitive at the seedling development stage. Furthermore, environmental factors such
as high temperature and moisture during production can also influence seed quality
of quinoa.

During storage, seed moisture contents, relative humidity, and storage tempera-
ture are the main factors that determine the viability of quinoa and rate of deteriora-
tion [84,85]. Dry storage of seed for a short-term period preserves its biological value.
For long-term and reliable storage, specific cold storage conditions have been used [86].
Despite that, seeds still deteriorate at a reduced rate in the dry state due to very low
levels of metabolism [87,88]. Decline in seed quality is initially seen as a decrease in
rapidity and synchronicity of germination. An increasing delay to germination is also
accompanied by an increased frequency of abnormal seedlings in quinoa seeds and
eventually demonstrates a loss of viability. Quinoa seed is orthodox and hygroscopic in
nature so it can gain moisture from atmosphere and become susceptible in storage. Seed
moisture determines the total life span of vigorous seed so drying is performed after
harvesting for reducing moisture contents and to increase storage duration. For quinoa,
approximately 10% moisture contents are best for prolonged storage [89]. At 18-20%
moisture content and 70-80% RH, the respiration rate increases, and metabolic reactions
start. Temperature increases the rate of deterioration in the presence of moisture contents
and humidity. High temperature along with high moisture content promotes dormancy
as well as ageing in quinoa.

4. Quinoa Consumption and Product Development

The grain composition of quinoa shows health benefits concerning contents of fatty
acids, minerals, good quality protein, and bioactive compounds. For these reasons, its
consumption is adopted by health-conscious citizens. Quinoa is consumed as a signifi-
cant ingredient in meatballs and salads and is used to prepare cookies as gluten-free
products. Several other products that include quinoa ingredients are multigrain flour
such as Maxgrain product to supplement nutrition for people consuming monotonous
single grain flour especially for diabetic and celiac patients. A recent development
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is the launch of CERELAC with oat and quinoa by Nestle-Pakistan for nourishing
infants and children. Several other local quinoa-based recipes are being branded to
increase quinoa consumption as “Kheer”, milkshakes, fruit salads, chapati, kebabs, and
vegetable salads. Quinoa may be added to bread flour after evaluating the functional
properties and digestibility of protein of available quinoa genotypes [33]. In another
study, Mahmood et al. [90] evaluated the rheological properties of quinoa, buckwheat,
and wheat doughs and sensory properties of cookies made from their flours. They
found good nutritional benefits and high sensory acceptability from composite flour
having 10% quinoa and 10% buckwheat. It is proven that quinoa genotypes grown
in Pakistan have a strong nutritional profile, especially better protein quality [33,90].
Thus, it can be utilized in cereal-based products for achieving higher quality and value
addition. Almost 21 food companies have introduced quinoa products in the country
and most of these companies are also involved in the export of quinoa in UAE and
European countries (Table 4).

Table 4. Companies marketing quinoa products in Pakistan. (Website accessed date is 8 June 2022).

Sr#  Company Name Product }’I?SCIeD /kg) Website
1 Khalis Things Whole gram 8.33 https:/ /khalisthings.com
washed quinoa
2 E};;Spo;llyFOOd Prewashed quinoa 9.61 https:/ /getsoulfood.com
3 Amna’s Organic quinoa 7.77 https:/ /amnasorganics.com
4 Virsa agri farms r?ltl:l{cli?;agi;aglc;ur 5.50 https:/ /virsaproducts.com.pk
5 Shazday White quinoa flour 8.88 https:/ /freshbasket.com.pk
6 Farm Fresh gﬂf:ﬁg?;ﬁﬁi’u . 6.00 https:/ /farmfresh.com.pk
7 Syed Flour Mills Quinoa ka Dalya 10.00 www.tradekey.com.pk
8 Gold Tree Millers White quinoa 5.50 https://goldtreemillers.com
9 Hunter Foods White and tri-color quinoa 13.30 https:/ /www.hunterfoods.com
10 Family Foods Organic White Quinoa 4.44 info@familyfoodproducts.com.pk
11 One Organics Whole grain quinoa 4.22 https:/ /www.daraz.pk
12 Natures Hug Tri-color quinoa 20.20 https:/ /www.alfatah.pk
13 Morganic Whlt,e quinoa grai, 9.40 https:/ /www.morganic.com.
multigrain flour
Quill
14 (Bin Hashim Quinoa grain 9.08 https:/ /binhashimonline.pk
Pharmacy)
15 Nutricles Multigrain flour 8.05 https:/ /nutricles.com
16 Healthhut Quinoa grain 8.80 https:/ /www.healthhut.pk
17 Daali Earth Foods Quinoa grain 8.50 https:/ /www.daaliearthfoods.com.pk
18 Ashley Foods Quinoa grain 8.05 https:/ /www.ashleyfoodsinc.com
19 Natural Foods Quinoa grain 9.30 https:/ /naturals.pk
20 Meadows Organic Organic white quinoa 9.00 http:/ /meadows-glutenfree.com
21 Sarang Herbs and Food  Quinoa grain and flour 8.33 https:/ /sarang.com.pk

5. Challenges in Quinoa Production and Promotion

Quinoa expansion and production started across the globe after its recognition by the
United Nations in 2013 [22,91]. During the year 2007-2008, it was agreed in West France to
grow quinoa “d’Anjou” in the Loire area. Trials in Italy indicated that quinoa can be grown
in southern regions, and it thrives even in harsh natural conditions. Positive studies have
also been performed in Morocco, Greece, and the Indian Subcontinent (India and Pakistan).
India is particularly interested in establishing its own quinoa markets [3].
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A common issue in these countries is a system with a small or non-existent market,
farmers who are risk averse and severe lack of information and technical diffusion. Finally,
there is a growing trend to test this crop under local conditions to expand national markets.
As a result of the rise in demand, price hikes were observed which have tripled between
2006 and 2013 [3]. Carimentrand et al. [92] concentrated on the various approaches of
selling mixed quinoa grain in local markets by responding to international and domestic
demand for standardized quinoa products. Agro-industrial enterprises and exporters
have encouraged farmers in Peru and Bolivia to plant improved quinoa varieties to meet
market demand for uniform and large grains. Community resilience and socio-economic
challenges of the quinoa market must be taken into account concerning environmental
challenges in quinoa value chain [93]. It is emphasized that rising worldwide market prices
have resulted in a drop in consumption, specifically in quinoa growing regions [94].

Despite the growing worldwide recognition of the health benefits of quinoa, the
barriers to its widespread adoption remain significant. Institutions and farmers are facing
a lack of knack in terms of planting, harvesting, distribution, and overall management.
Furthermore, rural residents are unaware of the crop’s nutritional benefits; they are not
used to the taste and lack recipes to incorporate this product into traditional dishes for
consumption [95]. Lack of factors such as information, training change in agronomic, and
plant protection practices are the constraints in adoption of quinoa cultivation [96].

5.1. Mechanization

For sustainable cultivation of quinoa crop, proper management of chemical fertilizers
and farm machinery are the key factors [97]. Additional characteristics include modifying
land use and mechanization of agricultural practices [92]. When compared to a manual
production system under rain fed, using mechanized production and processing practices
combined with irrigation and organic amendment can reduce processing costs from 2.8 to
1.2 USD kg~ [98].

Sowing methods have a great influence on growth, morphology, yield, and biomass
accumulation. The raised bed planting technique is superior for obtaining high grain
yield under the irrigated conditions of Pakistan [35]. Quinoa seed sowing by hand
is being practiced in developing countries such as Pakistan which is labor intensive
and high seed rate demanding. Similarly, harvesting is also performed by hands so
mechanization at sowing and harvesting times is a big challenge for the quinoa growers
in the developing countries.

The industrial processing of quinoa is crucial to ensure the consumer or supplier
is provided with clean quinoa, free of impurities and saponins. Since 2009, quinoa was
introduced in Pakistan, but its cultivation is limited because of bitterness in approved
varieties which is attributed to its high saponin contents. Farmers are practicing a traditional
method of washing and drying for its removal which is a labor-intensive process. The
timely introduction of mechanized system at harvest and postharvest stages has various
advantages over traditional practices. In Morocco, mechanical pearling, on the other hand
decreased saponin content by 68%, compared to 57% using both conventional abrasion and
cleaning [98].

5.2. Weed Control

Weed control is an important crop husbandry practice since quinoa grows in a season
when its wild relatives, such as Chenopodium album and Chenopodium murale, compete for
light, water, nutrients, and space. It is difficult for common farmers to distinguish among
all these at early growth stages. The only alternatives for weed management are cultural
methods such as uprooting or interculture between rows, which raises production costs.
No chemical control for broadleaf weeds is currently available, although chemical control
for narrow leaf weeds is available in the form of selective weedicides.
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5.3. Photoperiod Sensitivity and Heat Tolerance

The quinoa is cultivated as spring crop during November and harvested in April
and May. Early crop growth stages usually enjoy low temperature (12-22 °C) which later
increases during the reproductive period. The delayed sown quinoa often experiences
high temperature (>30 °C) during flowering and anthesis termed as “Terminal Heat
Stress” [99]. High temperature above 35 °C during flowering and seed filling stages
causes significant reductions in seed yields of quinoa [53] associated with reduced
pollen viability and empty inflorescence. The delayed cultivation of quinoa has been
shown to reduce shoot and root growth traits, seed and biological yields including
harvest index [18,56]. In addition, late sowing crop takes more days to complete the
true leaf, four leaves, multiple leaves, and bud formation stages [18]. Under open door
plexiglass fitted canopies, with a light transmission index of about 0.8, quinoa plants
exposed to terminal heat (£7 °C) during the anthesis stage reduced the panicle length
and weight, 100-seed weight and seed yield per plant including above ground dry matter
in quinoa genotype UAF-Q7 [53,54]. These reduced yields were attributed to a decrease
in gas exchange attributes, photosynthetic pigments, and decline in enzyme activities
of antioxidants’ defense system under terminal heat [55]. Delayed sowing of quinoa
with terminal heat had also reduced seed nutritional quality [55]. Nonetheless, high
temperature stress during flowering has been found to produce longer panicles and more
branches with delayed maturity showing quinoa adapt avoidance mechanisms to heat
(Personal observation). As quinoa is a photoperiod sensitive crop, its cultivation in new
regions is influenced by day length [36]. This crop is also genotype specific, which may
affect crop growth duration [13,14]. Therefore, to reduce the negative impact of terminal
heat, good yielding cultivars with early to medium duration should be identified in
Pakistan’s irrigated conditions.

5.4. Control of Plant Height and Lodging Resistance

The crop has been ignored for decades and only rudimentary genetic changes have
been made until now. To achieve maximum potential of quinoa as a fully domesticated
crop, attempts to develop the plant by breeding have been limited [100]. Cereal crops
lodging resistance is mostly determined by plant height [101]. Quinoa plants can grow up
to 3 m tall in South America, posing a threat for lodging [102]. Additionally, environmental
conditions influence plant height in quinoa and several experiments have found a negative
link between plant height and seed yields for certain cultivars [102]. Under Faisalabad,
Punjab, Pakistan condition, quinoa gain undesirable height (more than 120 cm) when day
length and temperature start increasing after mid-February [17]. This result might be due to
the amaranth form nature of adaptable genotypes that leads to lodging and stem breakage
if a storm prevails. It may also be due to the hollow nature of the stem in quinoa [3]. Studies
are in progress to use gibberellic acid inhibitor to control height and to avoid lodging
and stem breakage issue in quinoa cultivars. Besides that, phenotyping studies are in
progress to identify short stature genotypes from germplasm collection obtained from
various countries.

To avoid lodging without detrimental effects on quinoa yields, efforts should focus
on genes that influence plant height. The quinoa genome includes two homologues of
wheat Rht-B1/Rht-D1 (AUR62039523 and AUR62014191), which are both homologues
of Arabidopsis RGA1 and encode a transcription factor involved in gibberellin signal
transduction [103]. In comparison, no direct homologue of the GA200x2 gene has been
discovered [100].

5.5. Grain Number/Size and Yield Stability

Grain size is a desirable trait of crop improvement and consumer preference. Quinoa
grains from southern highlands of Bolivia are of larger size than other ecotypes and affected
by temperature during grain filling in this region due to photoperiod sensitivity of these
ecotypes [104]. However, it should be noted that grain weight is more strongly affected by
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the grain filling rate [105,106] than by the duration of grain filling [107]. On the other hand,
grain growth rate is negatively affected by high temperature and longer photoperiods;
therefore, it is possible to select larger grains through breeding without affecting the
duration of the grain growth under the irrigated conditions of Pakistan for genotypes of
early to medium duration.

Similarly, selection for seed yield and seed sizes can be achieved simultaneously as
both traits are independent of genetics and environment (G x E) interaction among quinoa
cultivars [104]. As yield from a farm scale is rarely reported, yield data obtained across
different environments of approved cultivar can be used to establish a reference point or
baseline to begin improvement for yield. The average yield potential (1500-2000 kg ha~?)
of recently introduced quinoa cultivar UAF-Q7 in Pakistan can be utilized as a baseline for
further quinoa genotype selection and yield enhancement under irrigated conditions. Even
s0, gains in quinoa yield should not be achieved at the expense of decreased nutritional
and end-use quality.

Several other traits such as leaf area, total chlorophyll, number of branches, dry weight,
and inflorescence per plant including harvest index have a positive association with seed
yield. Hence, they can also be used as indirect selection traits in the yield improvement of
quinoa crop [67,106].

5.6. Molecular Breeding and Genetic Approaches for Traits Improvement

Several breeding methods such as hybridization, interspecific crosses including simple,
and reciprocal and passive crossing are carried out in quinoa to recombine desirable traits
found in different species to next generation and for significant variation under abiotic
conditions [108]. Individual and mass selection are applied for seed multiplication of
quinoa cultivars developed from landraces to preserve their identity and composition of
established cultivars while mutagenesis has been employed for improvement in plant
type for vigor, yield potential, and decrease in saponin contents in quinoa [108,109]. In
Pakistan, currently, information on quinoa breeding is scanty.; However, the selection of
genotypes based on their adaptability, yield performance and low saponin contents is in
progress. Conversely, considering the challenges of early vigor, seed size, yield stability,
lodging resistance, heat tolerance, and low saponin grain contents, individual and mass
selection and mutagenesis breeding techniques can be of potential application to develop a
sustainable breeding program in Pakistan.

Recently, Jarvis et al. [110] published high-quality genome data for quinoa which has
opened new avenues for using targeted genome editing for evaluating adoption of this
crop into new geographical areas different from its origin such as Pakistan and improving
its agronomic performance.

As an allotetraploid species, novel genome-editing technologies, such as CRISPR can
be used efficiently to develop new varieties with reduced plant height to improve lodging
resistance and knock out genes of saponin contents to produce sweet quinoa. However, this
would require regulation through GM legislation before commercialization. Alternatively,
technologies such as high-end TILLING as molecular breeding tool can be applied to speed
up the varietal development program [100].

Marker assisted selection (MAS) following the identification of quantitative traits
loci (QTLs) for increasing seed size and grain number and combining them in cultivar
with similar genetic background can be a potential target for improving seed yield in
quinoa. For this, two close homologues AtCKX5 and another two of AtCKX3 have been
mapped in quinoa genome [100,110]. Likely, a two-gene sequence associated with saponin
production has been identified that needs to be repressed in advanced generations to
produce saponin free quinoa varieties. This will reduce 30% of the costs associated with
quinoa production [98,110].
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5.7. Socio-Economic Constraints and Adaptability in Existing Cropping Patterns

Quinoa adapts easily to existing technology practices followed in a region and re-
sponds by expressing all traits for better agronomic performance of a highly productive
crop. Since the declaration of International Year of Quinoa in 2013 by the United Nations,
with increasing demand, crop cultivation has been expanded in more than 120 countries
and commercially produced outside Andean regions including US, Canada, India and
China [22,111,112]. Even in the Middle East and North Africa Region (MENA) and the
European Mediterranean regions, the crop has been successfully cultivated in marginal
environments on salt affected soils and when using salt water for irrigation [22,113-116].
Furthermore, its adaptation to these environments is based on experimental results and
several genotypes have been in the process of selection and approval [113,117-119].

In Pakistan, since the release of the first quinoa cultivar UAF-Q7 in 2019 for commercial
cultivation, the crop has been cultivated on more than 200 ha. Several progressive growers,
food companies, and retailers are involved in selling to local and international markets as
quinoa grain and value-added products.

If quinoa cultivation sees a further expansion in Pakistan, it will become a major
crop. On the other hand, it may also stagnate if market demand decreases, or consumer
demand fluctuates. Pakistan needs to adjust its quinoa production to market-driven
demand of both local and international markets and has to meet internationally agreed
quality standards to be able to compete with other stakeholders in the region including
MENA, China, and India. The ball of contention between small to medium quinoa
growers is the market access and quality maintenance for sustaining a profitable business.
Now it is not merely a nutritional concern, as daily requirement can be fulfilled via
quinoa’s replacement to wheat and rice. However, studies on quantitative comparisons
are missing. Additionally, information on phytoremediation potential is missing in case
of this notorious halophyte. There is still a considerable lack of research concerning
biomass production of quinoa and its value as forage. Further, growing quinoa in
existing cropping systems will compete with major crops for cultivated areas such as
wheat or oilseeds or we have to cultivate the crop in small areas in rotation with other
crops, such as rice-wheat or cotton-wheat. On other hand, we are also facing challenges
of urbanization by bringing more cultivated areas under housing schemes. Pakistan
spends millions of USD on oilseed import to meet vegetable oil requirements. It is still a
burning question whether producing quinoa will reduce the burden of imports or not.
Furthermore, growing quinoa on cultivated land under irrigated conditions as a low
input crop with less fertilizers may degrade the soil even more. Nonetheless, increased
quinoa production in Pakistan will raise concerns about its long-term sustainability as
compared to the Andean area, where average yields of 600 kg ha~! may lag if prices
increase or decrease in the long run [22].

6. Conclusions and Future Prospects

Quinoa is famous due to its extraordinary nutritional profile, climate resilience, and
extreme adaptability to adverse climates. Thus, it is the most potential crop that can ensure
future global food and nutritional security in the developing countries. Despite quinoa
expansion in more than 120 countries worldwide, the quinoa cultivation in Pakistan is still
in experimentation since its introduction in 2009. The first commercial variety UAF-Q7
was released in 2019, and it is being cultivated throughout the country. There is lack of
a breeding program for germplasm improvement regarding superior features of quinoa
such as high yield and adaptability in different agro-ecological conditions. Access to more
quinoa germplasm for maximizing genetic diversity is needed. There is lack of awareness
about the nutritional and health benefits of quinoa among consumers and the unstructured
market for farmers are major challenges in the promotion of crop. The relatively low
productivity of existing quinoa variety, lack of quality seed, undesirable traits, and high
market prices compared to other crops restricts its further scaling in Pakistan.
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Quinoa requires continued promotion until it becomes a part of the main food chain of
common people. The role of policy makers, research institutions, farmers, and supply chain
are important for its production and consumption. It is very important to vitalize the market
and promote its consumption which in turn will trigger the increasing demand for quinoa
production among smallholder farmers. Unfortunately, there is limited development in
quinoa related products. In addition to the local market, the international market should
be explored for export of high-quality quinoa grains matching the consumer demand with
good branding.

Candidate lines with low saponin content and grains of bold size could be helpful for
marketing purposes and reducing production costs [95]. The high yielding quinoa varieties
with wide adaptability under various agroecological zones are required. Pakistan needs
to develop organic certification bodies for achieving maximum returns from this crop in
the global market. Postharvest operations for saponin removal are complicated and need
investment in mechanization to reduce the procedure. Mechanization in quinoa cultivation
due to troublesome weed pressure need identification of cultivars with herbicide tolerance
and of early vigor to reduce crop-weed competition. For this purpose, it is desired to
introduce low-cost machinery for production and processing of quinoa among the growers
and industrialists. As a spring crop, heat stress during the reproductive period due to
increasing temperature is challenging to reduce detrimental effects on yield. Given the
high protein content in the vegetative parts of quinoa, varieties with high biomass and
productivity can be of particular interest as a nutritious fodder for livestock. Germplasm
enhancement efforts through pre-breeding, quantitative and participatory breeding, as
well as marker assisted selection for potential traits such as grain yield, high biomass, less
saponin, and pollen viability need to be explored in adaptable quinoa germplasm. The
successful development of quinoa value chains in Morocco offers a perspective to improve
food and nutritional diversity of quinoa in Pakistan in a similar way [98].
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Abstract: Quinoa’s germplasm evaluation is the first step towards determining its suitability under
new environmental conditions. The aim of this study was to introduce suitable germplasm to the
lowland areas of the Faisalabad Plain that could then be used to introduce quinoa more effectively to
that region. A set of 117 quinoa genotypes belonging to the USDA quinoa collection was evaluated
for 11 phenotypic quantitative traits (grain yield (Y), its biological and numerical components plus
phenological variables) in a RCBD during two consecutive growing seasons at the University of
Agriculture, Faisalabad, Pakistan under mid-autumn sowings. Genotypic performance changed
across the years, however most phenotypic traits showed high heritability, from 0.75 for Harvest
Index (HI) to 0.97 for aerial biomass (B) and Y. Ordination and cluster analyses differentiated four
groups dominated by genotypes from: Peru and the Bolivian Highlands (G1); the Bolivian Highlands
(G2); the Ballon collection (regarded as a cross between Bolivian and Sea Level (Chilean) genotypes)
plus Bolivian Highlands (G3); and Ballon plus Sea Level (G4), this latter group being the most
differentiated one. This genetic structure shared similarities with previous groups identified using
SSR markers and G xE data from an international quinoa test. G4 genotypes showed the highest Y
associated with higher B and seed numbers (SN), while HI made a significant contribution to yield
determination in G2 and seed weight (SW) in G3. G1 and G2 showed the lowest Y associated with a
lower B and SN. Moreover, SW showed a strongly negative association with SN in G2. Accordingly,
G4 followed by G3 are better suited to the lowland areas of Faisalabad plain and the physiological
traits underlying yield determination among genotypic groups should be considered in future
breeding programs.

Keywords: breeding; Chenopodium quinoa Willd.; genetic structure; germplasm; heritability; effects of
genotype by environment interaction
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1. Introduction

The growing popularity of quinoa in the recent years made the crop require little
introduction [1,2]. This is the consequence of sustained demand for its seed in the interna-
tional market, particularly in the Health Food sector in developed countries [3]. Quinoa
prices increased in a sustained way in the last few decades with a peak in 2014, reaching
~7000 US$ per ton [4]. This was accompanied by a parallel increased interest in quinoa
evaluation and production in many countries outside the Andes, its traditional growing
region [5,6]. It was not only its good nutritional balance and high prices, but also the capac-
ity of the crop to face many limitations like water deficits, salinity, frost or poor soils that
contributed to this interest [7,8]. Quinoa is currently being evaluated in all continents and
commercial production is underway in a significant number of them [5,9,10]. Germplasm
from different countries were evaluated and new breeding programs started in the US,
Canada, the E.U., Australia, Israel, China, India and the Middle East, among others.

Germplasm evaluation, ideally involving contrasting origins when performed for the
first time, is central to guide breeding and agronomic management [11,12]. For quinoa,
the biggest undertaking was that organized by the FAO two decades ago [13] in which
24 genotypes with origins ranging from Colombia to Chile plus Europe were evaluated in
locations in South America, Europe, Africa and Asia. This evaluation used pattern analysis
and identified four genetic and four environmental groups based on yield performance. A
strong degree of genotype by environment (G x E) interaction was detected demanding
a clear characterization of the target environment and the identification of genotypes
specifically suited to them. A similar analysis, this time including a more detailed analysis of
the numerical (seed number and seed weight) and physiological (crop biomass and harvest
index) components of yield was performed for local germplasm in N.W. Argentina by [14].
In addition to these analyses, where genotypic, environmental and G x E components of
variation were identified, many more evaluations were performed with varying degree
of detail in the analysis, such as in India [15], the Middle East and North Africa [16-18],
Central Africa [19,20] and China [9]. More detailed descriptions of quinoa evaluation at
national levels can be found in [2], in their report on the State of the Art of Quinoa in the
World in 2013.

Besides these agronomic evaluations, quinoa genetic studies were approached using
molecular markers. The first researcher to complete this work, [21], using allozyme markers,
identified two distinct groups, from Central and Southern Chile and from the Central Andes,
with a less clear distinction between germplasm from the Northern Andes (Colombia to
Peru) and Southern Andes (Peru to Northwest Argentina and Northern Chile). A more
recent evaluation [22] used microsatellite markers to characterize the USDA'’s (United States
Department of Agriculture) quinoa collection and was able to distinguish between Sea
Level (quinoa originating or selected from accessions from low altitude environments in
Central and Southern Chile [21]) and Andean types, plus a third group, named the Ball6n
collection according to the name of the germplasm donor to the USDA quinoa collection,
which overlapped with both groups. This latter group originated in spontaneous crosses
between Andean and Central Chile germplasm when multiplied at high field temperatures
in New Mexico (E. Ballon pers. comm.). Using SNPs, Mizuno et al. [23] confirmed the
structure of these three sub-groups (Northern and Southern Highlands plus Lowlands
(central and southern Chile)).

Given the current legal restrictions to access germplasm from the Andean Region [24],
the USDA germplasm collection (including more than 140 accessions) has been the basis
of several adaptation and breeding programs internationally [15-18,20]. This collection
includes accessions from most countries of traditional cultivation and provided sources
of traits like male sterility [25] adaptations to hot environments [17,26,27], resistance to
pre-harvest sprouting [28,29] or prolonged seed viability [30]. Based on this information, a
better understanding of its agronomic performance is central and there are no published
reports of it for this collection. Furthermore, as the Middle East is an area of recent
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fast expansion of quinoa cultivation, understanding quinoa agronomic behavior in these
Mediterranean climates is also central in its own right.

The aim of this study was to screen a collection of quinoa genotypes for adaptation
to yield under the low altitude environments of the Faisalabad region, Northern Pakistan.
Specifically, we measured yield, its biological determinants and components plus phenology
in 117 quinoa genotypes from the USDA germplasm collection to determine: (i) the relative
contribution of genotype, environment and genotype-by-environment interaction effect to
the phenotypic variation of those traits; (ii) the role of these traits in capturing the patterns
of genotypic adaptation; (iii) the association between these patterns and the origin of
materials; and (iv) the physiological trait combinations underlying yield-formation among
genetic groups. Our working hypothesis is that the structure of phenotypic variation
expressed in the patterns of performance of quinoa in Pakistan reflects the geographical
origin of the materials.

2. Material and Methods
2.1. Plant Genetic Materials and Field Experiments

One hundred-seventeen quinoa genotypes belonging to the USDA-NPGS (United
States Department of Agriculture) collection were utilized in this study (Table S1). A two-
years field study was conducted through a randomized complete block design (RCBD)
with three replications per genotype and year in order to evaluate the performance of
this collection. The crop was sown on 21 November and 20 November in 2016 and 2017,
respectively, at the Agronomy Farm (73.88° E, 31.88° N; elevation 184 masl) of the University
of Agriculture of Faisalabad (UAF), Pakistan. Daily recorded values of air temperature and
rainfall events at the experimental site were obtained from the Agricultural Meteorology
Cell, UAF. For each experiment, the site soil was ploughed to 30 cm depth and subsequently
harrowed. Ridges, 30 cm in height, were prepared at 75 cm spacing. Seeds were sown
on the top of each ridge at 15 cm spacing with a hand dibble method. Each experimental
plot comprised two ridges with a length of 3 m. Two terminal quinoa plants at each end
of the ridge were used as guard plants, giving a net plot size of two ridges of 2.75 m in
length. For fertilization, nitrogen (N), phosphorus (P) and potassium (K) were applied
at 75, 60, and 60 kg ha™!, respectively, during both years. Fertilizers used were urea
(46% N), diammonium phosphate (18% N, 46% P,0Os) and sulfate of potassium (50% K;O).
A half dose of N and a full dose of P and K were applied as a basal dose at sowing and
the remaining N was added 75 days after sowing. During the entire crop period, four
irrigations of 330 mm total were applied including the pre-sowing irrigation, recommended
as optimal for the cultivation of quinoa, for the conditions of Pakistan [31]. The field was
kept free from weeds by hand hoeing, whereas no insecticide/pesticide and herbicide were
used throughout both experimental years.

2.2. Measurements

A set of 11 phenotypic traits encompassing grain yield-related attributes and crop
phenological stages were obtained for each plot. Grain yield (Y, g m~2) and its biological
determinants aerial biomass (B, g m~?2), harvest index (HI) plus terminal panicle grain
yield (Pan Y, g m~2), and the numerical components seed number (SN, # m~2) and weight
(SW, mg) were obtained from five uniform tagged plants from the middle of each row,
avoiding border plants. Plants were harvested with a sickle, sundried for three to five days
and later on threshed manually to measure yield attributes using a digital scale. HI was
estimated as the Y/B ratio. SN was estimated considering the final harvest data as the ratio
of Y to the average individual SW. Individual SW was estimated by manually counting and
weighing 1000 grains in each replicate plot. In addition, for the five plants tagged in each
plot, the plant height (Ht, cm) and terminal panicle length (Pan Ht, cm) were measured
with a ruler. Ht was measured from the soil to the top of the terminal panicle, whereas the
Pan Ht was measured between the basal and the last node below the main panicle.
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Crop development stages (recorded when at least 50% of the plants in each plot had
reached the stage) were determined as emergence, first anthesis (extrusion of anthers
completed), and physiological maturity (when grain could not be nail dented). Thus, we
defined the main phenological phases as the emergence—anthesis (E-Ant) and anthesis-
physiological maturity (Ant-PM) periods. Besides that, the crop duration (Cycle) period
was recorded as the time between emergence and harvest.

2.3. Data Analysis

Linear mixed models were set up to examine the relative contribution of genotype and
genotype-by-environment interaction effects to the phenotypic variation of all phenotypic
traits across experiments. The phenotypic observation y;jx on genotype 7 in block k of
environment j was modelled following the expression:

Yijk =} + G; + Ej + (GE)ij + Bk(j) + €jjk

with p designating the general intercept, G;~N (0, 0%) is the random main effect of the i-th
genotype, E; is the fixed main effect of the j-th environment (years), GE;;~N (0, 02ge) is the
random interaction effect of the i-th genotype and the j-th environment, B k(j) ~N (0, sz)> is the
random effect of the k-th block nested within the environment j-th, and ¢;j is the residual
plot error associated with the observation y;j. All linear mixed models were fitted with the
function gamen_met of the R package metan (multi-environment trial analysis) [32]. This
function estimates the variance components of random effects by Restricted Maximum
Likelihood (REML), whereas their significance by a likelihood ratio (LRT) test, comparing
a full model with all random terms with each other, without one of the random terms
(reduced model). In addition, broad-sense heritability (H) was computed for all traits.

To determine the role of phenotypic traits in capturing similarities in genotypic re-
sponse, Pattern Analysis (PA), defined as the combined application of ordination and
classification multivariate analyses (principal component analysis (PCA) and Cluster Anal-
ysis (CA)), was used. This set of analyses was based on predictions computed from random
terms obtained from REML analyses (see above). First, we computed the Best Linear Un-
biased Predictors (BLUPs) for genotype, and genotype-by environment interaction terms,
and then the predictions adjusted by the BLUPs effects were used to build an array of 117
genotypes x 11 traits. Previous to PA, the array was trait-standardized by removing the
traits” grand mean and dividing the remainder by the within-trait standard deviation. For
classification (CA), the hierarchical agglomerative method, with the incremental sum of
squares as fusion criteria [33], was chosen, using the Euclidean distance. A dendrogram of
genotypes was produced in order to investigate the grouping of genotypes according to
the evaluated phenotypic traits. The optimal number of clusters was defined according to
30 indices computed from the NbClust package [34]. Then, the results of the dendrogram
obtained were compared with the genetic diversity study of [22], to investigate the related-
ness between the patterns of genotypic responses and the origin of materials. In addition,
we tested the differences among groups for all agronomic traits by means of analyses of
variance. Mean comparisons were based on Tukey’s HSD test.

For ordination, a PCA was performed using the singular value decomposition algo-
rithm on the Euclidean standardized distance of the two-way array of genotypes X traits,
using the FactoMineR package [35]. In order to investigate the interrelations between
genotypes and traits, a Biplot of the first and second axis was obtained. In the Biplot the
symbols (genotypes) were depicted according to the dendrogram results obtained from
CA. To study the physiological traits combinations underlying the yield-formation among
genetic groups, we approximated the correlations between grain yield components by
inspecting the angles formed between vectors (traits) in the Biplot. Rules of interpretation
according to Biplot properties are: angles below 90° approximate a positive association
between vectors; angles above 90° approximate a negative association; and angles at 90°
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indicate no association. All statistical analyses were performed within the R environment
version 4.0.5 (2021).

3. Results
3.1. Effects of Growing Conditions on Phenotypic Variation

Growing conditions in Faisalabad, Pakistan were similar among the experimental
years, but with a lower minimum temperature and rainfall during the second season
(Table 1). Climatic conditions of these two particular years matched the general climate
patterns for the same locality as corroborated by comparison with weather data from the
years 1981-2015 in the NASA website (https://power.larc.nasa.gov/data-access-viewer/,
accessed on 15 October 2021). The seasonal photoperiod varied from 10.4 to 12.9 h day !
for the crop cycle, with most genotypes flowering during spring and maturing in summer
(i.e., under high photo-thermal conditions). The environmental means for phenotypic traits,
i.e., the average across genotypes, differed between growing seasons for Pan Ht, B, Pan Y,
SW, E-Ant and Cycle, with a trend towards higher values in the second growing season
(Table 1).

Table 1. Growing conditions in Faisalabad and their effect on measured phenotypic traits. Maximum,
minimum and mean temperature are ranges of monthly values whereas rainfall are totals for the
growing season (November—April). For phenotypic traits the values are shown as means + SE.

Season
2016 2017
Max. temp. (°C) 17.6-37.7 21.5-36.8 (27.3-35.4) 2
Min. temp. (°C) 8.2-20.9 5.5-20.8 (2.2-13.0) 2
Mean temp. (°C) 12.9-29.3 13.5-28.8 (12.5-27.7) 2
Rainfall (mm) 60 36 (244)2
Ht (cm) P 943 + 1.6 97.6 + 1.8 *
Pan Ht (cm) 29.3 + 0.5 29.4 + 0.4
B(gm~2) 67.9 +3.2 710 £3.1*
HI 354 + 0.6 35.7 £ 0.6
PanY (g m~2) 17.0 £ 0.9 18.3 £ 0.9 *
Y (g m~2) 246+ 1.3 256+ 1.3
SN (# m~2) 7.7 x 100 + 4 x 10° 7.9 x 100 + 3.9 x 10°
SW (mg) 31x103+3.6x10"° 32x1073+4 %105
E—Ant (days) 64.7 +£0.3 67.9 £0.3*
Ant-PM (days) 51.3 £ 0.5 50.6 = 0.5
Cycle (days) 129.6 £ 0.5 134.9 + 0.4 **

** significant at p < 0.01, * significant at p < 0.05. * Range values correspond to the historical weather records
during the last 35 years (from 1981 to 2015) downloaded from the NASA website (https://power.larc.nasa.gov/
data-access-viewer/, accessed on 15 October 2021); b Abbreviations: Ht: plant height, Pan Ht: terminal panicle
length, B: aerial biomass, HI: harvest index, Pan Y: terminal panicle grain yield: Y: yield, SN: seed number,
SW: seed weight, E-Ant: emergence-anthesis period: Ant-PM: anthesis—physiological maturity period, and
Cycle: crop duration.

3.2. Variance Components and Heritability

Estimated components of variance and their relative contribution to phenotypic varia-
tion are shown in Table 2. The G effect contributed significantly to phenotypic variation in
all traits, whereas the G X E effect also contributed significantly to phenotypic variation
save for Pan Ht, B, Pan Y and Y (Table 2). The G term accounted for a larger proportion of
variation than the G X E term for phenotypic traits, in which both sources of variation were
significant (with G/G x E ranges from 5.1 (SW) to 25.3 (SN)). Consequently, high estimates
of broad-sense heritability were observed (ranging from 0.82 for SW to 0.97 for Band Y,
respectively; Table 2).
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Table 2. Relative contribution of estimated variance components and broad-sense heritability (H) for
11 phenotypic traits measured in 117 genotypes of quinoa across two years in Faisalabad.

Trait o?g 02ge 02gl0%ge H
Ht 942.0 ** 46.9 ** 20.1 0.90
Pan Ht 60.1 ** 0.15ns 0.87
B 3364.0 ** 7.8 ns 0.97
HI 89.5 ** 11.0** 8.1 0.75
PanY 17.7 * 159 ns 0.96
Y 57.3 ** 32.2ns 0.97
SN 5.2 x 1013 = 2.0 x1012 *+ 25.3 0.93
SW 43 x 1077 8.4 x 1078 5.1 0.82
E-Ant 35.1 ** 4.0 ** 8.8 0.87
Ant-PM 78.8 ** 7.2 % 10.9 0.90
Cycle 63.8 ** 5.2 ** 12.3 0.92

** significant at p < 0.01, * significant at p < 0.05, ™ non-significant.

3.3. Phenotypic Variation Patterns in the USDA Germplasm Collection

The 117 quinoa genotypes clustered into four clearly distinct groups (Figure 1).
Group 1 (G1) consisted of 35 entries dominated by genotypes from the Bolivian (17) and
Peruvian (12) Highlands plus one accession from the Peruvian Inter-Andean Valleys (Rosa
de Junin, genotype 68), three from the Ballon collection (genotypes 12, 19 and 44), one
from Sea Level (genotype 108), and one from an unknown origin (genotype 110) (Figure 1
and Table S1). Most of these genotypes belong to the Andean group according to [22]
and were classified in the northern highland subgroup based on microsatellite’s markers
(Table S1). Genotypes from this group showed the lowest values for Y, B, HI, SN and
SW, but the highest values for traits such as Ant-PM and Cycle (Table 3). Group 2 (G2)
consisted of 22 entries with most genotypes from the Bolivian Highlands (16) plus three
accessions from Sea Level (genotypes 74, 104 and 107), two from Peru (genotypes 54 and
61) and one from the Ballén collection (genotype 40) (Figure 1 and Table S1). Most of
these genotypes belong to the Andean group and were classified in the southern highland
subgroup based on microsatellites’ markers (Table S1). Genotypes from this group showed
the lowest values for most phenotypic traits, but higher values for Y, B, HI, SN and SW
compared with G1 (Table 3). Group 3 (G3) consisted of 31 entries dominated by genotypes
from the Ballon collection (21) and the Bolivian Highlands (5) plus three accessions from
Northwest Argentina (genotypes 67, 71 and 72) and two from Sea Level (genotypes 73
and 109) (Figure 1 and Table S1). Most of these genotypes were classified in the lowland
and southern highland subgroup based on microsatellite’s markers (Table S1). Genotypes
from this group showed higher values for most phenotypic traits compared with G1-G2
and the highest SW within the evaluated collection (Table 3). Group 4 (G4) was composed
of 29 entries dominated by genotypes from the Ballon collection (17) and Sea Level (9)
plus the Isluga (genotype 23), Cochabamba (genotype 69) and Plant Virus (genotype 43)
(Figure 1 and Table S1). Most of these genotypes were classified in the lowland group
based on microsatellites” markers (Table S1). This group showed the highest values for
most phenotypic traits, except for traits such as SW, Ant-PM and Cycle (Table 3).
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Figure 1. Dendrogram showing 117 genotypes of quinoa grouped according to Ward cluster analysis
using 11 phenotypic traits. To the left of the dendrogram the groups are named according to the
ecotype classification based on microsatellite markers by [22]. To the right of the dendrogram the
groups are named according to the classification obtained in the present study; G1: genotypes from
Peruvian and Bolivian highlands, G2: genotypes from Bolivian highlands, G3: genotypes from Ballon
collection and Bolivian highlands and G4: genotypes from Ballon collection and Sea Level. See
Table S1 for more information about genotypes codes and both classifications.
Table 3. Agronomic traits of the four genotype groups resulting from a hierarchical agglomerative
clustering method.
Ht? Pan Ht iy PanY 5 2 E-Ant  Ant-PM Cycle
Group (cm) (cm) B (gm—2) HI (gm-2) Y (gm~2) SN#m=2) SW (mg) (days) (days) (days)
Gl 79.7 a 29.8b 26.2a 031a 50a 6.6a 2.8 x 10°a 26a 63 a 60 b 138 a
G2 67.9 a 25.0a 26.0a 0.37 bc 7.7a 99a 32 x10°a 3.3b 63 a 45a 123 ¢
G3 110.5b 29.3b 734b 0.35b 17.0b 23.8b 6.6 x 10°b 3.6b 69b 46 a 131b
G4 121.4b 32.3b 150.5 ¢ 040c 412c¢ 60.4 c 1.9 x 107 ¢ 33b 69b 49a 133 b

2 Abbreviations: Ht: plant height; Pan Ht: terminal panicle length; B: aerial biomass; HI: harvest index (%);
Pan Y: terminal panicle grain yield; Y: yield; SN: seed number; SW: seed weight; E-Ant: emergence-anthesis
period; Ant-PM: anthesis—physiological maturity period; Cycle: crop duration. Different letters following
agronomic values indicate significant differences based on Tukey’s HSD test.

71



Plants 2022, 11, 738

PC 2 (20.1%)

1.0

Results of the ordination analyses are displayed in the Biplot of the 1st and 2nd
principal components, which, when combined, accounted for ~65% of total variation
(Figure 2). The trait vectors covered a wide range of Euclidean space suggesting a strong
contrast among the phenotypic traits evaluated. The angle between grain yield (Y) and its
biological determinants and components (B, SN, Pan Y, HI and SW) plus E-Ant, is smaller
than 90° (Figure 2), which suggests that most of these traits are positively associated within
the collection evaluated. Traits such as HI and SW are positively correlated, but both lack
association with Ht as their angles are close to 90° (Figure 2); whereas strong and negative
associations (angles larger than 90°) were found between Y plus its related traits (B, SN,
Pan Y, HI and SW) and Ant-PM plus Cycle (Figure 2). In turn, the E-Ant phase lacks
association with Ant-PM duration as their angles are close to 90° (Figure 2).

7.0

Cycle
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-3.5 0.0 3.5 7.0
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Figure 2. Biplot of the 1st and 2nd principal components for 117 accessions of quinoa described
by 11 phenotypic traits. Genotypes are represented by symbols and traits by vectors. Same color
symbols indicate genotype groups with members of a similar response pattern. G1: Peruvian and
Bolivian Highlands; G2: Bolivian highlands; G3: Ballén collection and Bolivian highlands; and G4:
Ballén collection and Sea Level.

The 1st principal component (PC1) explained 44.5% of the total variation and ordered
the genotypes according to Y, its related traits (B, SN, Pan Y, HI, and SW) and time to
anthesis. As indicated by Figure 2, genotypes with higher Y, B, HI, SN, Pan Y, Ht, and E-Ant
duration were placed to the right of the Biplot. Most of these genotypes are from G4 (Ballon
collection plus Sea Level) and represent the most differentiated group (Figures 1 and 2).
Genotypes to the left side of the PC1 showed lower values for Y and its related traits plus
time to anthesis (Table 3 and Figure 2). Most of them are from G1 and G2 (Peru and Bolivian
Highlands) (Figure 2 and Table S1). Genotypes from G3 (Ball6n collection plus Bolivian
Highlands) are located in an intermediate place on PC1 (Figure 2). They are characterized
by the most Y and its related traits, similar to those from G4 and to some extent to G2
(mainly by HI, SW, and Cycle), but by Pan Ht (terminal panicle length) to those from G1
(Table 3 and Figure 2).
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The second principal component (PC2) explained 20.1% of the total variation and
accounted for the effects of the contrasting traits Ant-PM, Pan Ht, Cycle, and HI plus SW,
emphasizing the differences between groups G1 and G2 (Figure 2). G1 tended to be at
the top left-hand quadrant of the Biplot, which indicated that it had high values for Pan
Ht, Ant-PM, and Cycle, but low values for HI plus SW and included the genotypes with
the longest duration within the collection (Figure 2 and Table 3). The genotypes from G2
showed contrasting values for most of those phenotypic traits and are placed toward the
bottom left-hand quadrant of the Biplot (Figure 2), showing high values for HI and SW, but
lower values for Pan Ht, Ant-PM, and Cycle, and could be considered as the genotypic set
that was the most precocious within the collection (Table 3).

4. Discussion

The results of this study show the first phenotyping assessment carried out on a
comprehensive set of quinoa accessions from the USDA germplasm collection accounting
for yield and its components. This collection was the basis of several adaptations and
breeding programs internationally and, as such, made a highly significant contribution
to the global expansion of this crop [17,36—42]. According to our results, the environment
contributed to phenotypic variation in most traits (Table 1); however, their magnitude was
relatively low compared with contributions of G and G X E effects. This is surprising
as usually the E component accounts for the highest proportion of variation, also for
quinoa [13-15] and is explained by its similarity between both evaluation years (which
reflected general climate patterns for the region as mentioned). Consequently, the G effects,
accounting for a large proportion of variation and its contribution, was relatively high
compared to G x E effects for most traits (Table 2). These results match those found under
Tropical and Mediterranean conditions involving subsets of genotypes originating from
the USDA collection [15,41]. Accordingly, the overall picture arising from this comparison
highlights the major role of G effects in determining phenotypic values in a large set of
representative genotypes from that collection.

The high heritability observed for all traits implies that phenotypic variation reflects
the patterns of genotypic adaptation. The genotypic groups found in the present study
clearly showed differences in their performance (Table 3). Phenotypic trait combinations
observed in genotypes from G3 and G4 determined their higher suitability for cultivation
under the Mediterranean conditions of Faisalabad. This set of genotypes with the highest
values for yield and its related traits showed intermediate crop cycle durations (Table 3).
Conversely, genotypes from G1 and G2 with the lowest values for most traits showed either
a longer (G1) or shorter (G2) crop cycle, respectively (Table 3). This pattern of response was
observed in other evaluations conducted at high latitudes or under tropical and Mediter-
ranean conditions [15,43,44]. Early or late-maturing genotypes, in general, have been
shown to perform better within a narrow range of environments, whereas genotypes with
an intermediate crop cycle are better adapted to a broader range of conditions [13,14,45,46].
Genotypic variations in sensitivity to temperature and photoperiod conditions are the
main factors controlling phenology and explains this contrast in genotypic adaptation in
quinoa [47,48].

The hierarchical agglomerative groupings identified four genotypic groups associated
with the genotype’s environments of origin (Figure 1). This grouping shows a close corre-
spondence with the proposed quinoa genetic groups based on molecular studies [22,23],
which distinguished three groups of accessions, namely Lowland, Northern Highlands
and Southern Highlands, corresponding to G4, G1 and G2-G3 of this study, respectively
(Table S1). Moreover, the four genotypic groups found here partially resemble those found
in early evaluations conducted using a large set of quinoa cultivars representing all environ-
ments of origin of the crop [13] or on a local basis with germplasm from N.W. Argentina [14].
The difference between this classification and those obtained on the basis of yield perfor-
mance was observed regarding the genotypic composition among groups. Within G1, ac-
cessions from the northern highlands dominated, however southern highlands” accessions
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were also represented (Table S1). Besides, while accessions from the southern highlands
were distributed among G2 and G3, they clearly dominated in G2 (Table S1). These results
contrast with the clear distinction between northern- and southern highlands’ types found
by [13]. The highland accessions from the N.W Argentina germplasm were grouped with
accessions belonging to the Ballon collection in G3 (Table S1), while it was expected that
they would be grouped with accessions from G2. On the other hand, a correspondence was
observed between accessions included in G4 and the sea-level type as in [13,47].

The genotypes originating from the Ballon collection have been little evaluated in other
studies [2,15,17,49], and were represented with at least one accession in all groups, and
clearly dominated in G3 and G4 (Figure 1 and Table S1). This grouping pattern reinforces
the notion of an inter-regional origin for the Ballén genotypes arising from spontaneous
crosses between genotypes from southern Andean Highlands (G3) and Sea Level (G4)
groups (E. Ballén pers. com.) [22]. Genotypic adaptation in quinoa has largely been related
to the environment of the origin of the materials. Thus, several early and recent introduction
programs outside the Andean region were frequently based on accessions originating from
Sea Level environments or from genotypes of that origin [43,44,46]. The results presented
here are in line with the above statements, as genotypes originating from Sea Level were the
best performers in the Faisalabad environments (Table 3 and Figure 2). However, genotypes
from the Ball6n collection also showed phenotypic traits” combinations that were desirable
for cultivation in those sites and deserve further exploration in future studies. An example
of this is accession AMES 13,737 (2 Want) which exhibited good performance in Central
Argentina [50,51] and the heat-stressed conditions of UAE [17].

The physiological traits’ combinations underlying yield-formation differed among the
four genetic groups and resembled results from other studies [13,14]. High aerial biomass
and a long time to anthesis were suitable traits’ combinations for determining higher grain
yield associated with a higher seed number (Figure 2). This set of phenotypic traits was
observed in genotypes from G4 and to lesser extent from G3 (Figure 2). In addition, both
genetic groups showed medium crop cycle duration (Table 3). A longer or shorter time for
seed-filling duration determines poor performance as the genotypes with the longest time
(G1) or the earliest (G2) showed a lower grain yield (Figure 2 and Table 3). However, early-
maturing genotypes from G2 and G3 improved grain yield and seed weight associated
with increases in harvest index (Figure 2). These different combinations of underlying
physiological traits determining cultivars with similar grain yield performance have been
observed in several major crops [52-55], and also in quinoa [14]. In addition, the lack of
association found between the developmental phases of E-Ant and Ant-PM (Figure 2),
implies that there is scope for manipulating the plant’s developmental duration through
breeding targeted to obtain genotypes with different duration combinations by crossing
accessions from groups showing contrasting developmental phase durations as proposed
by [56], and also observed in crops like soybean [57]. In this sense, future breeding programs
aimed to increase grain yield in quinoa under Faisalabad cultivation conditions and similar
environments under Mediterranean Climates could be targeted by combining phenotypic
traits found in genotypes from groups G3 and G4, or by exploiting indirect selection for
phenotypic traits determining yield across both groups, respectively. Finally, more testing
sites are needed across countries from North Africa and East Asia, which share similarities
in the Mediterranean conditions with Faisalabad, to evaluate the degree of repeatability in
the genotypic response patterns observed in the present study.

5. Conclusions

The performance (average yields) of quinoa under Pakistan’s Mediterranean conditions
was poorer than evaluations carried out in locations with similar climate regimes [17,27,58,59],
with only G4 reaching agronomic significance. However, the patterns of genotypic adaptation
were reflected by the strong genotype effect found in all yields and its related traits, whereas
the patterns of variation matched the environments of origin of materials. Furthermore, the
physiological traits combinations underlying yield-formation varied among the genotypic
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groups, determining differences in adaptation to yield. The genotypes originating from Sea
Level, the Ballon collection and the Bolivian Highlands (G3 and G4) show a suitable set of
phenotypic traits able to expand quinoa cultivation under the low altitude environments of
the Faisalabad region. In addition, seminal breeding programs established with the prospect
to advance the adaptation of quinoa to these conditions could benefit from exploiting indirect
selection for traits contributing to yield generation among genotypes from those groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11060738/s1, Table S1: Passport data on quinoa germplasm
evaluated under Faisalabad environmental conditions.
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Abstract: Quinoa is a climate resilience potential crop for food security due to high nutritive value.
However, crop variable response to nitrogen (N) use efficiency may lead to affect grain quality
and yield. This study compared the performance of contrasting quinoa genotypes (UAF Q-7, EMS-
line and JQH1) to fertilizer urea enriched with urease and nitrification inhibitors (NIs; 1% (w/w)
thiourea + boric acid + sodium thiosulphate), ordinary urea and with no N as control. Application
of NIs-enriched urea improved plant growth, N uptake and chlorophyll values in quinoa genotype
UAF-Q7 and JHQI, however, highest nitrate reductase (NR) activity was observed in EMS-line.
Quinoa plants supplied with NIs-enriched urea also completed true and multiple leaf stage, bud
formation, flowering, and maturity stages earlier than ordinary urea and control, nevertheless, all
quinoa genotypes reached true and multiple leaf stage, flowering and maturity stages at same
time. Among photosynthetic efficiency traits, application of NIs-enriched urea expressed highest
photosynthetic active radiations (PAR), electron transport rate (ETR), current fluorescence (Ft) and
reduced quantum yield (Y) in EMS line. Nitrogen treatments had no significant difference for panicle
length, however, among genotypes, UAF-Q7 showed highest length of panicle followed by others.
Among yield attributes, NIs-enriched urea expressed maximum 1000-seed weight and seed yield
per plant in JQH-1 hybrid and EMS-line. Likely, an increase in quinoa grain protein contents was
observed in JQH-1 hybrid for NIs-enriched urea. In conclusion, NIs-enriched urea with urease and
nitrification inhibitors simultaneously can be used to improve the N uptake, seed yield and grain
protein contents in quinoa, however, better crop response was attributed to enhanced plant growth
and photosynthetic efficiency.

Keywords: nitrogen use efficiency; inhibitors; chlorophyll fluorescence; grain protein

1. Introduction

Quinoa has exceptional nutritional grain value containing high protein contents
and balanced amino acids while its enduring potential for abiotic stress tolerance
makes it future potential crop both for nutritional and food security [1-3]. Since
last decade, quinoa cultivation has spread into non-native geographical areas of
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world due to wide diversity of its ecotypes especially photoperiod response adap-
tation to specific agro-climatic conditions [1,2]. Nonetheless, quinoa growth and
development are affected by environmental and genetic variations. For example,
among environmental factors, nutrients especially nitrogen (N) improve vegetative
growth in quinoa by affecting crop leaf area and growth rate, photosynthesis and N
metabolism enzymes thereby increasing grain weight and yield [4-6]. These growth
and yield responses in quinoa are variable to N supply and genotypic specific. The ni-
trogen use efficiency (NUE) is tightly linked to N uptake and its utilization efficiency
(NUtE) that varies among genotypes, application method and time including rate in
quinoa [6-10]. For instance, high total plant N uptake, its apparent recovery efficiency
and harvest index including biomass and seed N contents was observed for 200 kg N
ha~!, however, N utilization efficiency (NUtE) and remobilization from vegetative
tissues to seed was found low in quinoa [9]. Improved growth and seed yield has also
been reported in response to N application [10]. Likely, delayed flowering, extended
seed filling period and improved photosynthetic pigments including seed yield was
observed for 150 kg N ha~! applied in two splits at 6-8 leaves and anthesis stages, re-
spectively, compared to three splits and control with no N [11]. Nonetheless, variable
response to N fertilization for growth including relative and crop growth rates, and
seed yield was observed at low N rate in two quinoa cultivars [7]. Bascufian-Godoy
et al. [6] compared three quinoa cultivars similar in phenology for NUE traits un-
der low and high N conditions. Photosynthetic rate, protein contents and leaf dry
mass correlated positively with seed yield while proline contents, NH;* assimilation
and glutamine synthetase activity were correlated negatively under both N regimes.
Nonetheless, high yields were correlated positively with seed weight under low N
condition. Total N uptake in quinoa also vary with duration of crop growth cycle.
Quinoa genotypes with shorter (NL-6) and longer growth duration (2-Want) accumu-
lated similar total N before anthesis while differed after anthesis. Genotype 2-Want
of longer growth duration accumulated 250 kg N ha~! compared to NL-6 genotype
with shorter growth behavior had reduced total uptake of 164 kg N ha~! [8,12]. This
variable response to N uptake after anthesis was associated with its remobilization
towards reproductive structures [8].

Quinoa take up N as nitrates and application of N fertilizers had been found
to improve its yield, water and NUE [13,14]. Among different sources, urea is
mostly commonly used N source, most of which volatilizes as NH3, lost as NO; into
atmosphere and leaches as NOj into the soil with low NUE which rarely exceeds
33% [15].

Among several strategies, application of urea enriched with urease and nitri-
fication inhibitors can reduce N losses and improve crop productivity, hence NUE.
Urease inhibitors reduce urea hydrolysis into NH3 by slowing down the urease en-
zyme activity [16,17]. This inhibited activity of urease decreases pH around urea
molecules and NHj3 concentration in soil, thus reducing its volatilization and in-
creases the retention of applied N in soil to improve its plant availability for longer
period [18]. On other hand, enhanced retention of NH,4 ions into soil for longer
time induces nitrification and dentification losses associated with NOj3 leaching and
N;O emission [19]. These leaching and denitrification losses can be minimized by
nitrification inhibitors which limit oxidation of NH4* to NO3 ™~ by reducing the ac-
tivity of nitrifying bacteria [20,21], however, retention of NH4* by application of
these inhibitors may further increase risk of volatilization [22,23]. Likely, boric acid
has the potential to inhibit urease activity in soil [24]. While ammonium thiosul-
phate (ATS) as a good source of N and sulphur (S) for plants has the potential to
inhibit both hydrolysis and nitrification without harming the soil microbial pool [25].
Therefore, rather than individual application, effective approach is to utilize these
inhibitors in combination. The combined application of NIs reduces multiple losses
associated with volatilization and denitrification [26,27] had been found to improve
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yield 5.7 and 8.0% of N uptake in rice [28], 22-36% increase in biomass and 23-32%
of N uptake in pasture [29]. The combined application of different inhibitors, for
instance, boric acid and 3, 4-Dimethylpyrazole phosphate (DMPP), urease and nitri-
fication have also the potential to inhibit the N transformation synergistically [24],
increase yield by 7.5% and NUE by 12.9% especially at low N dose [30,31], respec-
tively. Nonetheless, these increases in N uptake and yield were associated with
reduced losses of N and environmental footprints [24,28-31].

As uptake of N by quinoa varies with crop stage, response may be genotype specific
and N application level, and no information is available for application of urea enriched
with urease and nitrification inhibitors on growth, plant N uptake, photosynthetic efficiency,
and yield response. Genotypes used in present study have contrasting behavior for growth
including a cultivated variety, a hybrid and EMS line. Present study hypothesized that urea
enriched with N inhibitors (NlIs; boric acid, thiourea and sodium thiosulphate) improves
its availability to quinoa plant at reduced N dose, thereby affecting crop performance
and NUE.

2. Results
2.1. Plant Growth and Photosynthetic Pigments

Urea enriched with nitrogen inhibitors (35 kg N ha~! + NI's) improved the growth,
chlorophyll values and plant N uptake in quinoa genotypes compared to control (0 kg N ha™1)
and ordinary urea (70 kg N ha~!) (Table 1). There was an increase in shoot, root fresh
and their dry weights, shoot and root lengths of quinoa genotypes UAF-Q7 and JHQ1
compared to control. Nonetheless, these increases in shoot dry weight, root fresh and
dry weights were significantly similar to ordinary urea. Maximum and similar SPAD-
chlorophyll values was found for enriched and ordinary urea application compared to
control, while among genotypes, highest and significantly similar chlorophyll values were
found between EMS-line and UAF-Q7 (Table 1).

2.2. Plant N Uptake and Nitrate Reductase Activity (NR)

Application of NIs-enriched urea significantly improved the plant N uptake and NR
activity in quinoa genotypes compared to control and vice versa response was observed for
nitrogen utilization efficiency (NUtE). Urea enriched with NI's showed highest plant N
uptake in quinoa genotypes UAF-Q7 and EMS-line compared to control with minimum
uptake. Nls-enriched urea application also expressed highest nitrate reductase (NR) ac-
tivity in quinoa plants as compared to control and ordinary urea showing similar NR
activity (Figure 1b). Among genotypes, EMS-line exhibited highest NR activity that was
significantly similar to JQH-1 hybrid (Figure 1a).

2.3. Crop Phenology

Quinoa plants applied with NIs-enriched urea completed true and multiple leaf
stage, bud formation, flowering, and maturity stages earlier than ordinary urea and
control treatments. However, quinoa plants applied with enriched and ordinary urea
attained panicle emergence, flowering and maturity at similar time compared to con-
trol with delayed in these attributes. Among genotypes, UAF-Q7 observed delayed
bud formation and panicle emergence compared to other genotypes while all quinoa
genotypes exhibited true and multiple leaf stage, flowering, and maturity at same time
(Table 2).

81



Plants 2022, 11, 371

d
2 030 ( )
L

o

9025

TIJS

[
r~2
L

=
—
wn

]
[
wn

A
E I AB

UAF-Q/ EMS line JQH-1

NR activity (Lmol NO2 h
= =
-] —_
— L

Quinoa genotypes

b

S 03

L

9025

o B

o1l

102

N

0

2 0.15

0

S 0l

F

> 005

G

M

x

Z
70 kg N ha-1 35 kg N ha-1+ 1% NI
N application

Figure 1. Nitrate reductase activities in three quinoa genotypes (a) and three fertilizer treatments
(b) at bud formation stage Columns show mean of three replicates, whereas bar shows standard error.
Means sharing same alphabets are not significantly different at p < 0.5.
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Table 1. NIs-enriched urea effects on growth, plant N uptake, nitrogen utilization efficiency (NUtE)
and SPAD-chlorophyll in three quinoa genotypes at bud formation stage.

Quinoa . .
Genotypes Shoot Fresh Weight (g) Root Fresh Weight (g)
1 1 35kg N ha™! Means 1 1 35kg N ha~! Means
CK (0kgNha™') 70 kg N ha +1% NI Genotypes CK (0kgNha™') 70 kg N ha +1% NI Genotypes
UAF-Q7 6.10d 12.35b 18.10 a 1218 A 0.30 be 0.40 ab 0.53 a 041 A
EMS line 9.27 ¢ 473d 11.50 be 8.50 B 0.33 be 0.10d 0.40 ab 0.28 B
JQH-1 420d 12.77b 16.20 a 11.06 A 0.17 cd 0.33 bc 0.33 be 0.28 B
Means N 6.52 A 9.95B 15.27 A 0.27B 0.28 B 042 A
HSD G=136,N=136,G x N=236 G=0.10,N=0.10,G x N=0.18
Quinoa . .
Genotypes Shoot Dry Weight (g) Root Dry Weight (g)
1 1 35kg N ha~! Means 1 1 35kg N ha~! Means
CK (0 kg N ha™") 70 kg N ha +1% NI Genotypes CK (0kgNha™") 70 kg N ha +1%NI Genotypes
UAF-Q7 0.82 cde 1.17 abc 148a 1.15 0.06 b 0.08 ab 0.11a 0.08 A
EMS line 0.10 bed 049e 1.24 ab 0.90 0.06 b 0.02¢ 0.07b 0.05B
JQH-1 0.60 de 1.33 ab 1.51a 1.15 0.02b 0.06 b 0.08 ab 0.06 B
Means 0.80 B 0.10B 141 A 0.05B 0.05B 0.09 A
HSD G=ns,N=024G xN=042 G=0.02,N=0.02,G x N=0.03
Quinoa
Genotypes Shoot Length (cm) Root Length (cm)
1 1 35kg N ha~! Means 1 1 35kg N ha~! Means
CK (0 kgNha™") 70 kg N ha +1% NI Genotypes CK (0 kg Nha™") 70 kg N ha +1% NI Genotypes
UAF-Q7 16.00 e 23.80b 24.15b 21.31B 550e 6.80 de 11.50 a 7.93
EMS line 21.77 be 6.67 de 23.50 b 20.64 B 8.30¢ 7.05 cd 7.40 cd 7.58
JQH-1 19.60 cd 28.00 a 29.00 a 25.53 A 9.80 b 7.85cd 8.10 cd 8.58
Means 19.12¢ 22.8B 2555 A 7.88 B 723 B 9.00 A
HSD G=181,N=1.80,G x N=3.12 G=ns,N=0.86G xN =149
Quinoa " -1
Genotypes SPAD-Chlorophyll Values Plant N Uptake (mg N Plant™")
1 1 35kg N ha~! Means 1 1 35kg N ha~! Means
CK (0 kgNha™") 70 kg N ha +1% NI Genotypes CK (0kgNha™") 70 kg N ha +1%NI Genotypes
UAF-Q7 40.60 44.40 45.10 43.37 AB 1.71d 33lc 6.84 a 3.95
EMS line 46.00 44.55 45.73 4543 A 3.00c 1.67d 499b 3.22
JQH-1 35.90 44.03 43.47 41.13B 1.12d 3.58 ¢ 5.92 ab 3.53
Means 40.83 B 4433 A 44.77 A 1.94C 2.82B 592 A
HSD G=296,N=296,G x N=ns. G=ns,N=066G x N=1.15
Quinoa
Genotypes NULE (g DW per mg N)
1 -1 35kg Nha™! Means
CK (0 kgNha™') 70 kg N ha +1% NI Genotypes
UAF-Q7 0.51a 0.38 bc 0.26 e 042 A
EMS line 0.35¢ 0.31d 0.26e 0.36 B
JQH-1 0.39b 0.39 be 0.27 de 0.26 C
Means 039 A 031C 0.35B
HSD G=0.02,N=0.02,G x N=0.04

Letters among and within columns denote significant differences in means for nitrogen and between cultivars
atp <0.05.

2.4. Photochemical Efficiency Traits and SPAD-Chlorophyll Values

The photochemical efficiency traits and chlorophyll were affected significantly by
application of NIs-enriched urea in quinoa genotypes. Quinoa plants applied with NIs-
enriched urea showed highest photosynthetic active radiations (PAR), electron transport
rate (ETR), current fluorescence (Ft) and reduced quantum yield (Y) in EMS line followed
by two other genotypes. Lowes values for these attributes were observed in ordi nary
urea compared to control. The Ft values and SPAD-chlorophyll values were similar when
ordinary and Nls-enriched urea applied in UAF-Q7 and JQH-1 genotypes, respectively
(Table 3).
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Table 2. Influence of NIs-enriched urea on phenological development in three quinoa genotypes.

Quinoa .
Genotypes Days to True Leaf Days to Multiple Leaf
CK(0kgN 70 kg N his_i(_g'_ 1;10/ Means CK (0kg N 70 kg N hiii(_g'_ 1;10/ Means
ha—1) ha=! ° Genotypes ha—1) ha~! ° Genotypes
NI NI
UAEF-Q7 19.67 a 13.33 ¢ 14.00 ¢ 15.67 28.33 ab 26.33 cde 25.33e 26.67
EMS line 18.33 ab 19.00 a 15.67 be 17.67 29.33a 28.00 abc 26.00 de 27.78
JQH-1 18.33 ab 18.00 ab 13.33 ¢ 16.56 26.67 bede 27.00 bede 27.67 abcd 27.11
Means N 18.78 A 16.78 B 14.33C 2811 A 27.11 AB 26.33C
HSD G=ns,N=159,GxN=275 G=ns,N=1.08G x N=1.87
Quinoa . .
Genotypes Days to Bud Formation Days to Panicle Emergence
CK(OkgN 70 kg N 35_i<g NO Means CK(O0kgN 70 kg N 35 ligl N Means
ha—?1) ha~1 ha™ +1% Genotypes ha=1) ha=1 ha” + Genotypes
NI P 1%NI P
UAF-Q7 40.33 40.00 40.33 40.22 A 59.67 59.00 56.67 58.44 A
EMS line 40.00 39.67 36.67 38.78 B 55.67 57.33 55.33 55.44 B
JQH-1 37.33 38.67 36.33 37.44C 59.00 54.67 53.33 55.66 B
Means 39.22A 3944 A 37.78 B 58.11 A 55.44 B 55.67 B
HSD G=115N=115,G x N=ns. G=182,N=1.82,G xN=ns.
Quinoa . .
Genotypes Days to Flowering Days to Maturity
CK (0 kg N 70kg N h3§}(§- 1;10/ Means CK (0 kg N 70kg N h35,i(§_ 1;10/ Means
ha—1) ha! a ° Genotypes ha—1) ha=! a ° Genotypes
NI NI
UAEF-Q7 79.33 77.67 77.00 78.00 127.67 125.33 121.67 124.89
EMS line 79.33 78.00 76.00 77.78 128.00 124.00 122.67 124.89
JQH-1 78.00 77.00 75.33 76.78 125.33 126.00 122.67 124.67
Means 78.88 A 77.56 AB 76.11 B 127.00 A 125.11 AB 12233 B
HSD G=ns,N=197,G x N=ns. G=ns,N=355G x N=ns.

Letters among and within columns denote significant differences in means for nitrogen and between cultivars
atp <0.05.

2.5. Seed Yield and Its Attributes

Application of NIs-enriched urea produced tallest plants in genotype UAF-Q7 that
was significantly similar to ordinary urea in same genotype. Minimum plant height was
found in control plants with no supplemental N. There was no difference observed for
panicle length in N treatments compared to control, however, among genotypes, UAF-Q7
expressed maximum panicle length followed by JQH1 hybrid.

Application of NIs-enriched urea showed maximum 1000-seed weight in quinoa
genotypes UAF-Q7 and EMS-line. However, this increase was similar to ordinary urea in
JQH-1 and EMS-line. Likely, highest seed yield per plant was found for NIs-enriched urea
compared to ordinary urea while minimum seed yield per plant in control plants without
supplemental N. Among genotypes, highest seed yield was expressed by JOH-1 hybrid
followed by EMS-line while minimum in UAF-Q7 genotype.

2.6. Seed Protein Contents

Application of NIs-enriched urea showed highest seed protein contents in harvested
grains of JHQ-1 hybrid that was similar to ordinary urea in same genotype. However,
minimum seed protein contents were found in UAF-Q7 genotype in control treatment
(Table 4).
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Table 3. Effects of NI-enriched urea on photochemical efficiency and SPAD-chlorophyll values in
three quinoa genotypes at panicle emergence stage.

Quinoa SPAD-Chlorophyll Photosynthetic Active Radiation (PAR)
Genotypes
CK (0kg N 70 kg N 35_i<g No Means CK (0kg N 70 kg N 35_i<g No Means
—1 -1 ha +1% -1 -1 ha +1%
ha™") ha Genotypes ha™") ha Genotypes
NI NI
UAF-Q7 43.77 be 46.93 ab 48.07 a 46.26 A 887.00 d 584.70 ef 1268.70 b 91344 A
EMS line 4233 ¢ 3490d 48.30 a 41.84 B 486.00 f 584.70 ef 1445.70 a 838.78 B
JQH-1 35.65d 4797 a 47.80 ab 43.81B 657.00 e 649.70 e 1074.30 c 793.67 B
Means N 40.58 C 43.27 B 48.06 A 676.70 B 606.30 C 1262.90 A
HSD G=242,N=242,G xN=4.19 G=67.743, N=67.743,G x N=117.33
Quinoa Electron Transport Rate (ETR) Current Fluorescence Value (Ft)
Genotypes
CK(0kgN 70 kg N 35_i(g No Means CK(0kgN 70 kg N 35 li% N Means
ha=—1) ha—1! ha™ +1% Genotypes ha—1) ha~! ha™ + Genotypes
NI P 1%NI yP
UAF-Q7 214.07 b 169.07 be 176.97 be 186.70 AB 471.67 bc 607.33 a 450.00 bce 509.67
EMS line 164.47 be 139.83 294.43 a 199.58 A 422.00 ¢ 42333 ¢ 635.00 a 493.44
JQH-1 126.87 ¢ 148.23 ¢ 184.13 bc 153.08 B 467.00 bc 386.00 ¢ 556.33 ab 469.78
Means 168.47 B 152.38 B 21851 A 453.56 B 47222 B 54711 A
HSD G =236.703, N =36.703, G x N = 63.57 G=ns,N=71709, G x N =124.20
Quinoa .
Genotypes Quantum Yield (Y)
CK (0kgN 70 kg N 35_i<g No Means
—1 -1 ha +1%
ha™") ha Genotypes
NI
UAF-Q7 0.62a 0.57 ab 0.42c 0.54
EMS line 0.57 ab 0.63 a 0.50 be 0.57
JQH-1 0.47 ¢ 0.60 a 0.44c 0.51
Means 0.55 A 0.6 A 0.46 B
HSD G =ns., N=0.0470, G x N =0.0814
Letters among and within columns denote significant differences for nitrogen and between cultivars at p < 0.05.
Table 4. Effects of NI-enriched urea on yield components and seed protein contents in three quinoa
genotypes at maturity.
Quinoa Plant Height (cm) Panicle Length (cm)
Genotypes
CK (0 kg N 70 kg N 35_1(8 No Means CK (0 kg N 70 kg N 35_i<g No Means
—1 -1 ha +1% -1 1 ha +1%
ha™") ha Genotypes ha™") ha Genotypes
NI NI
UAF-Q7 70b 8la 88 a 80 A 27 23 26 25 A
EMS line 41 c 49 c 43¢ 44 B 15 15 13 14C
JQH-1 51c 49 c 49 c 50 B 18 19 20 19B
Means N 54 60 60 20 19 19
HSD G=561,N=ns,G xN=9.72 G=259,N=ns,G x N=ns.
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Table 4. Cont.

Quinoa

1000 Seed Yield (g) Seed Yield Per Plant (g)
Genotypes
CK(0kgN 70 kg N 35_i(g NO Means CK(0kgN 70 kg N 35 ligl N Means
ha—1) ha—1! ha™ " +1% Genotypes ha—1) ha—1! ha™ " + Genotypes
NI P 1%NI yP
UAF-Q7 0.28d 0.44 bc 0.53 a 042 B 1.16 2.32 292 2.13C
EMS line 042 c 0.47 abc 054 a 0.48 A 2.46 3.17 3.93 3.19B
JQH-1 0.48 abc 0.52 ab 0.52 ab 0.51 A 3.40 3.54 5.33 4.09 A
Means 0.39C 0.48 B 0.53 A 2.34C 3.01B 4.06 A
HSD G=0.05,N=0.05,G x N=0.08 G=0.60,N=0.59,G x N=ns.
Quinoa Seed Protein Contents (%)
Genotypes
CK (0kg N 70 kg N 35_i<g No Means
1 5 ha=™" +1%
ha™") ha Genotypes
NI
UAF-Q7 10.16d 13.22 ¢ 15.66 b 13.01 B
EMS line 14.66 bc 14.83 be 15.66 be 15.05 A
JOH-1 14.32 bc 16.44 ab 18.8 a 16.53 A
Means 13.05 A 14.83 B 16.7 A
HSD G=1.5758, N=1.5758, G x N=2.72

Letters among and within columns denote significant differences in means for nitrogen and between cultivars
atp <0.05.

3. Discussion

Urea fertilizers are often used as nitrogen (IN) source worldwide due to high N contents.
However, it is rapidly hydrolyzed to ammonia (NH3) and carbon dioxide (CO,) in soils.
Nonetheless, application of urea enriched with urease and nitrification inhibitors are well
known to synchronize N supply with crop demand to increase N use efficiency [32,33].
The present study evaluated the potential of urea enriched with N inhibitors (NI's; 1%
boric acid, thiourea and sodium thiosulphate + 35 kg N ha~!) to improve crop growth,
photochemical efficiency, N uptake, seed yield and protein contents in contrasting quinoa
genotypes compared to ordinary urea (70 kg N ha—!) and no N as control (0 kg N ha™1).
The NIs enriched urea improved the growth, chlorophyll values and N uptake in quinoa
genotypes [Table 1] are associated with its increased soil availability and is also an important
component of chlorophyll structure [34]. Urea enriched with N-(n-butyl) thiophosphoric
triamide (NBPT) inhibitor had been reported to improve photosynthetic pigments, plant
growth and seed yield in cotton owing to increased N uptake. Likely, positive relationship
of leaf N with chlorophyll contents has also been reported [34,35]. Increased N uptake and
dry matter with application of urea enriched with NBPT in cotton [36] also reflected in plant
fresh and dry biomass of quinoa when NIs-enriched urea was applied in this study [Table 1].
Increased NR activity in quinoa of present study [Table 1] was associated with beneficial
effects of thiourea in enhancing N metabolism [36]. Thiourea application is reported to
improve chlorophyll contents, photosynthetic activity, starch, and soluble protein levels in
plants [37] confirms diverse functions of SH group in thiourea molecule. However, variable
response of quinoa genotypes to NIs-enriched urea for total N uptake seems effect of NI's
to inhibit urease and nitrification [38]. Curti et al. [8] and Gomez et al. [12] reported that
quinoa genotypes had no difference in total N content before anthesis independent of their
growth duration which is also evident in present study where JHQ-1 hybrid showed low
N uptake [Table 1] because of dilution effect associated with higher crop growth rate of
quinoa hybrid not matching with N uptake [8,12]. Usually, application of N delays the crop
phenological development, however, application of NIs-enriched urea helped quinoa plants
to complete different stages of crop development earlier than ordinary urea and control
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treatments [Table 2]. There are no evidence showing the effects of NIs-enriched urea with
NI's on crop maturity, nevertheless, delay in development stages for N applied in splits had
been reported in quinoa validated in present study findings [11]. Plant height and panicle
length are genetic and stable characters, however, strongly affected by environmental
factors including N. No significant difference observed between these traits for enriched
and ordinary urea could be attributed to similar gains in photosynthetic efficiency of these
genotypes [Table 4]. Nonetheless, increase in 1000-seed weight and seed yield of quinoa
plant could be attributed to total N uptake which consistently contributed to enhance
photosynthetic carbon fixation by affecting sink capacity [36,39]. The combined use of
urease and nitrification inhibitors in NIs-enriched urea increased plant N uptake improving
its efficiency associated with reduced losses, thereby increased yield and seed proteins
contents [40]. The increase in seed protein contents in quinoa of present study by application
of NIs-enriched urea [Table 4] were associated with slow-release effect to enhance retention
and bioavailability of NH4-N for direct uptake and its remobilization to affect protein
contents in grains [41,42]. Increase in protein contents with application of NH4-N [43]
and inhibitors was associated with improved plant N uptake and its remobilization had
also been reported in wheat and some other crops [44—46]. Gupta et al. [47] suggested
that plants remobilize and constitute mechanism of re-uptake of resources such as NH4™*
under N limited condition to ameliorate the increased NH4* levels derived from different
physiological process after anthesis. Nonetheless, present study results are in consistent
with Bascunian-Godoy et al. [48] where positive relationship between seed N% and seed
amino acid was reported under low N supply and support the hypothesis to remobilize
resources under limited vs. sufficient conditions [49].

4. Materials and Methods
4.1. Experimental Details

The seed of three quinoa genotypes, EMS-line and were collected from alternative
crops lab, Department of Agronomy, University of Agriculture Faisalabad, Pakistan. These
three genotypes varied in growth behavior and include a cultivated variety (UAF Q-7), a
hybrid (JOH-1) and EMS line. The experiment was comprised of two factors as quinoa
genotypes and fertilizer treatments including no N (0 kg N ha!) (control), 75 kg N ha~!
(recommended) [50] and 35 kg N ha~! enriched with 1% NI (Thiourea + Boric acid +
Sodium thiosulphate). Experimental design used was completely randomized with two
factors factorial. The tenth seed of each genotype were sown in earthen pots each filled with
5 kg soil at field capacity level under the wire house condition with exposure to natural
growing condition. After seedling establishment, three plants per experimental unit were
maintained for further growth and assays. The experimental treatments were randomized
completely with factorial arrangement in three replications. Other fertilizers including
phosphorus and potassium were thoroughly mixed in soil before sowing using 50 kg ha~!
of single super phosphate and 120 kg ha~! of sulphate of potash, respectively. While half
of nitrogen (N) was applied at sowing and other half at flowering stage. The pots were
irrigated 10 and 15 days after sowing (DAS) for optimum growth of quinoa crop and later
when required.

4.2. Determination of Plant Growth, Nitrogen Uptake, Utilization Efficiency and Seed
Protein Contents

After 3040 days of sowing at bud formation stage, only one plant was randomly up-
rooted for measuring plant growth traits including shoot and root lengths with measuring
scale. The quinoa plant shoots fresh and root fresh weights was determined and oven-dried
at 98 °C for 48 h for dry weights. The SPAD chlorophyll value of upper most leaf of quinoa
plants was measured at the growth stage of BBCH 18 with the help of SPAD-501, Minolta
Japan. For the determination of seedling N and grain protein, 0.5 g of plant and grain sam-
ple separately was taken into the Pyrex tube and added with 10 mL of concentrated H>SO4
for digestion and allowed to stand for overnight. After which, distillation was performed
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by Kjeldahl apparatus and then titrated against 0.1% H»SO4 [51]. Flasks were placed on the
hot plate and heated at the temperature ranging between 100-150 °C for 30 min, then 2 mL
of 30% HyO, was added upon cooling, and heated again at increasing temperature of up
to 300 °C. The processes were repeated till the solution became transparent and the final
volume kept 50 mLby addition of distilled water. Distillation was performed by extracting
10 mLof the digested sample and 10 mLof 40% NaOH solution was added in the tube.
The 5 mLboric acid solution (4%) was added to the receiver flask with 2-3 drops of mixed
indicator and 40 mLof total solution was obtained by distillation and titrated against 0.01 N
H,SO4 until the original color of methyl red appeared and the values were noted. For
protein contents, nitrogen values were multiplied with a factor 5.95. Plant N uptake (mg N
plant~1!) and its utilization efficiency (NUtE; g DW per mg N) were measured as suggested
by Merigout et al. [52] and Wang et al. [53], respectively.

4.3. Measurement of Nitrate Reductase Activity

At bud formation stage, leaf samples harvested at bud formation stage were shifted
to icebox and stored at —30 °C until use [54]. For enzyme assay, leaf harvest (0.25 g) after
grinding was extracted with 1 mL digestion buffer (1 mM EDTA + 10 mM cysteine) using ice-
cold pestle mortar. The leaf extract was filtered through cheese cloth and homogenates was
transferred to 2 mL falcon tubes, centrifuged at 10,000 rpm for 10 min to collect supernatant.
Enzyme extract (1 mL) was added with 0.25 mL phosphate buffer (pH 7.5), 0.1 mL KNO;,
2 mM NADH and 0.35 mL distilled water to initiate reaction. After incubation at 30 °C for
15 min, reaction was terminated by the addition of 1% sulphanilamide and 0.02% naphthyl
ethylenediamine reagent of 0.5 mL of each and kept it for 30 min to settle down. The
absorbance of extract was measured on 540 nm using spectrophotometer (UV 4000, ORI
Germany). The NR activity was calculated following Kaiser and Lewis [55].

4.4. Determination of Phenological Traits

All the crop growth stage of quinoa were recorded at regular intervals according to
the BBCH scale [56]. The first true leaves (BBCH stage 11) developed 14-15 days after
sowing and multiple leaf stage (BBCH 18) was recorded 25-26 days after sowing. The
bud formation stage after 35-40 days of sowing was coded as BBCH 50. The panicle
emergence (BBCH 59) started after the 50-55 days of sowing and flowering (BBCH 67) in
the inflorescence of quinoa plant after the 70-75 days after sowing. After flowering, the
grains of quinoa start to ripened and milky stage recorded after 90-95 after sowing was
coded as BBCH 81 and the maturity stage after 120-130 days after sowing as BBCH 90.

4.5. Measurement of Photosynthetic Efficiency and SPAD-Chlorophyll Value

Photochemical efficiency traits were measured at 12:00-1:00 pm in a bright sunny-
day using photosynthetic efficiency analyzer (MINI-PAM-II) and chlorophyll values by
SPAD-chlorophyll meter (SPAD-501, Minolta, Osaka, Japan) at panicle emergence stage
(BBCH 59-60) from the upper most leaf. The data regarding current fluorescence value
(Ft), electron transport rate (ETR), photosynthetically active radiations (PAR) and effective
photochemical yield (Fv/Fm) was measured.

4.6. Seed Yield and Its Related Traits

At physiological maturity, height of plant and main panicle length was measured
with a measuring scale. At harvesting, grains number per plant and 1000-grain yield
were recorded. The grains number per plant was counted by threshing the panicles and
1000 grain weight was measured by using seed counter.

4.7. Statistical Analysis

Analysis of variance technique was performed to analyze the data statistically using
Statistix 8.1 software (Hamburg, Germany) and differences among treatment means were
computed by least significance difference (LSD) test at 5% probability.
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5. Conclusions

The present study showed that enriching urea with urease and nitrification inhibitors
(1% boric acid, thiourea and sodium thiosulphate) simultaneously have potential to reduce
crop N requirements and its application can improve the N use efficiency, seed yield
and grain protein contents in quinoa irrespective of genotypes. Nonetheless, better crop
response at (NI; 1% boric acid, thiourea and sodium thiosulphate + 35 kg N ha~!) was
attributed to photosynthetic efficiency and increased N uptake in quinoa.
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Abstract: Quinoa (Chenopodium quinoa Willd.) is a genetically diverse crop that has gained popularity
in recent years due to its high nutritional content and ability to tolerate abiotic stresses such as
salinity and drought. Varieties from the coastal lowland ecotype are of particular interest due to their
insensitivity to photoperiod and their potential to be cultivated in higher latitudes. We performed
a field experiment in the southern Atacama Desert in Chile to investigate the responses to reduced
irrigation of nine previously selected coastal lowland self-pollinated (CLS) lines and the commercial
cultivar Regalona. We found that several lines exhibited a yield and seed size superior to Regalona,
also under reduced irrigation. Plant productivity data were analyzed together with morphological
and physiological traits measured at the visible inflorescence stage to estimate the contribution of
these traits to differences between the CLS lines and Regalona under full and reduced irrigation.
We applied proximal sensing methods and found that thermal imaging provided a promising means
to estimate variation in plant water use relating to yield, whereas hyperspectral imaging separated
lines in a different way, potentially related to photosynthesis as well as water use.

Keywords: Chenopodium quinoa Willd.; field trial; hyperspectral imaging; phenotyping; quinoa;
reduced irrigation; thermal imaging; yield

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is a highly nutritious member of the Amaran-
thaceae, originating from the Andean region of Central and South America. Originally
cultivated by the Incas during pre-Colombian times [1], quinoa became a staple food of
the Incan Empire and is now considered an important food crop in many South American
countries [2]. Quinoa grains are gluten free and highly nutritious, containing high-quality
protein and all essential amino acids, vitamins, minerals and antioxidants (flavonoids
and polyphenols) that contribute to the health-promoting effects of this food crop [3-9].
Additionally, the seeds exhibit a high content of unsaturated fatty acids (oleic, linoleic, and
a-linolenic acids) and a close to optimal omega-6/omega-3 ratio, which support the oil
quality of this crop [10]. On the other hand, the seeds accumulate saponins, commonly
considered anti-nutritional factors due to their hemolytic, membranolytic, and fungitoxic
activities [11]. In recent decades, quinoa has become a target of research worldwide
due to its potential contribution to food security [2,12]. Quinoa is a genetically diverse
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crop that thrives in the heterogeneous environments of the Andean region from which
it originated [13]. Quinoa genotypes, landraces and cultivars can be classified into five
ecotypes, which exhibit wide ranges of adaptations to elevation, annual rainfall, soil fertility,
temperature and photoperiod [2].

Quinoa is also known for its ability to grow in marginal environments and toler-
ate a range of adverse growth conditions, such as high salinity [14-17], heat [18] and
drought [15,19,20]. Detailed studies of quinoa subjected to drought stress have been con-
ducted, both in the field and in greenhouse experiments, providing insight into the key
physiological adaptations of quinoa. Increased water use efficiency associated with abscisic
acid (ABA)-induced stomatal closure [21-24] is a common strategy implemented by quinoa
in response to drought stress. Leaf ABA concentration has been observed to accumulate
in response to increased stress in the field, suggesting it is an important mechanism for
drought tolerance in quinoa [21]. In addition to ABA signaling, hydraulic regulation
through changes in turgor may play an equally important role in stomatal closure for
certain quinoa varieties subject to water stress [25]. Another strategy is the induction of
metabolic adaptations that improve tolerance to osmotic or water stress, and which involve
an increased synthesis of osmoprotectants such as free amino acids, proline, and soluble
sugars (glucose, trehalose), to enhance scavenging of reactive oxygen species and to protect
plants from destructive oxidative reactions [26,27]. Reductions in photosynthetic rates
and the efficiency of photosystem II have also been observed in quinoa plants in response
to water deficit [24,28]. Strategies used to mitigate water deficit stress have been shown
to differ between quinoa varieties depending on their geographical origin. In a study
involving two quinoa varieties, Sun et al. [23] observed that the relatively slower growth
rates and smaller leaf areas of varieties originating from adverse environments were more
effective at tolerating drought stress compared to fast-growing varieties originating from
nutrient-rich environments, due to reduced overall transpiration and water loss [23].

To date, most drought stress studies involving quinoa have focused on only a few bred
varieties and seldom compare ecotypes or ecotype-derived self-pollinated progenies. The
diversity of quinoa and the establishment of new breeding and improvement programs
to develop new varieties better adapted to different environmental conditions remain
largely unexplored [13,29-31]. To this end, unique germplasm collections representing
local and regional biodiversity are of particular interest as a source of variation. One major
consideration when selecting quinoa material for this study was the sensitivity of quinoa
to photoperiod, as this trait can significantly limit quinoa adaptation and breeding efforts
in high-latitude regions, such as Europe [29,32]. Disruption to seed filling and maturation,
resulting in continued vegetative growth and flowering, has been observed in photoperiod-
sensitive lines grown in photoperiods of longer than 12 h [29,32]. Quinoa cultivars from
the coastal lowland ecotype show an insensitivity to photoperiod, as they are adapted
to the coastal conditions of southern Chile (latitudes up to ~40° S) and have already
been used for European-bred cultivars from Denmark and the Netherlands [29,33,34].
Therefore, we focused on the coastal lowland ecotype and selected lines from the INIA
SeedBank collection (Chile), based on morphology and yield observed in the field and
further developed in a breeding program run by INIA Chile.

The physiological characterization and classification of lines according to their toler-
ance to drought stress customarily involves destructive or laborious measurements of traits
such as leaf water potential or photosynthesis and stomatal conductance. These methods
are often time-consuming and difficult to apply on a large scale. Screening of genotypes for
pre-breeding can be facilitated by using more high-throughput phenotyping methods to
measure photosynthetic status, spectral reflectance and canopy temperature [35,36]. These
methods, in particular vegetation indices based on spectral reflectance measurements, have
recently begun to be applied in quinoa research on drought stress [37,38].

In this study, we implemented a combination of standard and more recent approaches
to measure productivity and underlying morphological and physiological traits of nine
novel Chilean coastal lowland (CLS) lines and one commercial cultivar, Regalona Baer
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(hereafter referred to as cv Regalona), grown in a field experiment subject to a full and
reduced irrigation regime starting from the branching stage (extended BBCH 20 [39]). Stan-
dard approaches included the non-invasive measurement of chlorophyll fluorescence and
destructive measurements of water potential, relative water content, and shoot morphology.
These were tested alongside recent approaches which can be scaled to high throughput,
including hyperspectral and thermal imaging. All measurements were taken at the visible
inflorescence stage of development (extended BBCH 59 [39]) and compared to seed yield
and seed size determined at physiological maturity, as well as plant development over the
course of the trial. We aimed to determine differences in yield and seed size among the
selected CLS lines compared to cv Regalona, and to detect the underlying morphological
and physiological traits that may contribute to yield and seed size determination under full
and reduced irrigation. A better understanding of how well-established and more recently
developed phenotyping methods can be deployed to determine traits contributing to yield
under adverse conditions will help improve the effectiveness of future quinoa breeding
programs and crop management.

2. Results
2.1. Agronomical Traits at Harvest

A significant treatment effect was observed for plant yield (p < 0.01), with plants
receiving reduced irrigation (RI) yielding less than fully irrigated (FI) plants (Figure 1).
There was no significant genotype or genotype by treatment interaction effect. However,
lines CLS-1 and CLS-2 sustained a comparable yield despite a reduced water supply, which
was similar to the response observed for the commercial cv Regalona. In the other CLS
lines, the yield was decreased by water deficit (Figure 1). When considering seed weight
per plant, treatment was again the only significant factor (p < 0.01), with average seed
weights of 2.42 g and 1.92 g for FI and RI plants, respectively. Interestingly, lines CLS-1 and
CLS-2 increased their average seed weight per plant in response to RI (1.88 g vs. 2.01 g for
CLS-1 FI vs. RI samples, and 2.45 g vs. 2.94 g for CLS-2 FI vs. RI samples) (Figure 1).

CLS-2 CLS-3 CL5-4 CLS-5 CLS-6 CLS-7 CLS-8 CLS-9 Regalona

1 * ++++

(L-BY 1) pi=iA

— L

Tt 1
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-

(6) wed Jad wBiaw paas

Figure 1. Productivity of nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona
in a field experiment under full irrigation (FI, purple) and reduced irrigation (RI, green). Productivity
is presented as yield expressed in t ha~! (top panel) and the seed weight per plant (bottom panel)
collected in 1 m of two central rows per plot. Data are presented as the mean (dot) and the standard
deviation around the mean (vertical bar).
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For the 1000 seed weight, both the treatment (p < 0.0001) and genotype effects (p < 0.0001)
were significant, but not the genotype by treatment interaction effect. The average 1000 seed
weight was 3.08 g for FI plants and 2.86 g for RI plants (Table 1). The highest weights
corresponded to lines CLS-3 and CLS-7, whereas the lowest weights were recorded in lines
CLS-8, CLS-6 and cv Regalona. It is noteworthy that among the highest 1000 seed weights,
CLS-7 was not affected by the RI treatment (Figure S1).

Table 1. One-thousand seed weight and proportional weight of 1.7 mm caliber seeds measured for
nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona in a field experiment
under full irrigation (FI) and reduced irrigation (RI). Values are means across treatment + standard
deviation.

Genotype 1000 Seed Weight (g) 1.7 mm Caliber Seed Weight (g) !
CLS-1 322 +£0.25ab 593 +1.10a
CLS-2 3.22£0.19 ab 435+092Db
CLS-3 328 +£0.17a 583 +£0.51a
CLS-4 3.02 £ 0.08 be 4.23 £+ 0.54 bde
CLS-5 2.82 £ 0.26 cde 4.80 = 1.13 be
CLS-6 2.68 £0.19 de 3.78 £ 0.66 def
CLS-7 325+0.10a 5.67 £ 0.55 ac
CLS-8 260 £0.26e 3.35£0.72 ef
CLS-9 2.90 £ 0.40 cd 3.05 + 1.59 fg
Regalona 273 £0.16 de 235+086¢g

1 Out of a 10 g sample of seeds, the total weight of seeds that are larger than 1.7 mm. n = 6. Letters indicate
significant differences between lines (p < 0.05).

Significant differences at both the treatment (p < 0.05) and genotype (p < 0.0001) level
were found for the 1.7 mm-caliber seed weight. The average weight for the FI treatment was
4.82 g, whereas the RI average was significantly lower (3.85 g). The highest 1.7 mm-caliber
seed size weight was observed for line CLS-1, followed by CLS-3 and CLS-7 (Table 1).
Interestingly, these three lines did not show similar decreases in the RI treatment, but
for CLS-3 and CLS-7 the average difference between treatments was comparatively small
(Figure S1). When also considering lower caliber seeds (1.4 mm and 1.18 mm), seed size
displayed an inverse effect. A decrease in the proportion of higher caliber seeds occurred
simultaneously with an increase in the proportion of lower caliber seeds (Figure S1).

For panicle length, we found a significant effect of genotype (p < 0.0001) and genotype
by treatment interaction (p < 0.0001). Within the FI treatment, CLS-2 and cv Regalona had
the shortest panicles, followed by CLS-7 and CLS-9, whereas lines CLS-1, CLS-5, CLS-6
and CLS-8 had the longest panicles. In the RI treatment, CLS-5 still had the largest panicle
length, followed by CLS-1, CLS-6 and CLS-8. The other CLS lines and cv Regalona all
had shorter panicles. Panicle width showed a significant treatment (p < 0.01), genotype
(p < 0.0001) and genotype by treatment interaction effect (p < 0.0001). The panicle width
was reduced in the RI treatment for lines CLS-2, CLS-3, CLS-4 and CLS-9 (Figure S2b).
Within the FI treatment, panicles were smallest in width in CLS-7 and largest in CLS-6,
CLS-8 and CLS-9. The widest panicles in the RI treatment were found for lines CLS-6,
CLS-8 and CLS-5. The lines CLS-6 and CLS-8 had the overall largest panicles, together with
CLS-5 whose panicles even increased in size under RI.

The plant height at harvest ranged from 99 to 127 cm (with an average height of
115 cm) in the FI treatment, and from 87 to 108 cm (with an average height of 97 cm) in
the RI treatment (Figure S3a). For all genotypes except CLS-5 and CLS-8, plant height was
significantly (p < 0.01) reduced under RI conditions (Figure S3b). The largest effect of RI on
plant height was observed for CLS-2 and CLS-6, whereas the effect was small for CLS-8
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and CLS-5 (Figure 2). Plant height recorded for line CLS-8 was relatively short in both
treatments, while CLS-5 plants were considered medium height when compared to the
other lines (Figure S3). The tallest lines at harvest were CLS-1, CLS-3, CLS-4, CLS-6 and
CLS-7, whereas plants of CLS-9 and cv Regalona were the shortest in both treatments.
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Figure 2. Plant height at harvest under reduced irrigation (RI) expressed as a percentage of plant
height under full irrigation (FI) for nine coastal lowland self-pollinated lines (CLS) and commercial
cv Regalona. The mean plant height under Rl as a % of Fl is indicated by a horizontal line.

Yield responses to reduced water availability in a genotype panel can also be assessed
by means of drought and yield tolerance indices. These are based on the overall effect
on yield or by comparing genotypes of interest to the yield reduction in a set of reference
genotypes [40]. The drought tolerance index (DTI) was 0.76 in our field trial involving nine
CLS lines and the commercial cv Regalona as a reference. Therefore, an overall 24% yield
loss occurred under RI conditions. The DTI of CLS-1 and CLS-2 was the highest (1.41 and
1.32, respectively), as no yield loss was recorded under RI, while cv Regalona had a DTI of
1.23 and was also relatively unaffected by drought (Table 2). Among the other lines, CLS-5
was the most affected by drought with a DTI of 0.60. In this field experiment, all CLS lines,
except CLS-1 and CLS-2, performed worse than cv Regalona. As recommended by Ober
et al. and del Pozo et al. [40,41], we also calculated the yield tolerance index (YTI) because
it may differentiate between genotypes that perform better under drought stress due to an
inherently high yield potential, and those that intrinsically have greater drought tolerance.
This difference was observed in our field trial for CLS-1 and CLS-2, which had YTI's of
0.66 and 1.29, respectively (Table 2). CLS-2 was therefore a high yielding line despite the
applied treatment, whereas CLS-1 was in itself more drought tolerant. The line CLS-8
was also found to be drought tolerant per se, most likely due to its overall smaller size,
which resulted in reduced total transpiration. CLS-9 had higher yields under drought due
to its inherently higher yield potential, albeit this effect was still less pronounced when
compared to CLS-2. Finally, CLS-6 performed better than cv Regalona, despite being more
sensitive to drought (Table 2).
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Table 2. Drought and yield tolerance indices according to Ober et al. [40] and del Pozo et al. [41]
calculated for nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona grown in
a field experiment under full irrigation and reduced irrigation. The drought tolerance index (DTTI)
is based on the drought intensity index across all genotypes in the experiment (DII, 0.76), whereas
the DTI-R is based on the DII of Regalona (0.93) as a reference. The yield tolerance index (YIT) is
calculated across all genotypes in the experiment.

Genotype DTI DTI-R YTI
CLS-1 1.41 1.15 0.66
CLS-2 1.32 1.08 1.29
CLS-3 0.96 0.78 0.69
CLS4 0.78 0.63 0.67
CLS-5 0.60 0.49 0.36
CLS-6 0.88 0.71 1.01
CLS-7 0.90 0.74 0.55
CLS-8 1.02 0.83 0.66
CLS9 0.98 0.80 1.07
Regalona 1.23 1 0.72

2.2. Thermal Index for Plant Responses to Drought and Irrigation

Thermal index 1 (T11, °C) was obtained at 46 and 47 days after sowing (DAS), i.e., at
the visible inflorescence stage for all plots in both treatments. A TI1 close to zero means
cool leaves corresponding to high transpiration, whereas more negative values indicate
warmer leaves, suggesting stomatal closure. We found a significant effect of treatment
and measurement day, as well as their interaction (p < 0.001), but no significant effect of
genotype. The measurement day effect originated from the timing of irrigation. At 46 DAS,
plants had not been irrigated for almost three days and loss of turgor in leaves was observed
in both the FI and RI treatments. All plots were irrigated at noon of 46 DAS, but in the
afternoon, TI1 was still very negative in both treatments, indicating that the leaves had not
fully recovered and transpiration was still low (Table 3). At 47 DAS, 24 h after irrigation,
all values became less negative, suggesting recovery from acute drought, although the
treatment effect was noticeable with values closer to zero for FI plants. This was most
pronounced for CLS-2, CLS-9 and cv Regalona, and may indicate higher transpiration
rates and/or reduced stomatal closure under FI conditions compared to the other lines.
For CLS-4 and CLS-8, TI1 values under FI conditions were still more negative, potentially
indicating faster stomatal closure and reduced transpiration under high vapor pressure
deficit conditions in the afternoon. On the other hand, lines CLS-3 and CLS-4 had the least
negative TI1 under RI conditions at 47 DAS, suggesting that transpiration was reduced less,
compared to the other lines and cv Regalona.

2.3. Hyperspectral Indices as Proxies for Plant Trait Measurements

Hyperspectral imaging data acquired at the visible inflorescence stage were pro-
cessed to obtain vegetation indices. These included published vegetation indices (VIs,
Table S1, [42-64]), calculated based on wavelengths selected for other species and mostly
obtained by remote sensing. In addition, we compared the relative reflectance of quinoa
across the complete spectral region (File S1).
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Table 3. The thermal index 1 (TI1, °C) calculated based on thermal infrared data for nine coastal
lowland self-pollinated lines (CLS) and commercial cv Regalona in a field experiment under full
irrigation (FI) and reduced irrigation (RI) conditions. Images were acquired at the visible inflorescence
stage on two consecutive measurement days, expressed in days after sowing (DAS). Values are
means + standard deviation.

Genotype . 46 DAS - . 47 DAS .
CLS-1 —5.55 £ 0.65 —-5.39 £ 0.38 -110+ 085t —272+0611t
CLS-2 -5.00 £1.72 —4.17 £ 0.79 —-0.02+123¢t —2.68 £1.04*
CLS-3 —521+0.74 —3.85 £ 0.78 —037+£1201t —1.69 £ 0.65 1
CLS-4 —6.13 £ 1.62 —4.38 £ 0.20 -1.70+£ 027t —-1.87+£0.88t
CLS-5 -5.07 £1.38 —-5.96 £1.37 -1.10+£128+¢ —227+0.79 1
CLS-6 —5.03 £ 1.42 —4.91 £ 1.96 —081 112+t —238 124
CLS-7 —5.48 £ 0.60 —-5.29 £ 0.67 -130+1.09t —257+133¢t
CLS-8 —-5.22 £0.88 -519 £ 0.54 —229+106t -323+£077¢t
CLS-9 —4.24 +1.22 —5.06 = 0.81 —0.12 £ 0.90 t —3.37 £ 0.64 t*
Regalona —4.36 +£1.23 —4.55 +1.90 —-017+048 t —275+0.11*

n = 3. * indicates significant differences between treatments per genotype and measurement day (p < 0.05).
t indicates significant differences between measurement days 46 DAS and 47 DAS within genotype and treatment
(p <0.05).

We performed a three-way ANOVA to find out whether VIs could detect differences
between genotypes and treatments across repetitions. All main effects (genotype, treatment
and repetition) were significant, as well as all interactions. We therefore investigated the
effect sizes of the main effects and their interactions (Figure S4). Effect sizes were the
smallest for treatment in all VIs, which was further confirmed by the results of the two-way
ANOVA per repetition. Either genotype or repetition, and their interaction, had the largest
effect size depending on the VI. All NDVI-related VIs had very small effect sizes, whereas
the RGRI and MCARI2 of the same group of structure-related VIs showed the overall
largest effect sizes, together with the RGI and G. Both calculations include wavelengths
in the red and green region of the spectrum. RGI and G were followed in effect size by
the WCI (red, green, NIR), CRI2 (blue-green, red-edge) and BRI (blue, green). We further
analyzed the effect sizes for pairwise contrasts between genotypes within each treatment.
Figure 3 shows the VIs for which an effect size larger than one standard deviation across
the three repetitions was found. The VIs MCARI2, RGI, RGRI and G showed the largest
effect sizes and were associated with a larger number of contrasts between genotypes in
both treatments. CLS-7 differed from six other genotypes in the FI treatment, followed
by CLS-3 and cv Regalona (five genotypes), CLS-5 (four genotypes), and CLS-9 (three
genotypes). In the RI treatment, CLS-2 and CLS-4 appeared at the forefront, with large
effect size differences with five and four other genotypes, respectively. CLS-7 and CLS-3
still differed from each other and three other genotypes, whereas cv Regalona only differed
from two genotypes.

The WBI, which represents the extent of water-sensitive depression between 900 nm
and 970 nm, showed consistent differences in mean values across repetitions between FI
and RI treatments for CLS-1, CLS-6 and CLS-7. The effect sizes, on the other hand, were
small. The WBI was not different between treatments for CLS-2, CLS-5 and CLS-8. For the
remaining lines, no consistent treatment effects were detected. For the other water content-
related index WCI, consistent differences in mean values between FI and RI were found for
CLS-3, CLS-7, CLS-8 and CLS-9, with effect sizes close to two and three standard deviations
for CLS-3 and CLS-9 respectively, and one standard deviation for CLS-7 and CLS-8.
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Figure 3. Quinoa genotype pairwise contrasts for the full irrigation (FI) and reduced irrigation (RI)
treatments and vegetation indices (VIs) with consistently high effect sizes (larger than one standard
deviation) across the three repetitions. The size of the nodes’ rectangle is proportional to the number
of connected VIs per genotype contrast (left) or the number of genotype contrasts per VI (right). The
online figure is interactive and highlights interactions when pointing the cursor to genotype contrasts
and VIs.

2.4. Relationship between Agronomical Traits at Harvest, Plant Phenology, and Morphological and
Physiological Traits at the Onset of Flowering

Observations on the progress of phenological stages were made throughout the grow-
ing season, but differences between CLS lines and cv Regalona were only found in the
duration of the seed maturation stages (File S3). At the visible inflorescence stage (ex-
tended BBCH 59 [39]), we measured plant morphological and physiological traits by
well-established methods, details of which and measurement results are provided in File S4.

100



Plants 2022, 11, 323

Traits included plant height, stem diameter, stem and leaf biomass, stem and leaf water
potential, leaf relative water content, and the quantum efficiency of photosystem II.

Morphological traits measured at the visible inflorescence stage showed a significant
positive correlation with yield and yield components (Figure 4). Plant height measured
at harvest correlated positively with seed size. Among the physiological traits measured
at the visible inflorescence stage, the leaf relative water content and stem water potential
showed a positive correlation with yield (Figure 4).
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Figure 4. Correlation of phenological, morphological, physiological, and agronomical traits measured
across development, at the visible inflorescence stage (traits preceded by ‘I-'), or at harvest (traits
preceded by ‘H-’) in nine coastal lowland self-pollinated lines and commercial cv Regalona grown
in a field experiment under full irrigation (FI) and reduced irrigation (RI). The color of the ellipses
represents the correlation coefficient (R) which can be positive (blue) or negative (red). The slimness
of the ellipses represents the coefficient of determination (R?). Only significant correlations (p < 0.05)
are shown.

A principal component analysis (PCA) across treatments explained 59.3% of the
variability and separated the treatments along principal component 1 (PC1, 34.1%), with
the exception of CLS-3 (Figure 5a). The traits that most contributed to PC1 consisted of
morphological traits measured at the visible inflorescence stage, including stem and leaf
biomass, stem diameter and plant height (Figure 5b). The latter observation explains why
CLS-3-RI did not separate well from CLS-3-FI, because for this line, we did not detect a
reduction in shoot biomass under RI conditions at the visible inflorescence stage (File S4).
Stem water potential, leaf water content and thermal index 1, measured at the visible
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inflorescence stage, also contributed to PC1. Treatments were further separated by yield,
the 1000 seed weight and plant height at harvest. Principle component 2 (PC2), which
explained a further 25.2% of the variability, distinguished CLS lines from cv Regalona, with
CLS-1 and CLS-5 being the most distant from cv Regalona as well as the other CLS lines
under FI conditions (Figure 5a). Under RI conditions, CLS-5 remained the most distant,
whereas CLS-9 was similar to cv Regalona. The traits that most contributed to PC2 were
the timing of the milky and doughy grain stages, physiological maturity of the grains,
seed size, panicle length, seed weight per plant and the efficiency of PSII under high-light
conditions (Figure 5b). According to the PCA, plant height, stem biomass, stem water
potential and thermal index 1, all measured at the visible inflorescence stage, were most
closely related to yield, whereas panicle length and efficiency of PSII were associated with
seed maturation stages. Plant height at harvest was related to seed size (Figure 5b). We did
not find any similarity between the classification of the lines according to the DTI and YTI
and the position of the lines in the PCA plot.

In a PCA of vegetation indices in combination with agronomical, morphological and
physiological traits, PC1, PC2 and PC3 explained 88% of variability (Figure S5). A majority
of traits contributing the most to the PC1-3 consisted of VIs developed as proxies for
chlorophyll content. Only one water-related VI was in the top ten traits of PC1. The
top-scoring VIs corresponded to the VIs for which a consistently large effect size across
the three repetitions was found as well as a large number of contrasts between genotypes
(Figure 3). For CLS-3 and CLS-7, treatments were most separated along PC1 and PC2
(Figure S5), whereas CLS-4 and CLS-5 (FI and RI), and CLS-6, CLS-9 and CLS-3 (RI)
grouped together along PC1. For lines CLS-1 and CLS-4 and cv Regalona, treatments
did not separate along PC1 or PC2. No consistent correspondence between DTI and YTI
and clustering of lines was detected based on VIs. Also, no significant correlation with
yield was found for any of the VIs, and only NPCI and SIPI showed a weakly significant
correlation with 1000 seed weight (Table S2). The WBI correlated weakly but significantly
with the 1.7 mm and 1.18 mm caliber seed weights. A majority of significant correlations
were observed for morphological and physiological traits, with VIs including blue and
red wavelengths correlating with morphological traits and stem and leaf water potential,
and those calculated using green wavelengths correlating with leaf relative water content
(Table S2). The strongest correlations overall were detected for MCARI and PSII efficiency,
and PRI and stem and leaf water potential.
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Figure 5. Principal component analysis of agronomical, morphological and physiological traits
measured in nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona grown in a
field experiment under full irrigation (FI) and reduced irrigation (RI). (a) Distribution of CLS lines and
cv Regalona under FI and RI along principal components 1 and 2 (PC1 and PC2); (b) Contributions of
traits to PC1 and PC2. Phenological traits included in the analysis were: days to milky grain stage
(MG), days to doughy grain stage (DG), and days to physiological maturity (PM). Traits measured at
the visible inflorescence stage included in the analysis were plant height (I-PH), stem diameter (I-SD),
stem biomass (I-SB), leaf biomass (I-LB), leaf relative water content (I-RWC), stem water potential
(I-SWP), thermal index 1 (I-TI1), and quantum efficiency of photosystem II in low-light (I-PhiPSII-low)
and high-light (I-PhiPSII-high) conditions. Traits measured at harvest included in the analysis were
plant height (H-PH), yield (H-Y), seed weight per plant (H-SWplant), 1000 seed weight (H-1kSW),
1.7 mm caliber seed weight (H-SW 1.7 mm), 1.4 mm caliber seed weight (H-SW 1.4 mm), 1.18 mm
caliber seed weight (H-SW 1.18 mm), panicle length (H-PL) and panicle width (H-PW).

103



Plants 2022, 11, 323

3. Discussion

Tolerance of quinoa to abiotic stresses such drought, salinity, low soil fertility and frost
has been well documented, making it a target crop for addressing future food security
in the context of a climate crisis [13,19,20,31,65]. Studies have recorded significant yield
deficits, especially under low soil water availability and high vapor pressure deficit, high
temperatures and nitrogen deficiency [15,66-70]. Inability to attain the full yield potential
has been attributed to sink limitations, while higher yields could be obtained in quinoa
if reproductive partitioning is increased [71]. Chilean quinoa varieties from the coastal
lowland ecotype have become the basis of most breeding programs aimed at production
in temperate environments such as northern Europe, due to their photoperiod insensitiv-
ity [32,34]. A high-quality reference genome assembly [72] based on the sequencing of
the Chilean coastal quinoa accession PI 614886 (also known as NSL 106399 and QQ74)
will contribute significantly to deeper understanding of the genetic attributes of quinoa
and to further improvement of future breeding programs. The CLS lines grown in this
study all belonged to the coastal lowland ecotype and were selected based on their yield
potential across different geographical locations and seasons, architectural traits, and broad
adaptability to adverse environmental conditions.

In quinoa, the flowering and grain-filling stages are considered the most critical
for yield determination and the most sensitive to stress, including drought and high
temperatures [18,68,70,73,74]. Indeterminate grain development in a complex panicle
structure coupled with uneven grain filling lies at the basis of this sensitivity [67]. Stress
induced by reduced irrigation was well established at the flowering and seed filling stages
in our field trial and resulted in significant reductions in yield for the majority of CLS
lines, but not in cv Regalona. Lower individual seed weight and a shift in seed size
distribution from larger to smaller seeds were also observed. Individual seed weight and
seed size were consistently among the smallest in cv Regalona, but total seed number
may have compensated for this, as yield in cv Regalona was, on average, similar to the
CLS lines. Grain number was the major component in grain yield determination, while
grain weight showed a weak to strongly negative association with grain number across
a multi-environmental evaluation for grain yield and its physiological determinants [75].
Nevertheless, seed size is an important commercial trait in quinoa [76] and breeding
potential is considered to exist for both seed number and seed size [29,30,77,78]. The CLS
lines showed potential in field performance for both yield and seed size, even though
coastal lowland lines are characterized by a seed caliber under 2 mm. Indeed, fully
irrigated (FI) plants yielded 3.24 t ha~! on average, which decreased to 2.45 t ha=! in
reduced irrigation (RI) conditions. Nevertheless, in southern Mediterranean conditions the
total seed yield ranged from 0.70 t ha=! to 3.25 t ha~!, even across seasons [79]. Considering
recent reports from arid regions, quinoa Q26 produced the highest seed yield in Bastam,
Iran (1.29 t ha~! on average), which was not significantly different from Q29 (1.24 t ha~1),
while in Damghan, the highest seed yield was achieved in Q26 (1.19 t ha1) [80]. Another
report from an arid growing site in China recorded the 1000 seed weight differences for
two seasons (2.12-2.03 g) when soil matric potential decreased (—55 kPa SMP), which was
significantly lower than under —15 kPa SMP (2.28-2.21 g), well below the averages of
1000 seed weight determined in this study [81].

Yield was maintained under RI in CLS-1 and CLS-2 as well as in cv Regalona, and
was relatively sustained in CLS-9 despite the reduced water supply. Higher yields were
recorded for both CLS-2 and CLS-9 compared to cv Regalona, which was similar in yield
to CLS-1. High yields were achieved using different strategies for leaf relative water
content, stem water potential, biomass and seed number and size. This response was
similar to observations in the cvs Illpa and Rainbow, which used different strategies in the
face of water deficit stress to prevent decreases in grain yield and quality under drought
conditions [25]. At the visible inflorescence stage, CLS-2 had one of the largest recorded
leaf biomasses, but also suffered the largest reduction in shoot biomass in response to the
reduced water supply. High yields in CLS-2 were achieved with medium to large seeds

104



Plants 2022, 11, 323

on a short, compact panicle. In cv Regalona, a larger proportion of smaller caliber seeds
was produced on a relatively short panicle. CLS-1 produced a higher proportion of large
seeds on a long panicle, but overall seed size was lessened by reduced irrigation. Notably,
CLS-1 seeds took a longer time to reach the doughy stage of seed maturation, whereas
the overall shortest seed maturation time was recorded for the relatively small seeds of cv
Regalona. Variation in grain weight was found to be strongly correlated with the rate of
grain filling, and weakly or not associated with grain-filling duration [67,73], but this was
not observed in our trial. CLS-9 was high yielding, mainly in terms of seed number, as it
had a larger proportion of small seeds on a short panicle, like the phenotypic observations
of cv Regalona. Notably, the TI1 suggested higher rates of transpiration under FI conditions
for CLS-2, CLS-9 and cv Regalona.

CLS-7 had one of the highest proportions of large seeds recorded for both FI and
RI treatments, although these were less numerous overall and were produced on a small
panicle. Yield was, on average, severely reduced in CLS-5. Plants were short compared
to other lines at the visible inflorescence stage, which was partially compensated for by a
large panicle at harvest, although a lower proportion of small seeds compared to other lines
was observed. CLS-8 already showed reduced stem and leaf biomasses under conditions
of RI at the visible inflorescence stage. These effects were more pronounced compared
to corresponding observation in cv Regalona. At harvest, CLS-8 plant height was low
compared to other CLS lines, despite having a large panicle in both FI and RI treatments.
On average, the lowest 1000 seed weight was recorded for CLS-8 and CLS-6, but overall
seed yield was not consistently reduced in plots compared to FI. CLS-6 produced a fair
yield in terms of seed numbers, but with a higher proportion of small (less than 1.7 mm
caliber) seeds. CLS-8 was considered drought tolerant per se, which, according to the TI1,
may have been related to very sensitive stomatal closure. Finally, CLS-3 exhibited tall
plants both at the visible inflorescence stage and at harvest. While vegetative biomass was
not reduced, inflorescences were smaller under RI and yield was reduced mainly due to a
reduction in seed number, as CLS-3 produced the overall highest proportion of large seeds
and had the heaviest 1000 seed weight. For the CLS lines, plant height at harvest was not
correlated with yield, whereas lines with the tallest plants under RI, CLS-3, CLS-7, and
CLS-1 and CLS-5 produced the highest proportion of large seeds under both FI and RI
conditions (R2 of 39%). Lines that showed the highest average yields, CLS-6 and CLS-9,
generally had a higher proportion of smaller seeds, with the exception of CLS-2, which
produced medium to large seeds.

Correlations between traits measured at the visible inflorescence stage and those mea-
sured at harvest were weak overall, most likely due to the small number of measurements
per line taken at the visible inflorescence stage and the environmental conditions between
flowering and harvest that affect plant physiology and, consequently, seed maturation.
Nevertheless, these correlations may give indications about the influence of reduced irriga-
tion from the branching to the visible inflorescence stage on the final yield and seed weight,
and about the potential to predict agronomical traits from morphological and physiological
traits measured earlier in the growing season. Between 15 and 35% of the variation in plant
height at harvest and 5 to 16% of the variation in yield could be explained by shoot biomass
measured at the visible inflorescence stage. The PCA analysis also confirmed a relationship
between shoot morphology traits at the onset of flowering and yield. Among the physiolog-
ical traits, leaf relative water content, stem water potential and the TI1 showed significant
positive correlations with yield, indicating that these traits contribute to effects of reduced
irrigation on yield. Moreover, a significant correlation was found between the TI1 and stem
and leaf water potential (R? of 0.49 and 0.39 respectively), supporting the value of thermal
infrared imaging for detecting differences in water use behavior among genotypes.

Plant drought response mechanisms have been reported in quinoa and include re-
duced growth [23,69], stomatal closure associated with abscisic acid and hydraulic sig-
naling [22,25,82-84], peroxisome abundance as a cellular sensor [68], the accumulation
of osmoprotectants, antioxidant defense and membrane stabilization [19,20,26,27], and
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elevated recovery capacities of PSII and PSI photochemical activities after re-watering [85].
Understanding how the physiological mechanisms employed by quinoa in response to
drought as well as specific strategies implemented by different genotypes influence the
final yield is crucial for both crop management and breeding. Better comprehension of
genotype by environment (G x E) interactions and the optimization of irrigation for a
specific crop’s needs or to address an irrigation deficit [19,25,29,67] will lead to improved
crop management (M) and higher-yielding harvests, improving G x E x M interactions.
Nevertheless, we were unable to make clear distinctions between quinoa lines employing
profligate or conservative water-use strategies [86] using the data collected in this trial via
more traditional methods, as the frequency and number of measurements were relatively
low. Canopy temperature and vegetation indices collected using handheld, ground-based
or remote sensors could distinguish irrigated from non-irrigated treatments in a study
by Sankaran et al. [38]. A significant relationship between water availability and canopy
temperature was also detected for a selection of quinoa genotypes grown under different
water regimes in the Brazilian Cerrado region [70]. We therefore included thermal infrared
and hyperspectral imaging to determine whether these systems could deliver proxies for
water use, photosynthetic activity or yield, or otherwise reveal differences between lines
that may or may not have been observed using standard methods [36,87-92].

Both imaging techniques were fast and delivered data with a high temporal resolution
and an increased frequency for a potentially better comparison of physiological responses
between genotypes and treatments. The Huasco experimental center located in the southern
Atacama Desert provided the ideal environmental conditions for this field trial. This was
especially apparent for the measuring period at the visible inflorescence stage, where stable
conditions coupled with high light intensity and clear skies throughout the day were ideal
for applying imaging techniques. In addition, all measuring days had similar diurnal
temperature and vapor pressure deficit profiles. The main factor that influenced plants
differently was included in the trial itself as the treatment, namely soil water content. The
observed responses to acute water deficit and irrigation (re-watering) in the measurement
of stem and leaf water potential were also seen in the thermal and vegetation indices as the
measurement day had a significant effect.

Further valuable information on the sensitivity of physiological processes to soil water
content in the different CLS lines could have been obtained by means of diurnal imaging.
With regard to the methodology to obtain the thermal indices, we were fortunate to observe
wet leaves (dew) until quite late in the morning, when other environmental conditions
(air temperature, radiation, VPD) were already at or close to the maximum values for the
day. Covering leaves with petroleum jelly to obtain dry reference temperatures is not ideal,
albeit a commonly used method. A more pragmatic approach would be to image a black
reference target that adapts quickly to the prevailing environmental conditions, such as a
thin sheet of aluminum [93]. An even, black reference surface can be reliably selected with
automated image processing procedures. Data obtained from diurnal measurements before
and after irrigation, as well as visible loss of turgor, may also help in setting thresholds
on indices similar to the upper and lower baselines used in thermal imaging for irrigation
scheduling [94].

In both the vegetation indices and the analysis of selected wavelengths, differences
between lines were larger than treatment effects. The latter may have been influenced by
the measurement days, as these included times of acute water deficit stress and recovery
from stress after irrigation. Overall, the mean reflection in the green wavelengths was
substantially decreased in RI conditions for most lines, except CLS-2, CLS-4 and CLS-7.
Lower green reflection has been previously described in maize under conditions of drought
stress [55]. This means that leaves appear darker green, which may be related to a higher
concentration of chlorophyll in reduced mesophyll cell volumes and an accumulation of
protective pigments [58]. Higher mean NIR reflection has been attributed to a decreased
leaf water content and leaf thickness [55,95], and was observed in CLS-5, CLS-6 and CLS-7
in the RI treatment. The blue and green regions of the spectrum contributed the most in
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distinguishing genotypes, whereas the effect of the measurement day was most clearly
observed in the red, red-edge and NIR region of the spectrum (File S1). The time interval
since the last irrigation event may therefore have influenced these wavelength regions.
Vegetation indices that consist of these wavelengths were the most effective in showing the
measurement day effect or distinguishing lines. They included MCARI2, RGI, RGRI and G,
consisting of green and red wavelengths, followed by WCI (green, red and NIR), CRI2 (blue,
green and red-edge) and BRI (blue and green). CLS-7 and CLS-3 differed from many of the
other lines in the FI treatment, whereas they were preceded by CLS-2 and CLS-4 in the RI
treatment. The reasons that CLS-3 and CLS-7 strongly differ from each other, the other CLS
lines and cv Regalona, based on spectral reflectance, are currently unknown. Nevertheless,
both produced the highest proportion of large seeds and the highest 1000 seed weight.

The two water-related VIs could consistently detect differences between FI and RI
plots. For the WBI, this was the case in CLS-1, CLS-6 and CLS-7, and for WCI in CLS-3,
CLS-7, CLS-8 and CLS-9. No treatment effect was found for the WBI in CLS-2, CLS-5 and
CLS-8. The WBI is based on the extent of the water-sensitive depression between 900 nm
and 970 nm in the NIR [59], whereas the WCI includes wavelengths in the green, red
and NIR regions [55]. In a study by Hinojosa et al. [37] using a handheld multispectral
radiometer, the NDVI was suggested as a proxy for yield in quinoa. We could not confirm
this result because no consistent relationship was found between the highest yielding
CLS lines and their respective NDVI values. We did observe the highest gNDVI under
FI conditions for CLS-4, which is known for its dark green leaves and red pigmentation.
A similar observation was noted in Hinojosa et al. [37] for a genotype with red shoot
coloration. Here, the gNDVI for CLS-4 was high because of a particularly low reflectance
in green compared to the other CLS lines and cv Regalona.

No correspondence was found between the classification of lines according to the
DTI and YTI and the clustering of lines in the PCA of VIs. In addition, no significant
correlation with yield was found for any of the VIs. The majority of significant correlations
were observed for morphological and physiological traits, with VIs including blue and
red wavelengths correlating with morphological traits and stem and leaf water potential,
and those calculated using green wavelengths correlating with leaf relative water content.
The PCs mainly consisted of VIs that were originally developed to detect differences in
chlorophyll fluorescence and photosynthesis. Potentially, lines CLS-3 and CLS-7 differ
from the other lines in these traits. On the other hand, these VIs are also correlated with
stem and leaf water potential as the latter has been associated with wavelengths in the
red region [55]. We can conclude from this study that hyperspectral imaging has a great
potential in estimating traits contributing to yield and in distinguishing genotypes along
these traits, rather than providing proxies for yield itself or distinguishing genotypes based
on yield.

Summary and Future Directions

e  Significant correlations were detected between morphological and physiological traits
measured at the onset of flowering and at harvest.

e Lines CLS-1, CLS-2 and CLS-9 performed best when faced with a 50% reduction
in irrigation and performed well in terms of seed traits and plasticity for hyper-
arid regions.

e Imaging techniques show good potential for high-throughput phenotyping of quinoa
in future studies. Additional data from larger field trials will be needed to improve
the quantitative evaluation of quinoa genotypic responses and their relationship to
specific traits of interest, including productivity and physiological traits.

4. Materials and Methods
4.1. Field Trial Setup

Nine novel quinoa genotypes (CLS-1 to CLS-9) and one commercial cultivar (Regalona
Baer, referred to in this text as cv Regalona), were grown in the field to investigate responses
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to full and reduced irrigation. The CLS genotypes were initially selected from the INIA
SeedBank Collection based on morphological (i.e., branching type and panicle shape) and
yield traits (i.e., total seed weight and seed diameter) observed in the field, and further
developed in a breeding program by INIA Chile through a combination of mass selection,
self-pollination of individual lines (over the course of at least two seasons) and panicle-
furrow selection. The field trial took place at the INIA-Huasco experimental center located
in the southern Atacama Desert (Vallenar, Chile, 28°34’ S, 70°47’ W and 469 m.a.s.l.) during
the 2019/2020 growing season (sowing on 26 September 2019, harvest on 21 February 2020).
This location was particularly well-suited for this trial as the Atacama Desert is known for
being one of the driest regions in the world, ensuring that rainfall would not hinder the
planned irrigation protocol. The soil corresponded to La Compaiiia series, a sandy loam
textural class of soil composed of sand (75.5%), silt (10.9%) and clay (13.7%), with a low
organic matter content (2.0%), an alkaline pH (8.1), slight salinity (2.4 dS m~'), and with a
basic content of N-P-K (45-21-311 mg kg~! respectively).

The experimental design was split-plot with irrigation treatment as the main plot
(between factor, two levels), genotype as the split-plot (within factor, 10 levels) and a
blocking factor with six levels (Figure 56). Each plot of 2 by 4 m contained four rows of
quinoa with an inter-row spacing of 0.5 m [76]. Seeds were sown at a density of 15 kg ha~!
with >85% germination. Two irrigation treatments were tested, with full irrigation (FI)
considering the reposition of ET( and the lack of a crop coefficient (K.) for quinoa growing
in the region. For the reduced irrigation (RI) treatment, we defined a severe reduction
of irrigation time (50%) and kept the same schedule as for the full irrigation treatment
(every second or third day) by means of pressurized drip lines. The RI treatment started
at growth stage 20 (branching, extended BBCH [39]). Fertilizer was provided at sowing
(75-120-60 N-P-K) and an additional 75 N was provided at growth stage 12 (second pair
of leaves visible, extended BBCH [39]). Plots were regularly inspected for weeds and
pests, which were controlled manually, and disease was managed with the application
of chlorothalonil (2 L ha~! BRAVO 720, Syngenta) from growth stage 16 (six pairs of
leaves visible, extended BBCH [39]). A meteorological station located at the INIA-Huasco
experimental station, approximately 300 m from the experimental setup, collected weather
data, and soil sensors that monitored volumetric water content and temperature were set
up in both treatments (Figure 6). Total monthly precipitation recorded for the field site
over the course of the trial was as follows: 0.0 mm from 26 to 30 September, 1.3 mm for
the month of October, 0.3 mm for the month of November and 0.2 mm for the month of
December. No precipitation was recorded for the months of January and February.

Over the course of the entire growing season, plots were regularly inspected and phenol-
ogy was determined visually according to the extended BBCH scale by Sosa-Zuhiga et al. [39].
When plants were in the visible inflorescence stage of development (extended BBCH
59 [39]), morphological and physiological traits were measured (described in detail in
File S4). The timing corresponded to 46-50 days after sowing (DAS). Morphological traits
and leaf relative water content were measured on one day only for all plots of both treat-
ments (47 DAS). Because of practical constraints related to time and the labor-intensive
nature of some of the methods, the measurements of the other physiological traits were
grouped per block and treatment at 48, 49 and 50 DAS.

108



Plants 2022, 11, 323

a

l — Daily Maximum Temperature - - - Nightly Mean Temperature

©]

o

=

o

[0)]

£

(] - . :
= 0 50 100 150
(b)

g 3

X

o 27

o

= 11

0 50 100 150

(c)

e 9000 1

< 8000 1

-5 7000 1

© 6000 1

2 50001 : : :
o 0 50 100 150
(d)

= — FullIrrigation --- Reduced Irrigation

g 020

E 016 ) »

g 0 12 "\,/,_f‘\ ,"Il""{\"ll \“’V‘-"’"”/J RSRE

» 0084 = : : -
> 0 50 100 150

Days after sowing
Vegetative Inflore Filling Maturity

Flowering

Figure 6. Weather data over the course of the field experiment from 26 September 2019 to 28 February
2020 collected by a meteorological station at the INIA-Huasco experimental center in the southern
Atacama Desert (Vallenar, Chile, 28°34’ S, 70°47’ W and 469 m.a.s.1.) 300 m from the field trial and by
soil sensors in the field trial; (a) daily maximum and night mean temperature; (b) daily maximum
vapor pressure deficit (VPD); (c) daily total radiation; (d) daily mean volumetric soil water content
(VSWCQ). The full irrigation and reduced irrigation treatments started at branching (35 days after
sowing), but the sensor data were only available from 40 days after sowing. The colors in the figure
represent the respective quinoa developmental stages.

4.2. Data Collected at Harvest

Plots were harvested during the senescence period once genotypes reached physiolog-
ical maturity, i.e., when seeds from the main panicle became hard and resistant to pressure,
which corresponds to a seed moisture content of about 20%. A 1 m? area consisting of two
central rows was manually harvested in each plot. The plant number and height for the
harvested area was recorded. Plant yield was determined as the total seed weight in one
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linear meter of two central rows per plot. Yield data are shown as the productivity in t ha~!
at a standard seed moisture content of 20%. Additionally, the total seed weight was divided
by the number of plants sampled to obtain the seed weight per plant. The final height was
measured for the same plants. Seed metrics included the 1000 seed weight, determined
using a seed counting machine (5-JR, DATA Technologies, Kibbutz Tzora, Israel), and the
proportional weight of a 10 g seed sample retained in sieves of different mesh openings
(1.7, 1.4 and 1.18 mm) after 3 min of agitation at 65 rpm. Finally, panicle metrics were
determined for 50 panicles of the central plot rows by imaging complete, intact panicles
with a digital RGB camera (Nikon D3100, 16-55 mm lens), and measuring the panicle
length and maximum width in the images using Image]J [96]. A ruler was included in each
image for calibration purposes. The drought tolerance index (DTI) and yield tolerance
index (YTI) were calculated for each CLS genotype and cv Regalona as described in Ober
et al. and del Pozo et al. [40,41].

4.3. Thermal Infrared Imaging

Thermal infrared imaging data were acquired using a CAT S60 smartphone equipped
with a FLIR Lepton longwave infrared micro thermal camera module (https:/ /www.catphones.
com/ (accessed on 5 November 2019)). Images had a resolution of 320 x 480 pixels. Two
images per plot were taken to cover the complete plot surface. Images overlapped at the
center of the plot, where a fastened piece of crumpled aluminum foil (40 cm?) and a leaf
covered with petroleum jelly used as a dry reference could be included in both images.
Images were acquired at the visible inflorescence stage of development for all plots in both
the FI and RI treatments in the afternoon of 46 and 47DAS, whereas they were acquired
in the afternoons of 48, 49 and 50 DAS for all plots of blocks 2 and 5, 1 and 4, and 3 and 6,
respectively. Moreover, at 47 DAS, all plots were also imaged in the late morning when
the leaves were still wet with morning dew. The derived temperature data were used as a
wet reference. Images were processed in R using the ‘Thermimage’ package [97]. Settings
for air temperature and relative humidity at the time of imaging were obtained from the
collected environment data. Emissivity was set to 1 in the conversion of image data for
measuring the mean temperature of the crumpled aluminum foil, which represented the
reflected temperature. This was then applied together with an emissivity value of 0.96
to obtain the leaf temperature data. An Image] macro was used to semi-automatically
determine regions of interest (ROIs) in the images and corresponding temperature data for
the piece of aluminum foil, the dry reference leaf and patches of sunlit, exposed soil. The
temperature data of these ROIs were then excluded from the image to obtain the mean leaf
temperature data. Thermal index 1 (TI1) was calculated as follows:

TI1 = dTwet.m — dTm D

The dTwet.m is the mean of the difference between the temperature of the wet leaves
per plot at 47 DAS and the ambient air temperature at the time of imaging. The dTm is the
difference between the mean leaf temperature per plot and the ambient air temperature at
the time of imaging [88,89].

4.4. Hyperspectral Imaging

Hyperspectral image data were acquired using a Specim IQ (Specim Ltd., Oulu,
Finland), a handheld push broom camera system with integrated operating system and
controls [98]. The Specim IQ measures reflectance in the visible and near-infrared, i.e., from
400 to 1000 nm, with a spectral resolution (FWHM) of 7 nm, 204 spectral bands, and a
spatial resolution of 512 x 512 pixels?. The camera was mounted on a tripod at a height
that allowed a complete individual plot to be captured in the image. The plots of blocks 1
and 4, and 2 and 5 were imaged at 49 and 48 DAS, respectively, between 15:00 and 16:00.
The plots of blocks 3 and 6 were imaged at 49 DAS between 16:00 and 17:00. As blocks
represented differences in the date and time of imaging, they were referred to as repetitions
with blocks 1 and 4 assigned to repetition 1, blocks 2 and 5 to repetition 2, and blocks 3
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and 6 to repetition 3. Plots were always captured in treatment pairs (RI after FI or vice
versa). Each dataset contained a white reference tile, which was imaged simultaneously for
data calibration. A dark reference, representing sensor noise without incoming light, was
recorded automatically before each capture.

Upon image data acquisition, the Specim IQ integrated software allows for the selec-
tion of the white reference tile in the image based on its high reflectance values, in addition
to automated calibration to obtain relative reflectance data. However, we noted that the
white reference tile itself was not selected alone in some images, as other elements with
high reflectance were present, such as pieces of crumpled aluminum foil (used for the
measurement of stem water potential and thermal imaging). The calibration procedure
was therefore redone in R after threshold-based selection of the white reference tile pixels
using an Image] macro. All other hyperspectral data processing and analysis steps were
also executed in R.

Plant pixels were segmented from the background using the Normalized Difference
Vegetation Index (NDVI, Table S1) and a threshold level, which also excluded inflorescences
and specular reflection. Shaded background and shaded plant parts with low reflectance
were removed using a threshold in near-infrared (838 nm) and green (554 nm) wavelengths,
respectively. Spectra were smoothed on the pixel level using the Savitzky-Golay smoothing
filter [99] with a third order polynomial and a window size of 11 using the R package
‘prospectr’ [100].

A total of 41 published vegetation indices (VIs, Table S1) were calculated. By means of
a cluster analysis, genotypes were grouped based on the similarity of VI data within the FI
and RI treatment. Agglomerative hierarchical clustering was applied on the scaled VI mean
observations for repetitions 1 to 3 using the ‘agnes’ function of the R package ‘cluster’ [101].
The trees were cut at five clusters. Pearson correlation coefficients were calculated to
describe the linear relationships between traits measured at the visible inflorescence stage,
plant morphology and performance traits measured at harvest, and VIs. In addition,
differences in relative reflectance between genotypes and treatments, independent of Vls,
were analyzed for a selection of wavelengths and wavelength bands. A selection was
used because of the high degree of correlation or collinearity in the relative reflectance of
mostly adjacent wavelengths. A Pearson correlation coefficient was calculated between the
relative reflectance of all wavelengths. A threshold of 0.8 was then applied to split up the
wavelength range in groups of high correlation. One wavelength was selected for further
analysis per group. This yielded five wavelengths, 476 nm, 554 nm, 616 nm, 679 nm and
724 nm, in the blue, green, orange, red and red-edge regions of the spectrum, respectively.
Furthermore, reflectance in the near-infrared region (NIR) was averaged and included in
the selection.

4.5. Statistics

Statistics were performed in R (R version 4.0.3 [102]). Outliers were identified by
applying the interquartile range method (R package ‘rstatix’ [103]). Data were checked
for normality via visual inspection of the QQplot of the residuals of the model and by the
Shapiro-Wilk test. Homogeneity of variances was determined by visually inspecting the
residuals plot and by Levene’s test.

The model ‘trait ~ treatment X genotype + (1 |block)” was run for harvest data using
the ‘Imer’ function in the R package ‘ImerTest’ [104]. Post-hoc pairwise comparisons were
performed using estimated marginal means with a 95% confidence interval (R package
‘emmeans’ [105]). For thermal infrared imaging, a three-way ANOVA (TI1 ~ genotype
x treatment x measurement day) was run. Significant main effects of treatment and
measurement day, and their interaction, were followed by a one-way ANOVA to test the
main effect of treatment at all levels of the measurement day, and vice versa.

For hyperspectral imaging, the VIs PSSRa, PSSRb, PSSRc, SR, SRChl, SRChlb and
SRChltot, and relative reflectance data at 554 nm were log-transformed, a square root
transformation was applied on data at 616 nm, 724 nm and the VIMCARI, and the reciprocal
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of the data of the VI WCI was used to improve normality before statistical testing could
be performed. For VIs and each selected wavelength or wavelength band, a three-way
ANOVA (vegetation index or wavelength ~ genotype X treatment x repetition) was run.
Assumptions were checked based on the normal QQ plot and the residual plot. Statistical
tests for normality or homogeneous variance could not be used because of the large sample
size. The latter also affected the outcome of the ANOVA as all main and interaction
effects were highly significant, and only very few non-significant contrasts (genotype
and treatment) were detected. Effect sizes are therefore reported here. The three-way
ANOVA was followed by a two-way ANOVA (vegetation index or wavelength ~ genotype
X treatment or repetition). Effect sizes for the independent variable in the ANOVA models
were the generalized eta squared, whereas they were calculated as pairwise differences
of estimated marginal means, divided by the standard deviation of the population, for
pairwise comparisons between genotypes and treatments.

Pearson or Spearman correlation coefficients, depending on the distribution of the trait
data, were calculated to describe linear relationships between traits and indices measured
at the visible inflorescence stage and agronomical traits measured at harvest (R packages
‘Hmisc’ [106] and ‘corrplot’ [107]). The mean values of traits per plot were used. A principal
component analysis (PCA) was performed on the mean values of traits and indices per
genotype and treatment using the ‘prcomp’ function in the ‘stats” package [102]. The
‘factoextra’ package was used for the visualization of the PCA [108].
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Abstract: Quinoa cultivation has gained increasing interest in Europe but more research on the charac-
teristics of European varieties is required to help determine their end use applications. A comparative
study was performed on 13 quinoa varieties cultivated under North-West European field conditions
during three consecutive growing seasons (2017-2019). The seeds were milled to wholemeal flour
(WMEF) to evaluate the physicochemical properties. The WMFs of 2019 were characterized by the
highest water absorption capacity (1.46-2.06 g/g), while the water absorption index (WAI) between
55 °C (2.04-3.80 g/g) and 85 °C (4.04-7.82 g/g) increased over the years. The WMFs of 2018 had the
highest WAT at 95 °C (6.48-9.48 g/g). The pasting profiles were characterized by a high viscosity peak
(1696-2560 mPa.s) and strong breakdown (—78-643 mPa.s) in 2017. The peak viscosity decreased in
2018 and 2019 (823-2492 mPa.s), while breakdown (—364-555 mPa.s) and setback (19-1037 mPa.s)
increased. Jessie, Summer Red, Rouge Marie, Vikinga, and Zwarte WMFs were characterized by
low WAIs and high shear resistance. Bastille WMF developed high viscosities and, along with Faro
WME, showed a high breakdown. The wide variation in physicochemical properties suggests that the
potential food applications of WMFs depend on the variety and growing conditions.

Keywords: Chenopodium quinoa Willd.; North-West Europe; wholemeal flour; water holding capacity;
water absorption index; pasting behavior

1. Introduction

The pseudocereal quinoa (Chenopodium quinoa Willd.) belongs to the Amaranthaceae
family. Quinoa was traditionally cultivated by pre-Hispanic civilizations in the Andean
region [1]. The plant produces edible seeds that are small, flat, and round [2]. The seed
color of most commercial varieties are white to grey or black but varieties with yellow or
red—violet seeds exist as well [3,4]. After the recognition of its excellent nutritional value,
quinoa gained increasing interest worldwide [1]. Quinoa is a promising crop for further
expansion in many parts of the world [2]. Quinoa is mainly grown in South America (e.g.,
Peru, Bolivia, Ecuador), although it has been introduced worldwide in the last decades [5].

Quinoa is known for its excellent balance between carbohydrates, proteins, and
lipids [6,7]. Quinoa’s carbohydrate fraction mainly consists of starch (32-69 g/100 g),
with a significant amount of resistant starch and dietary fiber (7.0-11.7 g/100 g) [5,6]. Albu-
mins and globulins make up the main fraction of the total protein content (7—23 g/100 g).
Quinoa is gluten-free, making it a suitable food source for people with celiac disease or
other digestive disorders, such as gluten intolerance [6]. Quinoa proteins have a balanced
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composition of essential amino acids [7]. The protein fraction shows a high content of
lysine, methionine, and threonine, the limiting amino acids in common cereals, such as
wheat and maize [5]. All essential amino acids are present, meeting the requirements for
adults suggested by FAO and WHO [5]. The protein digestibility is usually high, but may
be affected by hydrolase inhibitors or enzyme inhibitory effects of endogenous phenolic
compounds [6]. Besides its nutritional interesting protein content, quinoa has an interesting
lipid content of approximately 5.5 to 7.4 g/100 g, which is higher than that of wheat, maize,
and rice [5]. Quinoa seeds have a higher content of potassium, calcium, magnesium, iron,
coppet, and zinc than those found in common cereals [5]. Quinoa is a good source of vita-
mins with higher levels of a-tocopherol (vitamin E), riboflavin (B2), pyridoxine (B6), and
folic acid than those of wheat [5]. Quinoa contains several antioxidants and phytochemicals
with positive effects on human health and nutrition [5,8].

As starch is the major component in quinoa seed, it is expected that the properties
of quinoa wholemeal flour (WMF) depend, to a large extent, on the composition and
properties of starch [9]. Quinoa starch is present in the form of small polygonal granules
of 1 to 3 um in diameter [7,9,10]. The starch granules are present as single units or as
spherical aggregates packed in the quinoa perisperm [7,11]. Quinoa starch has a low
amylose content, which provides different physicochemical properties compared to cereal
starches [12]. There is a considerable variability in the amylose content of quinoa [13].
The amylose content reported for quinoa starch ranges between 9 and 11%, although
wider ranges of 3 to 20% have also been found [12,13]. It is unclear whether the reported
variation in amylose content is truly a reflection of genetic variability, due to variations in
agricultural practices or environment, the result of both, or attributable to differences in the
quantification methods [13]. Quinoa amylopectin contains a large number of short chains
from 8 to 12 units and a small number of longer chains from 13 to 20 units, as compared to
the endosperm starches of cereals [13,14]. The low amylose content and unique amylopectin
structure contribute to the unique physicochemical characteristics of quinoa starch [2,11].
It gelatinizes at relatively low temperatures, similar to the gelatinization temperature of
wheat and potato starch. However, its pasting behavior is considerably different from that
of wheat and potato starches [7,13]. Quinoa starch shows a higher water-binding capacity
and swelling power compared to wheat, barley, or corn starch. Furthermore, it has excellent
freeze—thaw stability [7,11-13]. Other main seed components, such as proteins and lipids,
likely affect the physicochemical properties of the quinoa WMF as well [9]. Proteins can
affect the water-binding capacity, pasting properties, and digestibility of the WMF [9].
Polar lipids could form V-type inclusion complexes with amylose, which influences starch
gelatinization, retrogradation, and susceptibility to enzymatic breakdown [9]. Non-starch
polysaccharides, such as dietary fiber, could increase gel viscosity or form a matrix with
phenolic compounds, which may retard starch retrogradation and digestion [9].

The wide applicability of quinoa derives from its versatility as a food ingredient [1].
Quinoa is mostly consumed as a whole grain or milled as WMF [1]. As a whole grain,
quinoa seeds are toasted, puffed, or boiled, and used in salads, cooked meals, breakfast,
or soups [1,15]. The seeds can also be processed into dairy milk, fermented to make beer,
or used as an ingredient in the traditional chicha drink [15,16]. Quinoa WMF, whether
or not combined with wheat flour or corn meal, is mainly used for the production of
baked (biscuits, cookies, bread, and gluten-free bakery products) or cooked (pasta, noodles)
products [2,17]. However, end-product quality will greatly depend on the characteristics of
the flour used [1]. According to previous studies, different varieties of quinoa have shown
different results in similar food products [2]. Therefore, studying the physicochemical
properties is important in determining the end uses of quinoa varieties, as these properties
determine the changes that occur during processing [2].

The significant increase in demand for quinoa has stimulated efforts in Europe to
develop new varieties that are suited to European growing conditions [2,18]. The charac-
teristics of Andean quinoa varieties are relatively well studied, but far little information
is available about European quinoa [1]. A better understanding of the individual variety
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characteristics will facilitate the selection of a variety for specific markets or products and
will stimulate the utilization of European quinoa in the food industry [2]. To fill the gap
in the current literature on European varieties and to assess their potential usefulness for
farmers and end users, a comparative variety testing with ten European bred varieties and
three Farm Original varieties (USA) was performed under field conditions in North-West
Europe during three consecutive growing seasons (2017-2019). In a previous work [19],
the agronomic performances of these varieties were evaluated, and the quinoa seeds were
qualitatively characterized based on physical and nutritional properties. The present work
focuses on the characterization of the physicochemical properties of WMFs obtained from
these seeds. These properties were evaluated over the three growing seasons to estimate
the impact of varying seed composition. In addition, principal components analysis (PCA)
and hierarchical cluster analysis (HCA) were applied to group the WMFs into clusters with
similar physicochemical properties.

2. Results and Discussion
2.1. Chemical Composition

The chemical composition of the quinoa varieties is summarized in Table 1 and
visualized in Supplementary Materials (Figure S1). These data have been discussed in
detail in Part I of this study [19]. In brief, the protein content of the quinoa seeds varied
between 12.1 and 18.8 g/100 g dry matter (dm). All varieties obtained the highest protein
concentration in 2019 due to favorable weather conditions. Among varieties, Atlas and
Pasto were characterized by the highest protein content in combination with lower yields.
Quinoa seeds contained a considerable amount of fat (5.42-8.54 g/100 g dm), with the
highest levels measured in 2018. The seeds of Pasto, Puno, and Zwarte usually had lower
fat levels than other varieties, while the highest amounts of fat were found in Rouge Marie,
Summer Red, and Vikinga seeds. The main component of the quinoa seeds was starch (50.5
to 72.5 g/100 g dm). Jessie, Pasto, Titicaca, Vikinga and Zwarte obtained the lowest starch
content in 2017, other varieties in 2019. Among varieties, Puno and Titicaca contained the
highest amounts of starch, Faro the lowest. The quinoa seeds contained between 2.37 and
3.60 g minerals per 100 g dm. The seeds of 2019 usually had a lower ash content compared
to corresponding seeds from 2017 or 2018. Puno and Titicaca contained low amounts of
minerals, while Pasto seeds were characterized by the highest ash content.

2.2. Physicochemical Properties
2.2.1. Water Absorption Capacity

The water absorption capacity (WAC) is the ability of the WMEF to physically hold water
while exposed to a centrifugal force, a process in which macromolecules (e.g., carbohydrates
and proteins) increase the water absorption by offering hydrophilic side chains [17,20].
Overall, the WAC ranged between 1.08 and 2.06 g/g (Figure 1), which corresponded with
the findings of Ghumman et al. (1.22-2.17 g/g, [17]) and De Bock et al. (1.52-2.05 g/g, [20]).
Vazquez-Luna et al. [21] reported a higher WAC for quinoa flour (2.11-2.55 g/g), while the
WAC was lower according to Aluwi et al. (0.89-1.22 g/g, [2]). The growing season of the
quinoa seeds had a significant impact on the WAC of the WMFs. The WAC of Faro, Oro
de Valle, and Zwarte WMF improved every growing season, while other WMFs, except
for Atlas, Jessie, Pasto, and Vikinga, obtained the lowest WAC in 2018. Jessie, Pasto, and
Vikinga WMF showed a stable WAC during the first two seasons (i.e., 2017 and 2018). The
WDMFs of 2019 showed the highest ability to absorb and retain water, as the WAC varied
between 1.46 and 2.06 g/g. The high protein levels in 2019 positively affected the WAC
of the WMFs (r = 0.563, p = 0.001), as high protein contents lead to an improved potential
in binding capacity [22,23]. However, the maximum WACs in 2019 were not linked to
the WMFs with the highest protein content. Despite the high protein content, Atlas and
Dutchess WMF were characterized by the lowest WAC in 2019. Vikinga, Jessie, Titicaca,
and Puno, all WMFs rich in starch and low in minerals, showed the highest WAC for WMFs
in 2019. The WAC might also be affected by the protein composition or the presence of
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fiber [23]. Moreover, differences in particle size and damaged starch content could also
have an impact on the WAC [1,24]. Differences in WAC between varieties varied among
growing seasons (variety x year: p < 0.001, Table S4). For example, Atlas was considered a
WMF with low WAC in 2017 and 2019 whereas it had the highest WAC among WMFs in
2018. However, certain trends were observed over the different years. Jessie and Titicaca
WMFs were generally characterized by a high WAC, while Bastille WMF showed a low
capacity to absorb and retain water. WMFs from Pasto or dark colored seeds (i.e., Rouge
Marie, Summer Red, and Zwarte) could be considered WMFs with medium-high WAC.

Table 1. Chemical composition (g/100 g dm) of 13 quinoa varieties grown under North-West
European field conditions in 2017, 2018, and 2019.

Year Variety Protein Fat Starch Ash
(/100 g dm) (/100 g dm) ! (/100 g dm) ! (/100 g dm) !
2017 Atlas 16.6 £ 0.2 A 6.41 4+ 0.04 <A 58.1 + 0.6 9B 3.46 + 0.02 &€
Bastille - - - -
Dutchess 13.8 + 0.0 A 7.03 4 0.07 eA 59.6 + 0.5 B 3.35+0.01 B

Faro 14.9 + 0.3 4B 7.33 £0.09 fA 53.4 + 0.7 2B 3.32 £ 0.02 ¢B

Jessie 16.0 + 0.2 ¢B 6.70 + 0.04 94 54.9 + 0.7 bA 3.12 +0.024€
Oro de Valle 12.1 +£0.224 6.18 £ 0.03 A 67.2 +£1.28C 2.86 + 0.03 bA

Pasto 15.5 £ 0.3 A 5.42 + 0.05 24 56.5 + 0.5 ¢4 3.47 +0.0284

Puno 139 +£02¢<B 5.65 = 0.02 abA 61.7 £ 048 2.37 +0.0224
Rouge Marie - - - -
Summer Red 139 +£0.2¢<B 8.54 + 0.08 i€ 58.0 + 0.2 9€ 3.29 4 0.01 B

Titicaca 14.8 +0.149B 7.61 + 0.08 88 60.7 + 0.8 fA 2.84 + 0.01 bAB

Vikinga 14.9 £ 0.4 98 8.04 +0.08 "B 57.8 +0.7 4A 3.02 £ 0.03 B

Zwarte 13.0 + 0.3 bA 5.70 + 0.03 bA 55.2 + 0.7 bA 3.16 + 0.03 44

2018 Atlas 164 +0.1A 7.78 + 0.03 ¢C 5754 0.52B 3.30 + 0.02 B
Bastille 131+ 0.2bA 7.34 +0.01 94 64.0 + 0.3¢B 3.09 + 0.03 bB

Dutchess 14.4 +02°¢B 7.75 4+ 0.04 B 61.4 +04<C 332+ 0.02°<B

Faro 132+ 0.2bA 8.09 + 0.08 f€ 58.2 + 0.4 2bC 3.07 £ 0.01 bA

Jessie 13.7 4 0.1 «dA 7.93 + 0.05 ¢fB 59.1 4+ 0.4 bC 3.08 & 0.01 bB
Oro de Valle 122 +0.124 7.73 £ 0.06 €€ 62.5 + 0.6 98 3.08 + 0.01 b€

Pasto 16.0 £ 0.2 B 6.37 + 0.04 2B 59.0 + 0.6 PB 3.60 + 0.02 4B

Puno 125+ 0.2234 6.67 £ 0.03 b€ 63.7 +0.3¢C 2.90 + 0.02 2C
Rouge Marie - - - -
Summer Red 13.3 + 0.1 beA 8.18 +0.01 B 57.3 +0.32B 3.27 £0.03<B

Titicaca 132 +0.1bA 7.08 4 0.03 <A 63.9 4+ 0.7 B 2.88 + 0.01 2B
Vikinga 138 £0.4 94 8.50 + 0.09 8¢ 63.6 £ 0.2 ¢ 3.08 +0.03 ¢
Zwarte - - - -
2019 Atlas 18.5 + 0.0 f8B 7.20 4+ 0.14 9B 5454+ 0.4 A 3.03 & 0.02 cdA
Bastille 16.6 + 0.0 beB 7.36 + 0.19 deA 52.3 + 0.5 A 3.01 £ 0.03 cdA
Dutchess 18.4 + 0.1 f8C 7.17 +0.04 94 54.8 + 0.2 cdA 321 +0.01fA

Faro 17.6 £0.19C 7.61 + 0.12 ¢fB 50.5 4 0.4 24 3.09 & 0.01 deA

Jessie 18.8 + 0.0 8€ 6.70 £ 0.24 A 55.6 + 1.3 deB 2.84 4+ 0.03 aC
Oro de Valle 16.2 + 0.0 abB 7.22 +0.07 9B 54.7 + 0.8 cda 291+ 0.02b8

Pasto - - - -

Puno 17.0 +£ 0.1 <€ 5.88 + 0.24 2B 594 +1.1% 2.83 4+ 0.01 2B
Rouge Marie 17.8 +0.1deA 7.65 + 0.08 A 539 £ 0.2 3.10 £ 0.02 ¢4
Summer Red 18.1 £ 0.2 ¢f€ 7.75 + 0.09 fA 545+ 04 A 3204+ 0.01 A

Titicaca 16.0 + 0.1 3 7.25 + 0.03 44 725+ 0.9hC 2.83 4 0.022A
Vikinga 17.0 4+ 0.1 <¢ 7.71 4 0.04 A 60.8 + 0.5 8P 2.82 +0.0234
Zwarte 16.0 + 0.1 2B 6.36 & 0.08 bB 56.2 + 0.2¢B 3.29 +0.04 8B

1 Within years, average values followed by the same lowercase letter are not significantly different (p > 0.05).
Capital letters compare the three years for the same variety; average values followed by the same letter are not
significantly different (p > 0.05).
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Figure 1. Water absorption capacity (WAC, g/g) of 13 quinoa wholemeal flours obtained from seeds
cultivated under North-West European field conditions in 2017, 2018 and 2019 (n = 3). Within years,
average values followed by the same lowercase letter are not significantly different (p > 0.05). Capital
letters compare the three years for the same variety, average values followed by the same letter are
not significantly different (p > 0.05).

2.2.2. Water Absorption Index

The water absorption index (WAI) measures a WMF’s ability to absorb water and
swell, and is a function of the gel-forming capacity of the WMEF. It is in fact a property
related to the characteristics of a thickening agent, as a high WAI characterizes a good
binder [2,23]. The WAI was evaluated over a temperature range between 55 and 95 °C
(Figure 2) and was significantly affected by a variety x year interaction (p < 0.001, Table S4).
The increase in temperature had a positive impact on the WAI of the WMFs, as it promoted
starch gelatinization and protein denaturation [1,23,25]. A steady increase in swelling
behavior with rising temperature has been observed before [9,20]. Furthermore, more
differentiation between the WMFs was observed at higher temperatures.

The WMFs of 2017 were arranged into three groups based on their swelling behavior
(Figure 2). The first group consisted of WMFs with a high ability to swell, namely Faro, Oro
de Valle, Puno, and Titicaca. At 65 °C, these WMFs already showed the strongest swelling
behavior among all WMFs. The WAI only slightly increased at 75 °C but was still higher
for Faro, Puno, and Oro de Valle compared to that of other WMFs. The largest increase in
WAI was observed between 75 and 95 °C, where Titicaca WMF usually had the lowest WAI
among these four WMFs. The WAI at 95 °C ranged between 7.25 and 7.76 g/g for Faro, Oro
de Valle, and Puno (Table S1) and was higher compared to the WAI of other WMFs, except
for Pasto WME. Jessie and Vikinga WMF formed a second group among the WMFs of 2017.
These WMFs had a higher WAI at 55 °C than most other WMFs. The WALI of Jessie and
Vikinga WMF showed a continuous increase with temperature, eventually reaching the
lowest WAI at 95 °C among all samples. The remaining WMFs, i.e., Atlas, Dutchess, Pasto,
Summer Red, and Zwarte, were characterized by the lowest WAI at 85 °C, as the WAI
increased only slightly between 65 and 85 °C. The strong improvement at 95 °C eventually
led to a medium-high WAI for Atlas, Dutchess, and Zwarte WMF (6.68-6.94 g/¢g) and a
high WAL for Pasto WMF (7.25 g /g, Table S1). Summer Red WMF showed a low WAI over
the whole temperature range, but its WAI also showed a strong increase at 95 °C (6.00 g/g,
Table S1).
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Figure 2. Water absorption index at 55, 65, 75, 85, and 95 °C (WAI, g/g) of 13 quinoa wholemeal
flours obtained from seeds grown under North-West European field conditions in 2017 (a), 2018 (b),
and 2019 (c) (n = 3).

Similar observations were found for the 2018 samples, although the first group was
separated into two subgroups (Figure 2). The WAI of Puno and Titicaca WMF showed a
continuous increase over the whole temperature range. At temperatures above 55 °C, the
WAL of these WMFs was higher compared to that of the corresponding WMFs of 2017. Puno
and Titicaca WMF were characterized by the highest WAI at 65 and 75 °C and also showed
a high swelling behavior at higher temperatures. The WAI of Bastille, Faro, and Oro de
Valle increased at a higher rate between 75 and 95 °C, when compared to the increase
between 55 and 75 °C. The swelling behavior of Faro and Oro de Valle WMF was generally
higher compared to that of the corresponding WMFs of 2017. However, Faro and Oro
de Valle were considered WMFs with a high swelling behavior between 65 and 95 °C in
2017. In 2018, the WAI of Faro and Oro de Valle was only high compared to that of other
WMFs at 85 and 95 °C. Between 55 and 65 °C, Jessie and Vikinga WMF showed a similar
swelling behavior, but the WALI of Jessie was higher at 75 and 85 °C. However, the WAI
of Jessie WMF deflected at 95 °C, resulting in a lower WAI than Vikinga. Nevertheless,
both WMFs showed a low swelling behavior at 95 °C (6.48-7.14 g /g, Table S1) compared to
most other WMFs (7.47-9.48 g /g, Table S1). Moreover, other studies reported a higher WAI
at 95 °C for quinoa flour (8.11-9.75 g/g, [19]; 7.89-9.46 g/g, [9]). The swelling behavior of
Jessie and Vikinga followed the same trend as observed in 2017, although the WAIs at 75
to 95 °C were higher in 2018. The WAI of Atlas, Dutchess, Pasto, and Summer Red WMF
showed a continuous increase between 55 and 85 °C and was generally low compared
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to the WAI of other WMFs. A strong increase of the WAI, similar to what was observed
in 2017, occurred at 95 °C. This resulted in medium-high WAIs for Atlas, Dutchess, and
Pasto WMF (7.47-7.98 g/g, Table S1) but Summer Red WMEF still had a low WAI at 95 °C
(7.14 g/g, Table S1). Compared to the previous growing season (i.e., 2017), Atlas, Dutchess,
Pasto, and Summer Red WMEF of 2018 generally had higher WAIs between 75 and 95 °C.

The WMFs of 2019 showed a higher swelling behavior between 55 and 85 °C compared
to the corresponding WMFs of previous years. Only at 95 °C were the WMFs of 2018
characterized by the highest WAIs (Table S1). In 2019, the group of Bastille, Faro, Oro de
Valle, Titicaca, and Puno WMF was separated into three subgroups (Figure 2). Puno and
Titicaca WMF no longer showed a continuous increase of WAI but the rate of increase
decreased at 75 °C, resulting in medium-high WAI at 95 °C (7.31-7.66 g/g, Table S1). Puno
and Titicaca WMF started off with a similar WAI at 55 °C but Titicaca had a higher WAI at
65 and 75 °C, and Puno at 85 and 95 °C. In contrast to previous years, the WAI of Oro de
Valle WMF followed a different trend than the WAI of Bastille and Faro WMEF. The WAI
of Oro de Valle continuously increased between 55 and 85 °C but showed a deflection at
95 °C. This WMF was characterized by the highest WAI measured at 85 and 95 °C. Bastille
and Faro WMF showed a low to medium-high swelling behavior between 55 and 85 °C,
and up to 75 °C, the WAI of Bastille WMF was always lower compared to that of Faro. At
95 °C, both WMFs showed a similar and high WAI of 8.32 to 8.38 g/g (Table S1). While
Jessie and Vikinga WMF showed a medium-high to high swelling behavior between 55
and 75 °C, its WAI was among the lowest at 85 and 95 °C. A deflection of the WAI at
95 °C was already observed for Jessie WMF in 2018, but was present for both WMFs in
2019. Furthermore, the WAI was improved less by increasing the temperature from 55 to
95 °C in 2019. In 2019, the strong increase in WAI between 85 and 95 °C was no longer
observed for Atlas, Dutchess, Summer Red, and Zwarte WMEF. In fact, the WAI of these
WMFs followed a different trend compared to previous years, which separated the group
into two subgroups. Atlas and Dutchess WMF showed a continuous increase in the WA,
with remarkably higher differences in WAI between both WMFs at 65 and 85 °C. The WAI
of Rouge Marie, Summer Red, and Zwarte WMF showed a step-by-step increase, with the
strongest improvements observed between 55 and 65 °C and between 75 and 85 °C. Rouge
Marie and Summer Red WMF had a very similar swelling behavior between 75 and 95 °C
and were considered WMF with a low WALI at these temperatures. Zwarte WMF had a
higher WAI than Rouge Marie and Summer Red over the whole temperature.

As discussed above, quinoa WMFs showed a great diversity in their swelling behavior.
Previous studies confirm that the swelling behavior of quinoa flour or starch is diverse
and related this diversity to the variations in amylose content [9,13,26]. Lindeboom et al.
compared quinoa lines with varying amylose content (3-20%) and noted a negative impact
of the amylose content on the swelling power. Amylose is known for acting as a restraint
to swelling, as it reinforces the internal structure of the starch granules [26]. The WMFs of
Bastille, Faro, Oro de Valle, Puno, and Titicaca generally showed a strong improvement in
the WALI as the temperature increased from 55 to 95 °C. Thus, this suggests a lower amylose
content compared to WMFs, such as Jessie or Vikinga, which had a low WAI at 95 °C. The
impact of the growing season suggests that the amylose content was also affected by the
growing conditions. Nevertheless, Li et al. [9] noted that the swelling power of quinoa
flour was considerably lower compared to that of its isolated starch. This indicates that
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