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Abstract: Quinoa is a crop originating in the Andes but grown more widely and with the genetic
potential for significant further expansion. Due to the phenotypic plasticity of quinoa, varieties need
to be assessed across years and multiple locations. To improve comparability among field trials
across the globe and to facilitate collaborations, components of the trials need to be kept consistent,
including the type and methods of data collected. Here, an internationally open-access framework
for phenotyping a wide range of quinoa features is proposed to facilitate the systematic agronomic,
physiological and genetic characterization of quinoa for crop adaptation and improvement. Mature
plant phenotyping is a central aspect of this paper, including detailed descriptions and the provision
of phenotyping cards to facilitate consistency in data collection. High-throughput methods for
multi-temporal phenotyping based on remote sensing technologies are described. Tools for higher-
throughput post-harvest phenotyping of seeds are presented. A guideline for approaching quinoa
field trials including the collection of environmental data and designing layouts with statistical
robustness is suggested. To move towards developing resources for quinoa in line with major cereal
crops, a database was created. The Quinoa Germinate Platform will serve as a central repository of
data for quinoa researchers globally.

Keywords: Chenopodium quinoa; descriptors; genetic diversity; scoring card; architecture; panicle;
disease; high throughput seed phenotyping; remote sensing; database

1. Introduction

Food systems are experiencing intense pressure owing to, among other factors, in-
creasing population and environmental change (such as increases in the frequency and
severity of extreme weather events). Changes in environmental conditions are causing
changes in where particular crops can be cultivated as well as the types of crops that can
be planted in affected areas [1,2]. Uncertainty in climate and weather predictions highlight
the need for crops and varieties that are stable across time and regions. Diversification of
the crops grown is also important as increasing yield losses are projected to pose a serious
threat to food security [3]. These challenges will become ever more paramount with a
growing global population. Apart from the concerns of undernourishment in our popula-
tion, many are not receiving adequate amounts or diversity of micronutrients in their diet;
malnutrition is referred to as “hidden hunger” [4]. Dietary intake has been identified as a
key factor in the treatment and prevention of numerous non-communicable diseases [5].
The threat posed by climate change to food security, in addition to the concerns of human
nutrition, highlights the urgent need for diversification of the food system [6]. Numerous
strategies may be used to respond to both hunger and hidden hunger. One such strategy is
the reintroduction of genetic diversity to fully domesticated crops to increase variability
in the genes responsible for the environmental adaptability, plasticity, and resilience that
their wild ancestors still possess. An alternative approach lies in the domestication of
plants not yet used in agriculture at the global level and focus breeding efforts in Neglected
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and Underutilized Species and plants that are only partially domesticated (orphan crops)
and those that still harbor considerable genetic variability, which may contribute to im-
proved yield and adaptability. An example of the latter approach is the use of quinoa
(Chenopodium quinoa Willd.), a crop providing high nutritional content that has become
increasingly popular in recent years.

Quinoa has not been domesticated to the same extent as the other major grain crops
for global food and agriculture such as wheat, maize, or rice. Because of its cultivation
in various agro-ecological conditions over the last few millennia, including mesothermal
zones, highlands, salt flats, and subtropical zones of the Andes, quinoa experiences a
wide range of challenging environmental conditions, resulting in high genetic diversity
and tolerance to a range of biotic and abiotic stresses of this crop [7,8]. Furthermore, the
seed is gaining popularity for its high nutritional value, an important feature of the UN’s
Sustainable Development Goals [9]. Despite the ability of quinoa to maintain yield under a
wide range of environments and the growing worldwide interest in the crop, the primary
locations for cultivation are still the countries that have a tradition of growing quinoa:
Bolivia, Peru, Colombia, Ecuador, Argentina, and Chile [10]. In recent years, quinoa has
been more widely cultivated at sites such as Europe, North America, and China [11].
A primary strategy developed to meet the increasing food demand is the expansion of
cultivation through the identification of adaptable and high yielding quinoa cultivars for
different agro-ecological zones [12]. Seed nutritional contents and interannual stability
of cultivars are traits of much importance in quinoa [13]. Local production will reduce
food miles, thereby reducing transportation costs and potentially environmental impacts of
quinoa consumption. To achieve this aim, insights into the broad performance spectrum of
different varieties grown in a range of environments as well as an improved understanding
of the genes underlying traits of agronomic importance are needed.

Recently, genomic tools have emerged to support the development of quinoa germplasm
for novel environments. Several novel genomic resources have been developed in the
past decade, including bacterial artificial chromosome (BAC), expressed sequence tag
(EST) libraries, and DN A-based molecular markers (see [14]), as well as, more recently, a
chromosome-scale reference genome sequence of a coastal (or “lowland”) quinoa accession
(BioSample Accession Code QQ74) [15] and the resequencing of several wild and cultivated
quinoas. Together, these are helping develop genomics-informed breeding programs and
genetic studies to accelerate crop improvement [14]. Phenomics (i.e., high-throughput
phenotyping) are currently a limiting factor in genetic analyses and genomic prediction,
after recent advances in throughput and reduced genotyping costs realized over the past
two decades [16]. Quinoa phenotyping strategies, however, have not been standardized.
This is one of the limiting factors in the common characterization of quinoa and assessment
of its adaptation to different environments, and which limits advancements in quinoa
genetic research.

Yield is an important but complex trait in plant breeding because it embodies the
link between the cumulative effects of all plant traits and economic value of the crop [17].
Owing to the additive and genetically complex nature of yield, the genetic architecture
of yield cannot be easily analyzed, and is usually best analyzed through secondary traits
that contribute to yield, such as harvest index and other developmental traits, and photo-
synthetic parameters and other physiological traits (see [18]). Crop improvement efforts
through indirect selection that focuses on secondary traits which are correlated with yield
but are potentially monogenic have long been proposed for crops [19,20] and have been
successfully used for sunflower [21,22], and many other examples [23-29]. The assessment
of differences in the response of genotypes to different environmental conditions facilitates
the development of genotypes that lead to improved phenotypes in a specific environ-
ment [30] and also allow insights into the genetic architecture of a trait. To gain insights
into complex traits, a study of large numbers of genotyped accessions across multiple
environments is required to identify genotype-by-environment (G x E) interactions [31].
This is particularly important in quinoa, due to the large G x E interactions that have been
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reported [32,33]. For the generation of varieties for different situations, G x E interactions
also need to be considered in association with agricultural practices that are shaped by
growers and societies. Building collaborations between breeders and growers is important
for the adoption of new varieties [34,35].

It is often difficult to determine the pattern of quinoa genotypic responses across environ-
ments. The biplot analysis may also provide a powerful solution to alleviate this problem. For
effective cultivar evaluation, both the effect of genotype (G) and the interaction G x E must
be considered simultaneously [36,37]. A G plus G x E (GGE) biplot was shown to effectively
identify the G x E interaction pattern of the data and to show clearly which genotype won
in which environments. In addition, the GGE biplot technique is useful in selecting superior
genotypes and test environments for a given mega-environment; that is, a group of locations
that consistently share the same best genotype or genotypes.

Given the need for data from multiple environments and the high costs incurred from
large field trials, the benefits of robust collaborations are clear. In addition to the need
for international collaboration for the exchange of genetic material [13], the establishment
of an internationally accessible framework for quinoa phenotyping is crucial because it
will facilitate the comparison and sharing of data from trials among researchers globally.
The previously published “Descriptors for Quinoa and wild relatives” [38] has been a
useful guide for the establishment of several phenotypes. We also note the EU Community
Plant Variety Office publication protocol for tests on distinctness, uniformity, and stability:
Chenopodium quinoa [39]. However, there is a need for more detailed explanations of many of
the traits, as the current guide leaves scope for interpretation reducing comparability among
trials. A lack of good guidelines for the recording of traits or a margin for interpretation,
results in uncertainty around data sets that could be reduced through standardization and
clear definitions.

Based on our experiences over the past six years since the publication of these descrip-
tors with the International Year of Quinoa, we have identified several useful phenotypes
covering the variability expressed by over 1000 quinoa genotypes across multiple envi-
ronments (including some in which quinoa has not been cultivated extensively) and have
adapted the description of some traits to clarify the definitions of the traits. We present
this information in this article, resulting from discussion and general agreements among
the Quinoa Phenotyping Consortium. Furthermore, this article provides guidelines for the
entire process of a field trial, starting with the experimental design, providing advice on
crop management decisions, and detailing the minimum environmental data which must
be collected. Without standardized metadata information about a trial, experiments cannot
be replicated, even when phenotyping standards are followed [40].

A consensus on phenotyping methods is presented in this article, starting with phe-
notyping methods that are performed throughout the growing seasons, including the
international standard on the recording of phenological growth stages [41] and options for
high-throughput phenotyping using remote sensing. This section is followed by detailed
descriptions of the traits that can be assessed in mature plants. These traits are also summa-
rized in phenotyping cards (Supplementary file S1) to aid phenotyping in the field. Next,
we focus on the process of harvesting and describe post-harvest phenotyping options and
methods. The next step in facilitating the creation of a collaborative network of trials is
a platform that allows the viewing of trials undertaken by different researchers globally,
through which data can then be easily shared and analyzed. This structure is provided by
the quinoa Germinate platform. Thus, this article presents the collective efforts of a large
number of quinoa researchers, reflecting the experience gained over many years of working
with this crop, and aimed to establish a baseline to approach field trials and move toward
an era of accelerated discoveries in the global quinoa research community. The traits
presented herein represent the phenotyping scales that are currently in use for exploring
the natural diversity across different environments. As quinoa research is progressing,
these scales will need to be adapted to match new situations and applications. For this, we
are aiming for the Quinoa Phenotyping Consortium to hold an annual meeting to refine the
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guidelines and procedures with the aim of both increasing the quality and standardization
of phenotyping.

2. Quinoa Database

The establishment of an international consensus for our methods in phenotyping
quinoa field trials is the first important step in driving international quinoa research
forward through allowing comparisons among field trials and facilitating collaborations.
An important component of the phenotyping operation is the recording of all information
needed for further exploitation of the data. These records need to be complemented with a
platform that allows sharing of data generated with the herein described methodologies
and facilitates access to the available datasets.

Contribution of data to this database is of great value to (a) breeders and other people
who want to start working with quinoa, (b) other researchers, and (c) to the team that
shares their data. Considering the monetary and time cost of field trials, in addition to the
phenotypic plasticity of quinoa, access to information on how quinoa varieties perform
in different locations is highly valuable in providing decision-making support to growers
and individuals who want to start working with quinoa. Access to data from trials in
a similar environment would help them to make informed decisions on what varieties
might be performing best in their region. For other researchers, as well as the team that
contributes the data, the importance of data shared in a database lies in the opportunities
for collaborations that it creates. Many analyses require datasets from multiple locations
and years. It is through collaborations that the speed of discoveries is accelerated. If a team
has not published their data yet and wants to keep it private, it can still be uploaded to the
database under a privacy setting through which the data remains accessible only to the
person who uploaded it and optionally a defined list of other individuals (i.e., the research
team). In addition to these privacy settings, license terms can optionally be assigned to
datasets before access to the data is granted. In this case, data would only be accessed after
the license has been accepted.

Here, we present a central repository Quinoa Germinate Database. Available online:
http:/ /germinate.quinoadb.org (accessed on 15 August 2021), which was created using
the Germinate platform [42,43]. The Germinate platform is used by many international
organizations, including CIMMYT and data uploaded to Germinate will also become
available through the Breeding APL.

This database allows storing phenotypic and genotypic data as well as germplasm
passport data and environmental information. To upload a dataset, users need to first register
to the database and data can only be uploaded through the use of standard data templates
(https:/ /github.com/germinateplatform/germinate/tree /master/datatemplates accessed on
15 August 2021) to ensure consistency between datasets. For the quinoa community, some of
these data templates have been customized to include the information that was highlighted in
this paper, including the phenotypes that have been described. These quinoa datasets can be
downloaded from the home page of germinate.quinoadb.org. Traits included in the quinoa-
traits-data-template xlsx can be amended to fit your data, but we encourage that all traits
uploaded to the Quinoa Germinate Database be trait variables also described in the Quinoa
Ontology database of the Crop Ontology (CO_367) of the Generation Challenge Program (GCP)
(http:/ /cropontology.org/ accessed on 15 August 2021). Data uploaded using the templates
are checked for consistency and correctness by the program before it is imported into the
database. A detailed report highlights issues within the data that require fixing before the
dataset can be imported. Once added to Germinate, trial data along with climate information
can be queried and visualized to discover and highlight patterns and correlations. Data across
different trial sites, years, and treatments can be compared to gain a better insight into the
effects on performance of germplasm. Customizable lists of germplasm facilitate the comparison
of the performance of different accessions, as well as data export of subsets of interest.

All traits described in this manuscript are being uploaded to the Phenotype and
Trait Ontologies of the Crop Ontology Curation Tool (https://www.cropontology.org/
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accessed on 15 August 2021) to create a Quinoa Ontology database. Any traits measured
in Quinoa trials should be included and described in this ontology database. The use
of a standard nomenclature for phenotypic traits is another aim in the context of data
reproducibility and reusability [44]. The use of standard ontology and recommended
methods allows others to quickly interpret and compare data generated from other teams.
Hence, we recommend using the described trait variables for quinoa (CO_367), and if a
trait is not included in the already described, to add it to the ontology by filing a request
(https:/ /www.cropontology.org/add-ontology accessed on 15 August 2021). The ontology
spreadsheet can be downloaded from the website and from Quinoa Germinate Database.
Available online: http://germinate.quinoadb.org (accessed on 15 August 2021).

The step of using standardized templates and standard quinoa ontologies ensures
that datasets from different groups have the same structure and include the information
required by another team to use these data in their analyses. Uploaded datasets can be
visualized and analyzed using different tools that are available through the platform. The
platform’s integrated tools for data exploration and analysis facilitate the process from data
collection to the next exciting steps for new discoveries about quinoa.

3. Germplasm Selection

The quality of an experiment and its usability in an international framework requires
careful consideration and planning, with the first step being the selection of genotypes.
Based on the proposal of the Plurinational State of Bolivia, quinoa has been recognized by
the United Nations (during its General Assembly in New York, 22/12/2011 [45]) as a poten-
tially valuable crop for future generations. In recognition of the considerable genetic diver-
sity created and maintained by the Andean civilization, the International Year of the Quinoa
that was declared, with the FAO in charge as the office of secretary [46]. The exceptional
genetic diversity resulted from the cultivation and domestication of quinoa for several thou-
sand years in the harsh and diverse environments of the Andes, combined with the tradition
of seed exchange by Andean growers. In 2013, Rojas et al. [7,47] estimated that “16,422
accessions of quinoa and its wild relatives, both closer and more distant (C. quinoa, C. album,
C. berlandieri, C. hircinum, C. petiolare, C. murale, and Chenopodium sp.) were conserved in 59
genebanks distributed in 30 countries”. However, most (88%) of these resources reside in
genebanks from the Andean region, for which access is limited to people from those coun-
tries [48,49]. Increased international research partnerships with Andean countries is crucial
to facilitate access to genetic resources in order to continue quinoa plant breeding and the
generation of new varieties which are adapted to new regions. Ex situ collections of 987
and 229 C. quinoa accessions are publicly available from the Genebank Information System
of the IPK Gatersleben (Available online: https://gbis.ipk-gatersleben.de/ (accessed on
15 August 2021)) and the USDA U.S. National Plant Germplasm System (Available on-
line: https:/ /npgsweb.ars-grin.gov/gringlobal /search.aspx accessed on 15 August 2021))
genebanks, respectively. They include germplasm from 15 countries, mostly the South
American countries of Peru, Bolivia, Chile, Ecuador, and Argentina. The extent of duplica-
tion within these accessions is uncertain, although likely significant.

To select a panel of accessions representing quinoas genetic diversity, one can, for
instance, choose accessions based on their origin, i.e., country/region of origin. Such selec-
tion is possible because country/region information is usually documented for accessions
available in public genebanks—although it should be noted that the original country of
origin can be ambiguous. We found that a substantial proportion of the ex situ collections
have more precise information missing about the collection site (region, province, or closest
city), preventing them from being selected on the basis of a strict geographical distribution.

Another option for selecting a subset of quinoa genetic diversity is to consider stable
morphological characteristics, such as color and shape of leaf, stem, and seed, as a pheno-
typic passport for each accession. Such data are not always provided by the germplasm
provider, and stability is rarely known, so screening of a large, diverse population is usually
required before further selection is possible.



Plants 2021, 10, 1759

7 of 52

A third option is to use the phylogenetic relatedness and population structure informa-
tion provided by recent genetic diversity analyses performed using either DNA molecular
marker screening of the different quinoa populations or, more recently, whole-genome
resequencing [50-59]. Whole genome resequencing will be stored in a separate database
administered by David Jarvis, BYU (quinoadb.org). Although no comprehensive screening
has been performed on the entire collection of quinoa resources available in public gene
banks to date, several studies have provided estimations of the genetic diversity of each
category of germplasm (in particular, highland vs. coastal (originally designated “sea
level”: [60]), the relatedness among accessions, and an estimation of the heterozygosity
level at given sites within each population. Cumulatively, these parameters are important
for establishing a suitable panel of quinoa genotypes for genetic analysis.

There is large genetic variation available in quinoa germplasm with a large reser-
voir of genes for conferring resistance to biotic and abiotic stresses necessary for quinoa
adaptation to challenging and changing environments. Developing new plant breeding
methods that can maintain a high level of genetic diversity from the population varieties
(usually traditional varieties which are often highly heterogeneous material [61]) may
confer more stability of seed yields and a higher resilience to the cropping system [62].
The genetic variability in quinoa germplasm is, however, also driving major challenges
in fundamental genetic studies. The traditional practice of admixing, together with the
possibility of quinoa to outcross, has resulted in extensive allelic richness translating to
a relatively high level of genetic heterozygosity in some populations [50-59]. Owing to
this genetic heterozygosity, quinoa genotypes collected in Andean countries and main-
tained in public gene banks are likely to be highly heterogeneous, necessitating several
generations of selfing and single-seed descent to reduce the heterozygosity at potential
loci of interest before these materials can be used in genetic studies. Considering the high
level of heterozygosity, we recommend a minimum of two generations, and preferably five
generations, of self-pollination before initiating any genetic studies to minimize phenotypic
heterogeneity and genetic heterozygosity that would interfere with association analyses in
genetic studies [63,64]. The use of doubled haploids to obtain homozygosity might also
be possible, although this technique has not yet been developed in quinoa. Any accession
studied must subsequently be maintained through single-seed descent and given a unique
identifier, for it will likely become a selected genotype, genetically distinct from the original
material. After several generations and confirmation of homozygosity, seed could then be
bulked to facilitate larger trials, in larger plots and /or at multiple locations.

Another consequence of heterogeneity of seeds in public gene banks is the strong
segregation and therefore divergence between plants that are likely to be selected for
self-pollination for each quinoa accession in different laboratories worldwide. ldeally,
this diversity could be counteracted by growing a subset of seeds from each accession
and selecting plants for propagation that represent the majority of the accession. In
reality, however, the phenotypic plasticity of quinoa resulting from strong genotype
(G) x environment (E) interactions causes quinoa accessions with the same genetic back-
ground to produce drastically different phenotypes in different environments [32], making
the creation of a phenotypic passport for each genotype difficult. Therefore, caution must
be maintained when comparing results generated for a single accession from seed stocks
maintained by different genebanks worldwide. These accessions should be considered as
genotypes and must be clearly identified with an independent identifier because they might
evolve over time into a new commercial variety considering the Distinction-Uniformity-
Stability descriptors of the UPOV system (as defined by being material that is new, distinct,
and uniform).

To maintain the relationship among quinoa accessions in different seed stocks world-
wide, we propose that the identification of quinoa germplasm is standardized through the
use of Digital Object Identifiers (DOls), allowing each quinoa accession worldwide to be
uniquely identified by an alphanumeric string that is assigned by a registration agency such
as the Global Information System. Available online: https://ssl.fao.org/glis/ (accessed
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on 15 August 2021, which provides a persistent link to the location of information about
the object on the Internet. This unique identifier co-exists with other identifiers such as
those given by the gene banks and allows for unambiguous and permanent identifications
of plant genetic resources, which can be exchanged across organizations, and therefore,
facilitate the comparison of results obtained by different teams.

4. Experimental Design and Crop Management

The statistical design of a plant trial experiment will depend on the aim of the study
and will dictate the way in which the data from the experiment are analyzed. Plant
breeding and genetics rely thoroughly on large-scale variety trials to generate reliable phe-
notype data and the scale of those grows continuously [65]. For field trials, spatial designs
(i.e., planting layouts in the field where genotypes are replicated and their positions along
rows and columns are randomized) are recommended because they allow for better estima-
tion of environmental variation in the field and increase the reliability of the experiments.
In general, researchers/breeders should aim for balanced experiments to evaluate the
germplasm/varieties in multiple locations and years. Statistical procedures based on
mixed models are used to compute fixed effects (best linear unbiased estimate) and ran-
dom effects (best linear unbiased predictions) from the phenotype data generated by field
experiments. If the environment-effect on genotype (G x E) is not significant, no or little
difference between BLUE and BLUP was observed. However, when G x E is significant,
BLUP was superior to BLUE [66,67]. When a treatment is tested, the number of subjects re-
quired is double because treatments always need to be tested alongside control conditions,
and both should be fully replicated and separately randomized [68]. There are different
options to account for technical constraints that might need to be resolved. For example, a
split-plot design might need to be used if a treatment factor, e.g., irrigation treatment, can
only be applied to a larger area. A good resource for advice on several different designs is
the book Statistical Methods in Biology: Design and Analysis of Experiments and Regression [68].
The inclusion of genetic relatedness in the design of early generation trials can also be con-
sidered for improvements of selection decisions at early stages in breeding programs [69].
Breeders can also optimize breeding programs to improve efficiency and effectiveness with
the help of simulation software such as QU-GENE [70], AlphaSim [71], and DeltaGen [72].
Moreover, analysis can be improved into a new stage by incorporation of genotypic (SNP)
and phenotypic data to perform genomic selection (GBLUP) and GWAS [65].

In early generation variety trials with large numbers of genotypes and small amounts
of seed, it is often not technically feasible to implement a fully replicated design. Partially
replicated designs [73], where at least 25% of the genotypes have two replicates, are
recommended under such circumstances. If resources permit, fully replicated designs are
preferred because the statistical power and confidence in the results increase as the number
of replicates of each genotype increase. If breeding values (the estimation of the value
that the genes of a variety would have if used as a parent in crosses) [74] are required, a
pedigree analysis or a genomic selection approach is needed. Both require generation of a
relationship matrix based on either the pedigree or genomic information. Replication in
these approaches ensures that the total genetic variation can be partitioned into additive
or non-additive variation, which is important for determining breeding values versus
commercial values of genotypes [75]; thus, fully replicated trials are preferred. For genome-
wide association studies (GWAS) aiming at identifying the genetic variation associated
with a particular phenotype, it is important to ensure adequate genetic diversity, allowing
enough statistical power to perform an association analysis. Because there is a clear
relationship between the effective sample size and the statistical power of an association
study, it has been recommended to use a minimum of 100 genotypes to perform GWAS
analyses [76], although the minimum sample size also depends on the genetic diversity
within the population, the number of markers used in the study, the trait considered, and
where the minor QTLs are being sought. Once these data are obtained, replication should
be prioritized over the inclusion of a larger number of accessions. In limited space, the







































































































































