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ABSTRACT 

Quinoa (Chenopodium quinoa) is an allotetraploid, self-pollinating, highly nutritional, 

and valuable crop with an expanding demand locally and in the international market 

that has triggered its cultivation in different world regions. The Flanders  Research 

Institute for Agriculture, Fisheries and Food (ILVO) has developed the project “Quinoa 

Local” (QUILO), which pursues the cultivation of organic quinoa in the Flanders region. 

This master thesis is linked to the QUILO project and a new breeding project in quinoa 

started by ILVO. 

This master thesis reports the morphological characterization of 17 quinoa cultivars 

under the Flanders weather condition during one year of experimentation at one 

experimental site. Here we report 1) the effect of adverse climate conditions of 2020 

(drought and high temperatures) on the average performance of European bred and 

open-source cultivars and 2) two morphological traits, length of the main stem’s 

inflorescence (panicle length) and stem diameter,  significantly related to seed yield 

through a linear model connecting both traits (R2=0.67). Further experimentation is 

advised to define the best-adapted cultivars for Flanders climatic conditions.  

Furthermore, it is advised to use the afrosimetric method (also known as foam test) to 

identify low-saponin-containing genotypes within cultivars. On the other hand, the 

spectrophotometric analysis used to compare the foam test resulted unspecific and 

unable to determine the saponin content. Some modifications are also advised to 

increase the accuracy of both methods. 

It is also advised to select those cultivars with very low frequency of hermaphrodite 

flowers as female parents on crosses in breeding programs, as quinoa flowers are 

relatively small and challenging to emasculate. In this study, almost all cultivar plants 

showed inflorescence type I: only the terminal flower is hermaphrodite, and the rest 

female. It is advised then the usage of ‘Biobio’ due to its flowering type I homogeneity. 

The discrimination between progeny plants from cross-pollination after manual crosses 

and progeny plants from self-pollination of the female parent can be achieved through 

SSR marker analysis. To that purpose, the DNA extraction protocol developed by ILVO 

for red clover is highly recommended due to its advantages regarding commercial kits.    



 
 

PART. 1 INTRODUCTION 

1.1 THE EXPANSION OF QUINOA AROUND THE GLOBE 

1.1.1 Quinoa origin and types 

Pre-Colombian cultures domesticated quinoa (Chenopodium quinoa) approximately 

8000 years ago, and it became one of the staple crops in the Inca Empire. The name is 

derived from Quechua and Aymara languages and means "mother grain." the 

domesticated quinoa as we know it today evolved from at least four species of 

Chenopodium ancestors. The process of domestication and selection took centuries. The 

main subcentres of diversity are located around Lake Titicaca, and from there, the 

cultivation spread out all along the South American continent. Currently, the five main 

ecotypes are distinguished based on their adaptation to different agro-ecological 

conditions: 

• Highlands or Altiplano quinoas, grown in Peru, Bolivia, and north of Lake Titicaca. 

• Inter-Andean valleys quinoas, grown in Colombia, Ecuador, and Peru; 

mesothermal zones. 

• Salare quinoas, grown in Bolivia, Chile, and Argentina, on salt flats comprising 

halophytes adapted to saline soils and larger grain size. 

• Yungas quinoas, grown in the subtropical zone of Bolivia. 

• Coastal/Lowlands quinoas, with small seeds and dark-colored grains, are grown 

mainly in Chile.  

This classification of the major ecotypes has been crucial for the different 

breeding/adaptation programs and the use of the quinoa cultivars depending on the 

agro-ecological zones and their agroclimatic conditions. The high genetic diversity in 

quinoa reflects its crucial ability to adapt to different environments. 

1.1.2 Quinoa around the World 

In only two decades, quinoa has grown from a regional crop to becoming a very 

important pseudo-grain in Andean countries, generating export levels that exceed 

USD70 million. The expanding domestic demand locally and in the international market 

have triggered an expansion of quinoa cultivation in different world regions. The first 



 
 

experiment for growing quinoa was in Kenya (Elmer, 1942), followed by eight countries 

in 1980 to 75 in 2014 (Bazile, 2015). Studies and introductions of quinoa genetic material 

in Europe were made in the '80s and '90s, and as a result, Chilean material was adapted 

to EU areas (Jacobsen, 1997). The interest in the European Union for quinoa has 

increased year after year, ending in international projects such as 'Quinoa, a 

multipurpose crop for European Community agricultural diversification' 

(https://cordis.europa.eu/project/id/AIR21426)  or the 'American and European Test of 

Quinoa’ (Mujica Sánchez et al., 1998).  

1.1.3 General properties of the crop 

Chenopodium quinoa is an allotetraploid (2n=4x=36), dicotyledonous, mostly self-

pollinating crop that belongs to the family Amaranthaceae (Burrieza et al., 2014). 

Although it is considered an autogamous plant, quinoa presents rates of natural cross-

pollination of 10-17% depending upon the coincidence of flowering with the presence 

of pollen vectors (Spehar et al., 2005) (Peterson et al., 2015).  

The domesticated chenopods present more compacted inflorescence than wild species, 

and they have lost their natural shattering mechanism and present uniform maturation 

of fruit and reduced germination dormancy (Bruno et al., 2003). Although these traits 

have been achieved, there is still variability present in quinoa cultivars, such as duration 

of the growth cycle, dormancy, disease resistance, and yield stability. 

Quinoa is a very adaptable crop and tolerant to multiple biotic stresses such as extreme 

temperature (-4ºC to 38ºC), drought (acceptable yields with limited rainfall of 100 to 

200mm), and salinity (quinoa can be grown in the presence of 500nM NaCl, a 

concentration close to seawater (Hariadi et al., 2011)). Quinoa is considered a drought-

tolerant crop capable of growing in desert conditions and arid mountains (Al-Naggar et 

al., 2017) by activating different mechanisms such as deeper roots, cell membrane 

stabilization, or activating stress proteins as osmoprotectants and aquaporins. 

Furthermore, quinoa has been identified as a facultative halophyte with tolerance to 

salinity by activating diverse mechanisms such as efficient control of Na+ sequestration 

in the vacuoles of cells (Mizuno et al., 2020). These salt-tolerant plants must be 

considered for breeding programs because of their capacity to thrive in suboptimal 

environments, representing a considerable potential for agriculture (Bailey-Serres et al., 



 
 

2019; Eshed et al., 2019). For example, quinoa tolerance to saline soils can be exploited  

to restore degraded lands abandoned due to the increased salinization after intensive 

farming (López-Marqués et al., 2020). 

1.1.4 Nutritional value 

 Quinoa has an exceptional balance between oil and protein (Bhargava et al., 2006); 

similarly to cereals, it can be used for flour production its high content of starch 

(Mastebroek et al., 2000). Quinoa seeds are good source of vitamins, minerals and 

essential amino acids (Ruiz et al., 2014) and lacks gluten, which is essential for 

consumers with celiac disease. 

 

1.2 QUINOA BREEDING 

1.2.1 Breeding quinoa for different regions in the world 

Quinoa is in the process of expansion all over the world because of its enormous 

potential (Rojas et al., 2011). Several studies have evaluated the agronomic 

performance of quinoa around the World (Bhargava et al., 2006; Maliro et al., 2017; 

Spehar & De Barros Santos, 2005; Katwal & Bazile, 2020; Mhada et al., 2014; Hirich et 

al., 2014; Jacobsen & Christiansen, 2016; Bertero et al., 2004). Relevant morphological 

traits, such as plant height, the total number of branches, inflorescence length, 

thousand seed weight, seed yield, and saponin concentration in the seeds have obtained 

the most attention. In particular, grain yield, grain size, and saponin content, 

determinants of the crop commercial quality, are frequently used as selection criteria in  

breeding programs. 

A preliminary evaluation of the agronomic performance of quinoa in the studied region 

is a crucial step to unravel the variability present in the material to select suitable high 

grain yielding plants with low saponin content, and right quality components such as the 

presence of antioxidants and seeds with high protein content (Bhargava et al., 2006; 

Bazile et al., 2016; Zurita-Silva et al., 2014; Jacobsen, 1997).  

1.2.2 Breeding objectives for EU 

 The aim of the quinoa breeder is the development of quinoa cultivars adapted to 

diverse agroclimatic regions with a high seed yield, good quality characteristics (high 



 
 

protein content), resistance to lodging (good seed filling and minimal harvest lost), early 

maturing cultivars (<120-150 days), resistant to the fungus P. variabilis, the causal agent 

of quinoa downy mildew, low branching, semi-dwarf phenotype (better suited for 

mechanical harvesting), and low seed saponin content (high cost related to saponin 

removal) (Gomez-Pando, 2015; Bazile et al., 2016; Peterson et al., 2015; Jacobsen et al., 

1996; Ruiz et al., 2014; Jacobsen & Christiansen, 2016). In what follows a more detailed 

discussion of the main breeding traits is provided. 

1.3 SEED SIZE 

Quinoa seeds vary in shape, size, and color and can be compared to Amaranthus 

hypochondriacs seeds due to a similar compartmentalization. The seed can be classified 

according to its diameter into four categories, extra-large (> 2.20 mm), large (1.75 - 2.20 

mm), medium (1.35 – 1.75 mm), and small (< 1.35 mm). The individual seed weight 

ranges from 2 to 6 mg. Seed weight and seed diameter are highly significantly correlated 

(Prego et al., 1998; Bhargava et al., 2007 a; Mhada et al., 2014). 

 

The seeds have different shapes, such as conical, cylindrical, or ellipsoidal, with the 

saponins concentrated in the pericarp. Seeds are divided into the endosperm, the 

embryo, the perisperm, and the pericarp (Prego et al., 1998) (Figure 1).  

Grain yield and size are influenced by the interaction of genotype and environment 

(GxE) (Bertero et al., 2004). Quinoa is highly sensitive to environmental conditions from 

Figure 1. Chenopodium quinoa seed. A longitudinal section of the grain that shows the pericarp (PE) 
covering the seed, the hypocotyl-radicle axis (H) and two cotyledons (C) forming the embryo and the 
endosperm (EN), which is present in the micropylar region. SA, shoot apex; F, funicle; P, perisperm; R, 
radicle; SC, seed coat; PC, procambium; RC, root cap. (Prego et al., 1998) 



 
 

the first anthesis to the end of flowering, followed by the grain filling period (Bertero et 

al., 1999). Grain filling may be strongly inhibited by high temperatures and long days 

(directly affects latitudinal adaptation). 

Grain yield has been positively associated to plant height, and length, and diameter of 

the inflorescence (Bhargava et al., 2007a; Spehar & De Barros Santos, 2005), which 

means that the selection by these traits may result in more productive genotypes.  

 

1.4 SAPONINS 

Quinoa contains 2 to 5% saponins in the form of oleanane-type triterpenoid glycosides 

or sapogenins found in the pericarp of the seeds with an estimated heritability of 37% 

(Ward, 2000). Although they are useful for pharmacological activities, these secondary 

metabolites are considered antinutritional substances due to its negative effect on the 

feeding behaviour of mammals, their consumption, and digestibility when they are 

present in feeding (Gee et al., 1993). Furthermore high saponin seeds have a 

characteristic bitter taste, non-appreciated by the consumer. Traditionally, quinoa seeds 

are either abraded mechanically or washed with water to remove the bitterness before 

use (Gomez-Pando, 2015). A minimal washing time of 60 minutes is required to extract 

most saponins (Vega-Gálvez et al., 2011), making the process tedious and time-

consuming. During the washing process, valuable nutrients are also lost, and the 

chemical composition and amino acid profiles in quinoa seeds may be altered (Wright 

et al., 2002).  

In response to the demands for more straightforward to clean and process seeds and 

even ready to consume, "sweet" quinoa varieties have been developed since 1990. 

Quinoa is classified as 'sweet' (free or less than 0,11 g/100 g dry weight) or 'bitter' (more 

than 0,11 g/100 g DW) (Koziol, 1991 a). The reduction of the saponin content in the 

seeds is one of the major breeding objectives.  

Several strategies to quantify saponin content have been reported. The conventional 

methods of maceration, extraction by reflux, and Soxhlet, which are methods based on 

the solubility of the saponins in ethanol or methanol, are the most utilized extraction 

methods (Cheok et al., 2014),(El Hazzam et al., 2020). For the quantification of 



 
 

triterpenoid sapogenins, Gas chromatography-Mass spectrometry can be used. 

Regarding industrial and field production, GC-MS analysis is not a feasible technique for 

saponin analysis due its significant sample preparation with chemical modification, slow 

analysis time, and harsh ionization. Koziol (1991 a) presented in 1991 the simple 

afrosimetric method that is based on the formation of a soapy layer in water when 

saponins are present. Koziol  empirically found that sweet quinoa corresponded to foam 

heights formation of 1 cm or less. The saponin content was estimated by a formula 

obtained from a calibration curve where different crude extracted saponins solutions 

were related to foam height and using thin-layer chromatography as reference method.  

Other methods have been used to analyze saponin content, such as spectrophotometric 

methods, which give the total saponin content (Hiai et al., 1976). The method known as 

vanillin-sulfuric assay, is based on the spectrophotometer measurement at wavelengths 

ranging from 473 to 560 nm of a distinctive red-purple color formed by the reaction of 

sulphuric acid-oxidised triterpene saponins with vanillin.  

  

1.5 QUINOA INFLORESCENCE 

Several studies have reported a close relationship between inflorescence length and 

stem diameter with grain yield (Spehar et al., 2005). Furthermore, several studies have 

corroborated this association and reported that inflorescence length might be one of 

the essential components influencing grain yield with an attained heritability of ~98% 

(Bhargava et al., 2007a).  

The inflorescence has a principal axis from which the secondary axis arise, leading to 

two types, type I: glomerular inflorescence, in which the glomeruli are inserted on the 

third-order axes, and type II: amaranthiform inflorescence, in which the glomeruli are 

inserted directly on second-order axes (Bertero et al., 1996). 

An important feature of quinoa is the presence of different types of flowers within the 

panicle. Figure 2 shows the five flower types arranged in 10 different flower clusters 

based on their being hermaphrodite or female, presence or absence of perianth, and 

size. The hermaphrodite flowers bear five perianth lobes, five anthers, and a superior 

ovary with two or three stigmatic branches (Figure 3A). In addition, some cultivars show 

male sterility in some or all-female flowers (Gandarillas, 1969).  



 
 

Thus, we can find five different quinoa flower types: 

• The terminal hermaphrodite flower: 2 mm breadth, present in primary and 

axillary inflorescences and on each cluster or group of flowers on the inflorescence 

• The lateral hermaphrodite flower: these flowers are dispersed among the female 

flowers and present on the first, second, and third branching of the dichasium (Figure 

3B) 

• The chlamydeous large and small female flowers: pentamerous perianth, but 

lack of stamens, they are 1 mm and 0.5 mm diameter size respectively. 

•  The achlamydeous flowers: located on the ultimate branches of the dichasium, 

flowers are small naked carpels lacking perianth (Figure 3B and 3D).  

 

According to Bhargava et al. (2007 b) there are ten different flower clusters: 

Type I: The initial flower in each cluster is hermaphrodite, and the rest are all female 

Figure 2. Diagrammatic representation of floral types and flower arrangement in a glomeruli in C. 
quinoa (Bhargava et al., 2007b) 

Terminal 
Hermaphrodite 

Lateral 
Hermaphrodite 

Chlamydeous 
female-Large 

Chlamydeous 
female-Small 

Achlamydeous 
female-Small 



 
 

Type II: The initial and the first branches of the dichasium are terminated by 

hermaphrodite flowers. There is a presence of chlamydeous large and small flowers.  

Type III: Same as type II but with the presence of achlamydeous flowers.  

Type IV: Increment of the hermaphrodite flowers as well as achlamydeous flowers 

compared to type III.  

Type V: The higher presence of chlamydeous female flowers (large and small) in 

comparison to the previous types. Dichasium always terminates in hermaphrodite 

flowers. 

Type VI: Same as type V but with the presence of achlamydeous flowers. 

Type VII: Dichasium is divided only twice. Terminal hermaphrodites and chlamydeous 

female flowers. 

Type VIII: Like type VII, but instead of chlamydeous small flowers, the second branch 

bears achlamydeous flowers.  

Type IX: Almost 50% of the flowers are hermaphrodites. Dichasium is only divided twice. 

The second branch bears chlamydeous large female flowers.  

Type X: Similar to type IX, but the dichasium is divided four times. Three branches bear 

hermaphrodite flowers and the fourth small chlamydeous female flowers.  

 

Figure 3. Quinoa flowers morphology. 3A) Structure of the hermaphrodite flowers. 3B) Female flower 
types. 3C) ‘Ivory’ dichasium classified as type III. 3D) ‘Buffy’ dichasium classified as type I 



 
 

The inflorescence type is vital for the adaptation of the crop to different climate 

conditions. For example, North-Western Europe presents unfavorable environmental 

factors such as strong winds and prolonged wet weather, resulting in pre-harvest 

sprouting (germination of the grain before harvest). In this particular case, 

inflorescences of cultivar that show flowering types VII, VIII, and IX (low compactness of 

the inflorescence (Figure 3D)), will dry more quickly after rainfall events and morning 

dew than compact inflorescence types (Figure 3C)(Jacobsen, 1997), avoiding pre-harvest 

sprouting due to high humidity.  

 

1.6 QUINOA BREEDING METHODS 

Well-known artificial hybridization methods that involve inflorescence manipulation are 

emasculation and artificial pollination (Peterson et al., 2015). Emasculation, the process 

of removing the anthers with a needle, is performed in hermaphrodite flowers when the 

anthers have obtained full size (Gomez-Pando, 2015). The identification of the 

inflorescence type and flower clustering is essential for this process. The emasculation 

of quinoa flowers is a complex process due to the small size of the flowers and expertise 

skill requirements (Peterson et al., 2015) (it is necessary to avoid accidental removal of 

the pistils and rough handling of the sepal, which may result in flower desiccation). In 

addition, the removal of the anthers must be repeated for every hermaphrodite flower 

in the flower cluster. Thus, in this particular case, clustering types I, VII, and VIII are the 

most interesting because of the low presence of hermaphrodite lateral flowers, thus 

reducing the time-consuming and tedious work related to emasculation (Figure 3D). 

Since the flowers are tiny, emasculation and hybridization are considered very tedious. 

Individual selection used in this study refers to evaluating and selecting the offspring of 

individual plants according to the targeted traits. It is the preferable technique used for 

breeders to select parents for cross-pollination. Selfing of the inflorescence (to achieve 

homogeneity) was also used during this study. Mass selection, where seeds of many 

superior plants with similar phenotypes are harvested and mixed, is used to improve the 

base selection performance. This technique is mainly used for the generation of a new 

cultivar in landraces. Morphological traits can be used as selection criteria in the mass 

selection process and individual selection.  



 
 

  

1.7 MARKER-ASSISTED SELECTION (MAS) 

Molecular-assisted breeding methods can accelerate the genetic improvement in large 

genetic diversity crops such as quinoa (Yabe et al., 2020). Markers are mainly used for 

three aspects in quinoa: to identify progeny of cross-pollinations after manual crosses, 

for marker-assisted selection for particular traits (e.g., for saponin content), and to 

describe the genetic diversity. The map developed by Maughan et al. (2004) was the 

first step towards developing genetic markers for quinoa (Maughan et al., 2004). 230 

length polymorphism (AFLP), 19 simple-sequence repeat (SSR), and 6 randomly 

amplified polymorphic DNA markers (RAPDs) were mapped, covering 60% of the 

genome and providing a key starting point for the genetic dissection of agronomically 

important characteristics of quinoa, including seed saponin content, grain yield, 

maturity, and tolerance to frost, diseases, and drought. Several studies have focused on 

developing new sets of polymorphic SSR markers and constructing genetic linkage maps 

of quinoa based on them (Jarvis et al., 2008),(Zhang et al., 2017). Subsequently, SRR and 

single nucleotide polymorphism (SNP) markers have been used widely in quinoa 

breeding programs because of their co-dominant nature and their capacity to detect 

high levels of polymorphism (Mason et al., 2005). For example, two homologs of TSAR1 

and TSAR2 in Medicago truncatula, AUR62017204 (TSARL1), and AUR62017206 

(TSARL2), have been identified as controlling saponin biosynthesis in quinoa. TSARL1 

expression levels (almost exclusively expressed in seeds) were much lower in sweet 

quinoa varieties carrying a single nucleotide polymorphism (SNP G2078C) in the last 

portion of exon 3. Different mutations in the TSARL1 were present in all tested sweet 

varieties (Jarvis et al., 2017).  

 

1.8 QUINOA RESEARCH AT ILVO 

The Flanders Research Institute for Agriculture, Fisheries and Food (ILVO) is an 

independent scientific institute of the Flemish Government. It works on the 

sustainability of the agriculture, fisheries, and agri-food sector. One of the projects is 

the denominated "Quinoa Local" (QUILO) 

(https://pureportal.ilvo.be/en/projects/quinoa-lokaal) , which pursues organic quinoa 



 
 

cultivation in Flanders without pesticides or herbicides. Their concrete objectives are to 

address key cultivation technical questions to create a stable and profitable crop, 

achieve high added-value quinoa locally, and establish a network and knowledge 

database (QUILOpedia) that facilitates the quinoa chain. This master thesis is linked to 

the QUILO project and a new breeding project for quinoa recently initiated at ILVO, 

where saponin content analysis and inflorescence characterization are essential. 



 
 

PART. 2 AIM OF RESEARCH PROJECT 

A preliminary evaluation of the agronomic performance of quinoa in the studied region 

is a crucial step to unravel the variability present in the material to select suitable 

material with high grain yield, low saponin content, right quality components, and well-

adapted to the particular climate conditions of that region (Bhargava et al., 2006; Bazile 

et al., 2016; Zurita-Silva et al., 2014; Jacobsen, 1997).  The aim of this master thesis is 

the support in the initial steps of a quinoa breeding program for the selection of cultivars 

adapted to the climatic conditions of Flanders. The subdivisions of the main objective 

are: 

• The characterization of quinoa cultivars to determine suitable starting 

material for a breeding program. 

• The characterization of inflorescence types of a number of cultivars to 

determine the most suitable female parent for manual cross-pollination. 

• Saponin content analysis on individual plants. 

o Identification of low saponin-containing genotypes within cultivars. 

o Comparison between the afrosimetric method and the 

spectrophotometric method in the analysis of seed saponin content. 

• Optimization of a DNA extraction protocol for marker analysis in quinoa.  

. 



 
 

PART. 3 RESULTS 

3.1 PERFORMANCE OF 16 CULTIVARS FOR 8 MORPHOLOGICAL TRAITS IN 

CHENOPODIUM QUINOA (MORPHOLOGICAL CHARACTERIZATION) 

Ten plants per cultivar and block were harvested separately for morphological 

characterization and to determine possible relations between seed yield and the other 

seven morphological traits, i.e., plant height (height), stem diameter (diameter), length 

from the tip of the inflorescence till the closest internode (hereafter panicle length) and 

till the farthest internode (hereafter panicle total length) of the main stem’s 

inflorescence , thickness of the inflorescence (hereafter panicle thickness) number of 

internodes of the main stem (internodes), and thousand seed weight (TSW). The average 

value per cultivar for the eight morphological traits are presented in Table 1. 'Cherry-

vanilla 2016', which presented the highest yield, was not included in the analysis of 

variance as well as in the different comparisons of the morphological traits due to its 

low germinated ratio (under low population, plants increase stem diameter and 

branching and increase grain yield (Spehar et al., 2005)). Also, it was noticed short and 

long plants of the cultivar concluding that long plants of 'Vikinga' were probably 

contamination that was segregating out. Thus, 'Cherry-vanilla-2016' and 'Vikinga'-long 

phenotype and ‘Zeno’ were excluded from the morphological analysis. 

 
N=30 per cultivar. ‘Zwarte’ (N)=40 

Table 1. Measured morphological traits means of 16 quinoa cultivars 



 
 

3.1.1 Plant height, panicle morphology, stem diameter, and Thousand Seed Weight 

(TSW) 

The cultivar 'Oro de Valle' showed a highly significant (p < 0.01) above-average 

performance compared to the other cultivars for most of the morphological traits such 

as panicle total length (67.71 cm), stem diameter (1.09 cm), and height (160 cm) (Figure 

4A). On the other hand, 'Vikinga' and 'Titicaca' were highly significant (p < 0.01, letter g,f 

respectively), shorter (80 cm and 106 cm respectively), and lower in number of 

internodes (11.39 and 13.23 respectively) compared to the other cultivars. 'Puno' also 

showed a lower average number of internodes than the general mean ( 14.43 internodes 

per plant vs. 16.29, respectively). These three cultivars had a significantly lower  the 

number of internodes (p < 0.05, letter e) (Figure 4A). 

Regarding the other morphological traits such as panicle length, TSW, and panicle 

thickness, there were significant differences among cultivars, although any cultivar was 

highly differentiated concerning the others. 'French Vanilla,' 'Zwarte' and 'Ivory' 

presented the weightiest (largest) seeds with a TSW average of 3.07 g, 2.91 g and, 2.87 

g, respectively, although it was not significantly different (p > 0.05) to the other cultivars. 

The difference between the maximum and the minimum scores recorded for 'Zwarte,' 

3.05 g, is three times higher than the second-highest spread, 'Oro de Valle', with a 

difference of 1.26 g. This comparison highlight the large intra-cultivar variation for this 

open-source cultivar. 'Puno,' 'Vikinga,' and 'Faro' showed the lowest TSW, conforming 

to a significantly different group (p < 0.05) concerning the other cultivars. 

The boxplots present in Figure 4 also show high variability between cultivars and within 

the cultivar itself. It was noticed a difference in data variance between European bred 

cultivars and most of the open-source cultivars (Open Source Seed Initiative (OSSI) farm 

original cultivars).'Titicaca,' 'Vikinga,' and ‘Puno’ as well as some open-source cultivars 

such as "Red Head" showed less intra-cultivar variability for most traits.  



 
 

 

Figure 4A. Boxplots of the morphological traits of the tested quinoa cultivars 



 
 

Figure 4B. Boxplots of the morphological traits of the tested quinoa cultivars  

Dashed colored lines represent the average of each trait. Letters represent Tukey Multiple pairwise comparison test. Groups that don’t share any letter are significantly 
different (ANOVA p < 0.05). Groups that are more similar to each other, share more letters between them. 



 
 

3.1.2 Seed yield 

The average seed yield per individual plant was 4.62 g with the lowest seed yield (0.02 

g) obtained from a 'Zwarte' plant (block B), and with the highest seed yield of 34.71 g 

from an 'Oro de Valle' plant, block A.  

Out of the 17 cultivars, 'Oro de Valle' showed significantly above average seed yield (p 

< 0.05) (Figure 1B) of 11.23 g of seed per harvested plant, albeit it presented a high 

variability. On the other hand, 'Vikinga' presented the lowest seed yield with an average 

of 1.11 g per plant, with the lowest variability, although it was not significantly different 

from other cultivars. 

3.1.3 K means clustering 

K means clustering method was used to cluster cultivars into groups with similar 

performance according to the morphological traits (Figure 5). The ‘fviz-nbclust’ R 

function determined three as the optimal number of clusters that explain 76.09% of the 

variability present on the data. Figure 5 shows one well-defined cluster, where almost 

all the cultivars are grouped, and two cultivars apart which represent the best and 

poorest performance: 'Oro de Valle' and 'Vikinga,' respectively. 'Vikinga' and 'Titicaca' 

constitute the most inferior performance (purple line), although 'Titicaca' has also been 

grouped in the average performance cluster. On the other hand, 'Oro de Valle' compose 

the cluster of the best performing cultivar. 

 

Figure 5. Clusters of the tested quinoa cultivars according to their morphological traits. K means 
clustering indicated that 3 were the optimal number of centers. 



 
 

3.1.4 Correlation analysis 

A correlation with PCA study on the individual plants data was performed to analyze the 

relationship between the morphological traits. The correlation coefficients between the 

eight studied morphological traits are presented in Table 3. Almost all morphological 

traits exhibited a highly significant positive correlation to seed yield (p < 0.001). The 

strongest significant correlation was attained to the panicle total length (r = 0.78), the 

diameter of the plant (r = 0.72 ), and height on the plant (r = 0.62, p < 0.001), being the 

three traits high significant correlated to each other. On the other hand, TSW and 

Internodes showed the weakest correlation with seed yield (r = 0.28 and r = 0.16, 

respectively).  

 

 

PCA was performed to analyze the relationship among the variables. Together, the first 

two principal components explained 68.7 % of the variation present in the original data 

Table 3. Correlation coefficients among 8 traits in Chenopodium quinoa 

Figure 6. Principal component analysis with traits related to yield on 17 quinoa cutlivars 



 
 

(50.62% and 18.15%). Plants with high panicle morphology traits, high seed yielding, and 

thick stem diameter, highly contributed to PC1, showing a positive correlation among 

these variables. Plant height contributed to both PC 1 and PC 2. In PC 2, a close 

relationship between TSW and Internodes is shown.  

Figure 6 also shows which observations have more importance in the direction of the 

variation of the different variables. For example, 'Oro de Valle,' which had high yield, 

long panicles, and thick stem diameter, is on the extreme right of PC 1, and on the 

opposite is 'Vikinga' present. On the other hand, 'Zwarte' is on the negative quadrant of 

the PC 2 because of its high TSW and average number of internodes.  

3.1.5 Linear Model 

 

A linear model was constructed to unravel the significant effect of each morphological 

trait on seed yield in single plants. Table 4 shows the different tested linear models, their 

adjusted R2, and the obtained ANOVA test p-value when models were compared.  

The first general linear model, LM-1, which included the seven variables (panicle length 

not included due to high multicollinearity with total panicle length) and the blocking 

factor, resulted in an R² value of 0.72, non-significant variables present in the model and 

with non-significant block effect. LM-4 with diameter and Panicle total length as 

predictor variables explains 67.65% of the variation in the data with a high significance 

(p > 0.001). The reduction of significant predictors did not significantly affect the 

adjusted R2, which decreased only 0.04 when comparing LM-1 to LM-4, revealing a 

minor contribution of the other four predictors. The ANOVA between the models 

indicated an improvement of the model in every reduction, being highly significant when 

comparing LM-4 with the other linear models. 

The final model included only two predictor variables resulting in the following formula: 

 

Table 4. Comparison of the tested linear models. 

Seed Yield = 8.75 * Diameter + 0.13 * Panicle total length – 6.99 



 
 

3.2 SAPONIN ANALYSIS 

3.2.1 Standard Afrosimetric Method 

The afrosimetric method, also known as the foam test, establishes a relation between 

foam formation and the presence of saponins (Koziol, 1991 a). Seeds from 111 individual 

plants from 'Kas Red,' 'Oro de Valle,' and 'Zwarte' were analyzed using the foam test to 

estimate the saponin concentration (mg/g seed) and classify them between sweet and 

bitter. 

The three foam heigh measurements per plant were not significantly different (p > 0.2) 

among all tested plants. A total of 97 plants were categorized as containing high saponin 

concentrations (foam height > 5 cm), 12 as containing medium saponin concentration 

(foam heigh between 1 cm and 5 cm), and two as low saponin concentration (foam 

height < 1 cm). On average, 'Kas red' seeds were significantly more bitter (p < 0.05) than 

the other cultivar seeds. 'Zwarte' seeds presented the highest variability with attained 

saponin concentration ranging from 0.73 to 11.42 mg / g seed. The difference in saponin 

concentrations among the foam categories was significant, as expected (p < 0.001). 

3.2.2 The variable foam density 

Next to foam height, seeds were grouped in 5 different foam density categories (Figure 

11). The number of plants present in every density group was well spread. Seeds 

grouped in the loose and very loose foam density had, on average, significantly lower 

saponin concentration (Figure 11) (p < 0.05) than the "dense group" (medium dense, 

dense, and very dense). 

  

Figure 11. Estimated saponin concentration by the foam test. Low category only presented 2 data. 
Outliers are represented with a black star. 



 
 

The ANOVA test and the subsequently Tukey multiple comparisons of means taking into 

account both foam height and foam density resulted in a non-significant difference 

among dense foam groups within every foam height category, except for the category 

very loose within the high foam height, which was significantly different compared to 

dense and very dense groups.  

A linear model was performed to determine if the categorical variable density and the 

TSW had a significant effect on the presumed saponin concentration obtained by the 

afrosimetric method. Although both variables showed a highly significant effect (p < 

0.001), their exclusion from the model reduced only 4% of the explained variation of the 

data (adjusted R2 from 0.82 to 0.78).  

 

3.2.3 Spectrophotometric analysis 

This analysis was also performed to confirm the results obtained from the standard 

afrosimetric method in selected seeds (Material and Methods). The data obtained from 

the spectrophotometric analysis is summarized in Table 5.  

Figure 12. Foam test. F013 and F129 with the same foam height, showed different foam density. 

5 cm 

5 cm 



 
 

 

Six oleanolic acid standards were used, which in all the measurements presented an R2 

> 0.98 for all the correlation formulas Absorbance~Oleanolic acid concentration.  

The data showed a significant (p > 0.001) difference when the three medians' 

absorbances at the three wavelengths were compared, mainly when the saponins were 

measured at 560nm (correlation rho < 0.9 to the other wavelengths). Although the 

weight of the sample used for the spectrophotometric analysis was registered, on 

average, it had no significant effect on the measured oleanolic acid concentration at the 

three different wavelengths (MANOVA p > 0.05).  

The Spearman's rank correlation test revealed a significant positive correlation for 

saponin concentration measured at 527 nm and 538 nm to the saponin concentration 

obtained from the foam test with a Rho of 0.25 (p < 0.01) and Rho 0.22 (p < 0.05), 

respectively. However, the correlation was not significant for the saponins measured at 

560 nm.  

The foam test categories were also compared to the oleanolic acid concentration 

obtained from the spectrophotometer analysis (Figure 12). Saponins measured at 527 

nm were taken for comparison since they presented the highest correlation with 

saponins estimated by the foam test. In general terms, the mean of saponin 

concentration measured in the spectrophotometer of seeds categorized in a low foam 

Table 5. Correlation analysis for saponins concentration measured at different wavelengths and 
estimated saponin concentration by the foam test. 



 
 

category (37.42 mg/g seed) is lower than the medium foam category (40.62 mg/g seed) 

and the High foam category (41.93 mg/g seed), although this difference was not 

significant (ANOVA p > 0.05). 

When the foam height and density categories were taken together, the interaction was 

significant (p < 0.05), and significant differences between groups were found. Seeds 

grouped as “medium-loose” (mean: 38.9 mg/g seed) were significantly different (p < 

0.05) in saponin concentration to the “High-loose” group (mean: 44.5 mg/g seed). Also, 

within the high group, seeds grouped as "loose" (mean 44.5 mg/g seed) were 

significantly different (p < 0.05) than the "very dense" group (mean: 39.2 mg/g seed).  

 

Figure 12. Oleanolic acid concentration categorized according to the foam test categories. 

 ANOVA p < 0.05 



 
 

3.3 CHARACTERIZATION OF INFLORESCENCE TYPES 

 

Quinoa flowers can be divided into five types according to their being hermaphrodite or 

female, presence or absence of perianth, and size. There are ten clusters depending on 

the number of divisions of the dichasium and the type and number of flowers on 

successive branches (Figure 2). The proportions of the type of flower clusters per cultivar 

are shown in Figure 7. Category I, where only the terminal flower is hermaphrodite, and 

the other flowers are all female, was the most common among all cultivars, with 75 

plants appearing in this category. On the other hand, Category IX, where almost 50% of 

the flowers are hermaphrodite, and the dichasium is divided only twice, was not present 

among these quinoa cultivars. All evaluated plants of 'Biobio' and 'Red Head' showed 

flower category I. ‘French Vanilla,’ and ‘Ivory’ showed high variability between plants 

concerning the inflorescence category.  

In some quinoa cultivars such as 'Zwarte,' the glomeruli were well separated (Figure 8A), 

having a dichasium architecture into a bigger panicle, but in other cases, the glomeruli 

cluster were tight to each other (figure 8B). Quinoa inflorescences can be classified as a 

leafy-bracted inflorescence because every dichasium presents a bract subtending the 

inflorescence and is attached to the main stem. Thus, the bract was crucial to distinguish 

between the different dichasia.  

 

Figure 7. Proportion of flower categories per quinoa cultivar 



 
 

 

Quinoa is a salt-tolerant crop, 

and one critical structure for 

their salt tolerance is the salt 

bladders. The salt bladders 

tended to reflect light during 

imaging analysis and formed a 

white 'layer' that difficulted 

inflorescence characterization 

(Figure 8C). Embedding the 

dichasium in ethanol 70% for 15 

min before the analysis under 

the microscope increased the resolution of the image (Figure 8D) and facilitated the 

flower classification (Figure 9, Figure 10).  

Figure 8. Chenopodium quinoa inflorescence architecture. (A) Panicle of Chenopodium quinoa Willd. 
cv ‘Zwarte’ and (B) cv. ‘Oro de Valle’. (C) Chenopodium quinoa cv. ‘Vikinga’ dichasium before and (D) 
after 70% ethanol treatment for 15 min.  

Figure 9. Photographed Chenopodium quinoa flowers.  



 
 

 

 

3.4 DNA EXTRACTION METHOD COMPARISON 

Two DNA extraction methods, Qiagen DNeasy® Plant Mini Kit and DNA extraction 

protocol developed by ILVO for red clover, were tested to compare the performance 

when extracting DNA from quinoa leaves.  

Qiagen kit was not able to extract DNA compared to the Red Clover. The meager ratio 

260/230 the presence of contaminants, probably because CTAB is detected at 230nm 

wavelength (Table 6). Therefore, QuantusTM fluorometer analysis was performed to 

infer the real DNA concentration per sample. The obtained correlation formula (r = 0.85) 

was: 

 

In general terms, the estimated DNA concentration measured by Nanodrop is almost 

three times higher than the actual concentration.  

Figure 10. Flower characterization. Examples and representations. 

Y real DNA concentration=0.2643*DNA concentration NANODROP + 12.56 

 



 
 

Only' Biobio’-15 (69.16 ng/µl) and 'French Vanilla’-13 (43.09 ng/ µl), out of 207 extracted 

samples, were categorized as high purity DNA according to the ratio 260/280 (1.8-2.2), 

the ratio 260/230 (2-2.2).  

 

 

Although there were significant differences in DNA concentration (p < 0.05) among 

cultivars, all DNA samples were considered suitable for downstream applications.  

Gel electrophoresis, which was performed to analyze the integrity of the DNA (Figure 

14), revealed a single high molecular weight DNA band with little evidence of shearing 

and absence of RNA contamination. 

 

 
 

Table 6. Summary of DNA extraction methods used in this study 

Figure 14. Agarose gel electrophoresis showing genomic DNA from 
20 random quinoa extracts and as a positive control (PC) an 
Standard with long DNA fragments.  



 
 

 

PART. 4 DISCUSSION 

4.1 MORPHOLOGICAL CHARACTERIZATION  

The present results support previous reports that quinoa is adapted to areas at sea level 

(Jacobsen, 1997). The cultivars bred in the USA generally performed better in our local 

conditions than cultivars from European countries, including Belgium. For example, 

‘Faro,’ a cultivar bred over the years in Belgium, and the Danish cultivars ‘Titicaca’, 

‘Puno’, and ‘Vikinga’ performed below average in almost all the morphological traits. A 

point to note is that this study recorded data for only one year of experimentation, and 

thus not account for changing environmental conditions (in the long run), a fact that 

differs from other studies related to quinoa adaptation that did take into account by 

describing the seed yield over several years (a minimum of 2 years).  

Nevertheless, this study concluded that most open-source quinoa cultivars reflected 

great adaptability and had a performance close to the average in the adverse climate 

conditions underwent in 2020. Furthermore, the k-means partition analysis 

corroborated this conclusion by grouping the cultivars into three clusters corresponding 

to performance levels, clustering most of the open-source cultivars in an intermediate 

group.  

The dry spell (April-May) in 2020 triggered a very short vegetative phase and early seed 

ripening (Figure 14). As a result, 'Puno,' 'Titicaca,' and 'Vikinga' seed yields, which 

previously showed significantly above average (data from 2017-2019 included at ILVO),  

were severely affected. Therefore, it is believed that the adverse climate conditions 

played an essential role in the relatively low seed yielding experimented in the  2020 

field trial, although they have been bred for earliness. Nevertheless, ‘Puno’ had better 

relative performance than ‘Vikinga’ and ‘Titicaca’, being significantly different in panicle 

total length, diameter, and average seed yield even in that atypical environmental 

condition. Thus, we conclude that, although quinoa can be specifically adapted to a 

specific region for many years, not all cultivars respond similarly to adverse and atypical 

climatic conditions.  



 
 

On the other hand, the open-source cultivar ’Oro de Valle’ performed above average in 

almost all morphological traits in the 2020 field trial as well as in previous years (ILVO, 

personal communication). According to the breeder, this open-source cultivar was 

initially bred for growing in the Willamette Valley (Oregon, USA), which presents a 

Mediterranean climate with warm summers, temperatures rising up to 32 °C, and very 

low precipitation during the growing season (Taylor et al., 1993), similar to the weather 

conditions experimented in Flanders in 2020.  

In our analysis in 2020 with atypical weather conditions, , we noted in general terms 

that the open-source cultivars showed a better performance than the European-bred 

cultivars. Possibly, the open-source cultivars contain a higher genetic diversity than the 

European-bred cultivars, which increased their chances of adapting to the 2020 weather 

conditions (Bertero et al., 2004). However, further experimentation is needed to 

validate this conclusion. 

During the breeding process, the breeder should decide whether to keep genetic 

variation and the associated adaptability to adverse conditions, or to narrow down its 

genetic variability and select for a homogeneous cultivar that is adapted only to specific 

climate conditions of a certain region. This study then opens the question if a cultivar 

should present more genetic variability to adapt to climate change, a problem in which 

crops such as quinoa can definitely contribute (López-Marqués et al., 2020).  

4.2 LINEAR MODEL 

This study also corroborated the strong relationship between stem diameter, total 

panicle length, and seed yield, which indicates that high-yielding plants tend to have 

longer panicles and thicker stems, a fact also previously reported (Jacobsen et al., 1996; 

Rojas, 2003; Spehar et al., 2005; Bhargava et al., 2016; Maliro et al., 2017). These three 

relevant parameters were summarized in the obtained linear model, where panicle total 

length and diameter explained 67.65 % of the variation for seed yield.  

Although TSW showed a highly significant correlation with yield, already described by 

Bhargava et al. (2016) and Gandarillas (1979), it was not included in the model for two 

reasons. First and more important, the purpose of this model was to give a mathematical 

tool to the breeders to select promising plants before harvesting. Therefore, the 

necessary equipment must be simple to perform the trait measurements on the field 



 
 

rapidly. Thus, TSW, which requires a seed counter and a precision balance to be 

measured, is not suitable for that purpose. In contrast, diameter and panicle length can 

be measured in the field with simple tools such as calipers and rulers.  

Second, the exclusion of TSW from the model resulted in a non-significant reduction of 

the models’ adjusted R2 (the explained variation by the model was reduced only 4%). 

However, as was mentioned above, our results are based on one year of field data. 

Therefore, to validate the model by including datasets of several years. It was noticed 

that ‘Faro’ and ‘Puno’, which had an average seed yield, presented a low average TSW, 

only comparable to ‘Vikinga’. TSW still might be an interesting trait to include in the 

model, since some cultivars may show a posible trade-off between seed yield and TSW 

(Curti et al., 2018). Then, breeding efforts will depend on the seed size (TSW) market 

requirements for the different industrial applications.  

Our linear model connected two quantitative traits, panicle length and stem diameter. 

These quantitative traits displayed little or no genotype x environment interaction 

(Präger et al., 2018; Jacobsen et al., 1996; Fuentes & Bhargava, 2011; Spehar & De Barros 

Santos, 2005; Bhargava et al., 2006). Therefore, They might be useful as seleting criteria 

of promising plants in a breeding program (Rojas, 2003; Gandarillas, 1979; Fuentes & 

Bhargava, 2011; Gomez-Pando, 2015; Jacobsen et al., 1996). The selected plants should 

have thicker stems and with long panicles for breeding purposes, not forgetting 

shortness for mechanical harvesting. Thus, it is advised to select promising high-yielding 

plants using the model targeting shortness, for example, two short plants with long 

panicles and thick stems.  

This study also corroborates the importance of plant density in seed yield (Jacobsen et 

al., 2016). 'Cherry-Vanilla-2016' and ‘Cherry Vanilla’ are the same cultivar. However, 

'Cherry-Vanilla-2016' had a poor germination ratio displaying an architecture different 

from the genotypes of ‘Cherry Vanilla’ field plots. The plants were higher, with the 

highest stem diameter, panicle length, and seed yield (results not shown) among all 

cultivars and significantly different to ‘Cherry-vanilla’, ratifying the correlation between 

these morphological traits and, therefore, our linear model. Hence, we advise breeders 

to maintain the plant density similar among all cultivars when selecting plants for 

breeding traits. 



 
 

4.3 SAPONINS 

Next to seed yield, another important breeding target for quinoa is low saponin content 

in the seeds (Zurita-Silva et al., 2014). In this study, the saponin content from individual 

genotypes from three cultivars, 'Oro de Valle', 'Kas red,' and 'Zwarte' (saponin contents 

unknown) were analyzed using the standard afrosimetric method (Koziol, 1991 a) and 

the spectrophotometric analysis (Hiai et al., 1976; Medina-Meza et al., 2016; V. Le et al., 

2018). 

Our results revealed the reliable sensitivity of the foam test. The three technical repeats 

did not differ significantly, implying that the seeds released in water contained 

approximately the same concentration of generating-foam components, including 

saponins (Ruales et al., 1993).  

Furthermore, the density of the foam must be taken into consideration for two main 

reasons. First, empirically, the appearance of stability and persistency of the foam 

negatively affected the certainty of the measurement of foam height. Thus, foam 

composed of large bubbles was challenging to measure. Second, the “loose” groups 

differed significantly from the “dense” groups in estimated saponin content, even when 

their foam height was the same. Thus, it seems that the variable density decreases the 

accuracy of the foam test.  

Hence, certain modifications in the protocol seem reasonable to reduce the negative 

density effect. For example, some authors suggest that using 0.1 g of grounded seeds 

instead of 0.5 g whole seeds would increase the contact between the watery solution 

and the outer seed layers, therefore, eluting the saponins more quickly (Ncube et al., 

2011). Also, shaking 2 min instead of 30 seconds and reading the foam heigh after 15 

min instead of 5 min in the last step would reduce the high heights of unstable foam 

composed of large bubbles that rapidly collapse (Tadhani et al., 2006).  

The correlation study between the afrosimetric data and the spectrophotometric 

analysis showed a significant positive correlation (r = 0.25). However, we cannot 

consider this correlation good enough. First, the calibration curve, and hence the 

formula that relates foam height with saponin content, was obtained from the 

afrosimetric results of crude saponin extract solutions (Koziol, 1991 a). This formula is 

limited to foam heights up to 3 cm, then underestimating very high levels of grain 



 
 

saponin (Koziol' Latinreco, 1992; Ward, 2000 b; Medina-Meza et al., 2016). However, 

the method is reliable as a pass/fail test for ‘low-saponin’ and ‘high-saponin’ seed lots.  

For example, the single-plant seed lot F-152 from ‘Oro de Valle’ was categorized as 

medium-saponin content by the foam height (2 cm), supporting GC-MS results that 

reported this cultivar as low-saponin content (Medina-Meza et al., 2016). However, the 

spectrophotometric analysis categorized F-152 as ‘bitter’ with saponin concentrations 

higher than 40mg/g seed.  

Our results also showed a significant among-plant within-cultivar variation in grain 

saponin levels (Ward, 2000). For example, 'Zwarte,' GC-MS categorized as ‘bitter’ 

(Medina-Meza et al., 2016) showed a range from 34.95 mg to 61.22 mg oleanolic acid/g 

seed, being also the most diverse in the foam test (0.73 cm – 8.5 cm).  

Thus, compared to high-sensitive techniques such as GC-MS, the spectrophotometric 

analysis presented several limitations being not specific enough to unravel the saponin 

content from a seed sample. The vanillin-sulphuric assay measures sapogenin 

concentrations. Therefore, a factor has been described in the literature for converting 

oleanolic acid concentrations determined colorimetrically to saponin concentrations 

(Medina-Meza et al., 2016; Peñafiel & Villar, 1988), resulting in a much higher saponin 

concentration than measured. Furthermore, flavonoids, chlorophylls, and several 

pigments which are present in the colored quinoa seeds (coloration of water during 

foam test) (Escribano et al., 2017) are also extracted together with the saponins (Ramos 

et al., 2017; Thrane et al., 2015; V. Le et al., 2018), possibly triggering a deviation in the 

saponin content measurement by forming colored products in unspecific reaction with 

vanillin (Oakenfull, 1981).  

Despite all these limitations, the spectrophotometric analysis should not be discarded 

yet. The seeds we have used for these analyses were not sufficiently cleaned, and likely 

contained contaminants that can have influenced the measurements. Further 

experimentation is necessary, for which we advise the measurement of saponin content 

at 527 nm, which according to our results, had the highest correlation to the foam test. 

We also advise certain modifications to increase the significance of future comparisons 

between both methods. Some authors remark on the standard selection, the 

measurement wavelength, and incubation time (Le et al., 2018) in the final measured 

absorbance. For our study, oleanolic acid was used as the saponin standard. However, 



 
 

two critical aspects make phytolaccagenic acid (PA) more convenient as the standard. 

First, the presence among several quinoa cultivars. For example, Medina-Meza (2016) 

found PA in all varieties ranging from 44.55% to 87.97%; Gee in all varieties except the 

classified as 'sweet' (1993) similar to the results obtained by Ruales (1993). Second, a 

decreasing PA content from 43% to 36% after washing (Gee et al., 1993) makes it a more 

fair comparison to the dissolved saponins in the aqueous extract during the afrosimetric 

analysis.  

Regarding similar results to more sensitive techniques such as GC-MS,  for breeding 

purposes, this study advises the usage of foam test to identify low-saponin content 

individual plants within and among cultivars. The afrosimetric method is the cheapest, 

high-throughput, and sensitive test suitable for selecting low saponin promising plants 

that might be used in crosses.  

4.4 CHARACTERIZATION OF INFLORESCENCE TYPES 

This study reported the high intra- and inter-cultivar variability in inflorescence types. 

We also proposed that plants grouped in category I, found in almost all cultivars, were 

more convenient for breeding purposes since the proportions of female flowers are 

higher than other categories, making them more suitable as the female parent in 

crosses. Among them, the most homogeneous cultivar was ‘Biobio.’  

We also advise the analysis of other flower characteristics in future research 

experiments to address the following questions. For example, does the number of 

flowers per panicle directly affects yield? Do all types of flowers present in the panicle 

get fertilized and produce seeds? Are the chlamydeous small females and achlamydeous 

able to generate viable seeds? Does the presence of achlamydeous flowers determine 

the outcrossing ratio since the carpels are more exposed to pollinators?  

4.5 DNA EXTRACTION 

This study compared two DNA extraction methods on quinoa leaf material: 1 

commercial kit and 1 protocol developed for red clover. The extraction of high-quality 

DNA is crucial for utilizing genomics-assisted breeding methods, which are adequate for 

species such as quinoa that show a large genetic diversity in a breeding population 

(Gomez-Pando, 2015). For example, the marker-assisted selection technique can be 

used in quinoa breeding programs since single-sequence repeat (SSR), and single-



 
 

nucleotide polymorphism (SNP) markers have been mapped for important traits such as 

saponin content, seed protein content, and resistance to mildew (Coles et al., 2005; 

Mason et al., 2005; Jarvis et al., 2008, 2017; Maughan et al., 2012).  

This study compared two DNA extraction methods on quinoa leaf material: 1 

commercial kit and 1 protocol developed for red clover. The extraction of high-quality 

DNA is crucial for utilizing genomics-assisted breeding methods, which are adequate for 

species such as quinoa that show a large genetic diversity in a breeding population 

(Gomez-Pando, 2015). For example, the marker-assisted selection technique can be 

used in quinoa breeding programs since single-sequence repeat (SSR), and single-

nucleotide polymorphism (SNP) markers have been mapped for important traits such as 

saponin content, seed protein content, and resistance to mildew.  

We conclude  that the protocol developed for red clover is the most suitable for 

extracting DNA from quinoa leaves compared to the commercial kit. However, the 

260/230 nm ratio exposed the limitations of this CTAB-based method, which needed a 

correction of the estimated DNA concentration when it was measured in the Nanodrop. 

Therefore, the obtained formula in this study that related Nanodrop measurement to 

the more accurate Quantus method was used for such correction. It is also advised, 

however, to increase the number of Quantus measured samples (only 5 in this study) 

the statistical threshold of n=10, to enhance the power of the formula.  

This study advises the usage of Nanodrop over the Quantus in DNA analysis. Although 

the accuracy of the Quantus fluorometer is higher, the Nanodrop measurements are 

cheaper and high throughput. For example, the extracted DNA of 207 plants was 

analyzed using Nanodrop in approximately 2 h, whereas 5 samples took approximately 

20 min using QuantusTM due to the preparation of standards, and incubation periods.  

We also conclude that the extracted DNA of all samples is sufficient for downstream 

analysis such as SSR markers, remarking the samples' Biobio’-15 and 'French Vanilla’-13 

due to their high DNA purity according to their attained 260/280, 260/230 ratios.  

However, for AFLP analysis  the quality would not be sufficient.



 
 

PART. 5 MATERIAL AND METHODS 

5.1 EXPERIMENTAL SITE 

The cultivar field trial was performed at one of the experimental fields of ILVO located 

in Melle, Belgium at latitude 50°59’039”, longitude 3°47’05” and 24 m above sea level. 

5.1.1 Climate Conditions 

The average monthly precipitation and minimum and maximum temperatures for a year 

are shown in Figure 15 albeit the quinoa field trial from sowing till harvesting occurred 

from April to August 2020.  These data are compared to the long–term average 

temperature (Figure 15A) and precipitation (Figure 15B) data from the last 30 years. In 

2020 the precipitation from April to August was, on average, lower than the monthly 

mean precipitation calculated from the last 30 years. During the growing period, the 

precipitations were low (< 20 mm) and high temperatures during flowering. 

 

1A) The black line shows the average daily temperature for every month. The thick red line shows 
the calculated mean temperature of the last 30 years for every month (climate). The orange buffer 
around the red line makes the fluctuations between the last 30 years more visible. 1B) The black 
bars show the recorded precipitation for each month. The dark blue bars and light blue bars show 
the maximum and minimum amount of precipitation during the last 30 years for each month, 
respectively. The boundary between dark blue and light blue is the monthly mean precipitation 
calculated from the last 30 years. (www.meteoblue.com) 

Figure 15. Temperature (°C) and precipitations (mm) registration from April 2020 to March 2021 
compared to last 30 years climate average. 



 
 

5.2 QUINOA CULTIVARS USED DURING IN THIS STUDY 

Table 7 shows the different technical specificities of the 19 cultivars, according to the 

breeder. 'Zeno,' 'Vikinga,' 'Puno,' and 'Titicaca' (defined in this study as European bred 

cultivars) are already successfully cultivated in different places of Europe (Bazile et al., 

2016) and they are commercially available. The rest of the selected cultivars were 

obtained through the Open source seed initiative (OSSI) program (https://osseeds.org/) 

(defined in this study as open-source cultivars) 

 In addition, the European cultivars and the Open Source Cultivars bred in the USA were 

evaluated for their agronomic performance in Flanders in a cultivar trial. 

The used cultivars per experiment are shown in Table 1, Addendum.  

 

https://osseeds.org/


 
 

Table 7. 19 quinoa cultivars used in this study 

Quinoa Cultivar Origin 
TSW 

(mg) 

Seed 

color 

Panicle 

Color 

Saponin 

Content 
Maturation Extra information (Morphology, yield, and resistance to biotic and abiotic stresses) 

Zeno1 Austria     White High     

Vikinga2 Denmark 3.0 Yellow Pink Low 120-150 days.   

Biobio3 Oregon, USA < 3 White Pink   Early maturation High yield 

Buffy3 Oregon, USA     Buff colored     High Yield, Stem strength. Derived from Oro del Valle. High amylopectin content 

Cherry Vanilla3 Oregon, USA   White 
Cream to 

pink  
  

Short and Quick 

Maturing 
Tall. Good mildew Resistance 

Faro Chile            Cultivar bred in Belgium over the years.  

French Vanilla3 Oregon, USA   White Vanilla     Tall with broad uniform heads. Little branching. Ripens uniformly. Selection of Brightest Brilliant 

Golden Afternoon3 Oregon, USA   Yellow       Selected out of Oro del Valle. High resistance to sprouting.  

Ivory3 Oregon, USA   White White     Selected out of Brightest Brilliant. Resistant to head sprouting and downy mildew. Stem strength 

Oro de Valle3 Oregon, USA   
golden-

brown 
Gold     Selected out of Brightest Brilliant Rainbow. Loose seed clusters: prevent molding and sprouting.  

Mint Vanilla3  Oregon, USA   White White     Selected out of Brightest Brilliant.  

Peppermint3 Oregon, USA Large White White     Exceptionally resistant to wet weather head sprouting. Strong stems. Minimal branching 

Puno2 Denmark 2.4 Yellow White High 120-150 Resistant to Downy Mildew 

Red Head3 Oregon, USA   Red       Bred by Frank Morton. Withstand rain when maturity and resistant to sprouting. 

Titicaca2 Denmark 3.2 Yellow Orange High 120-150 days. Insensitive photoperiod response. 

Zwarte Colorado, USA       High   Developed from cross between Chenopodium Quinoa and Chenopodium berlandieri.  

Cherry Vanilla 

20163 
Oregon, USA   White 

Cream to 

pink  
  

Short and Quick 

Maturing 
Seeds obtained from the field trial performed in 2016 

Kas red3 Oregon, USA large Black Red      Line derived from 'Kaslala' 

Kas White3 Oregon, USA           Pure White derived from 'Kaslala' 

The provided information is according to the website breeders. 1 Zeno projekte, Potzleinsdordfer Str. 10, 1180 Vienna, Austria. 2 Quinoa Quality, Teglvaerksvej 10, DK-4420 

Regstrup, Denmark..3 Wild Garden Seeds P.O. Box 1509 Pjilomath, OR 97370, USA.



 
 

5.3 MORPHOLOGICAL ANALYSIS (CULTIVAR TRIAL) 

5.3.1 Experiment set up 

The field trial for the evaluation of the performance of 17 cultivars was arranged in a 

semi-randomized, complete block design with three replications for each cultivar (Figure 

16). The plot sizes were 16.06 m2. 90N inorganic fertilization was applied before sowing. 

No herbicides or pesticides were used during the experiment. 

 

5.3.2 Harvest 

The harvest dates for each cultivar were set following plant senescence, i.e. when the 

leaves were senescence, and grains in the inflorescence were hard when pressed 

between fingers. It was noticed that some European bred cultivars matured earlier, 

mainly because of the short vegetative period experimented in 2020. Thus, there were 

two dates of harvesting, shown in Figure 16 in dark and light green.  

'Cherry Vanilla-2016' presented a very low germination ratio. Two different phenotypes 

for Vikinga were present on the field, ‘Vikinga’-short and ‘Vikinga’-tall.  

Ten plants per plot were harvested by hand at approximately 50cm from the border, 

labeled, stored in a bag and moved to the laboratory for plant morphological traits 

measurements described below. Data was entered in Microsoft Excel. The seeds were 

Figure 16. Chenopodium quinoa field trial. Light-green plots were harvested earlier than the dark-
green plots. “Bord”  is equivalent a border. 



 
 

manually extracted, threshed, cleaned, and placed in labeled paper sacks. Seeds were 

dried by ventilation (40ºC) and cleaned using an air separator.  

5.3.3 Morphological traits 

Data were recorded for the following morphological traits: 

a) Plant height (cm): the distance from the beginning of the shoot to the 

inflorescence tip on the main stem. 

b) Stem diameter (mm). 

c) Panicle thickness (cm) : thickness of the main inflorescence. 

d) Panicle length (cm): The length from the inflorescence tip till the closest node. 

e) Panicle total length (cm): The length from the inflorescence tip till the fasthest 

internode. 

f) Vegetative internodes: The intervals between the nodes along the main stem. 

g) Seed yield (g seed/plant): the seed weight of the individually harvested plants 

per plot and cultivar. 

h) Thousand seed weight (g): The average of three weight measurements of 100 

seeds randomly selected. A seed counter and an analytical balance will determine the 

number of seeds and the weights, respectively. Then, the following formula will be 

applied: 

   

5.3.4 Statistical analysis 

The statistical analysis, i.e., ANOVA, PCA, and correlation analysis, were performed using 

RStudio V0.98945 (RStudio, Inc. 2009-2013), using the "lm," "pcomp, " dyplr" and 

"mulcompView" function on the data generated by the individual harvested plants.   

Descriptive statistics such as the mean of the trait, standard deviation, quartiles, 

minimum values, and maximum values were used to analyze the data. ANOVA and 

Tukey Multiple Pairwise comparison were used to identify statistically significant 

differences among the cultivars. ANOVA results were summarized with the 

“multcompView” R package that cluster them in different groups (letter labeled). The 

letters that appears above the boxplots mean significantly differences between cultivars 

that do not share any letter (p < 0.05) (Figure 4).  



 
 

The linear model (LM) was used to indicate which morphological variables mostly 

explain the variation in seed yield. The panicle length was removed for LM analysis 

because it had high multicollinearity with panicle total length, leaving seven non-

redundant predictor variables. 

Normality and equality of variance assumptions for ANOVA were tested by the Shapiro-

Wilk test (p > 0.05) and F-test (p < 0.05), respectively. 

K means clustering method was used to cluster cultivars into groups with similar 

performance according to the morphological traits. The R function ‘fviz_nbclust’ was 

used to determine the optimal number of cluster.  

Finally, a correlation analysis (Pearson’s correlation) and PCA of the individual harvested 

plants data were performed to determine the relationships with yield and the other trats 

5.4 SAPONIN ANALYSIS (MULTIPLICATION PLOT) 

The aims of this analysis were 1) to identify intra-cultivar variation among individual 

plants regarding on their saponin content, 2) to identify low-saponin content individual 

plants for future breeding programs and 3) to compare the afrosimetric and 

spectrophotometric results of a individual plants subsample (Table 3. Addendum) 

5.4.1 Experiment set up 

The cultivars' Zwarte', 'Oro de Valle,' and 'Kas Red'  were grown in isolation to generate 

more seeds for future trials, breeding purposes and saponin analysis. The saponin 

content for these cultivars was determined on individual plants through the simple 

afrosimetric method described by Koziol (1991), also known as foam test, and a 

subsample was taken for comparison with the spectrophotometric analysis results.  

'Zwarte' was a mix of around ¾ green-stem plants and approximately ¼ purple-stem 

plants. Outcrossing also reported for quinoa (Gandarillas, 1979) might represent a 

problem because it increases the heterogeneity and heterozygosity in the landraces and 

decreases the chances of keeping a true quinoa type. To reduce outcrossing the purple 

plants were isolated with gauze nets. Thus, they were only self-pollinated, and seeds 

from these purple plants were labeled with an L number (standing for pure line). The 

stem-green plants mainly were self-pollinated, but open pollination might have 



 
 

occurred to a certain percentage. Therefore seeds for each green plant were labeled 

with an F-number (standing for family pollinated). 

5.4.2 Harvest 

'Zwarte,' 'Oro de Valle,' and 'Kas Red' individually plants were harvested and labeled 

with a unique code (F-XXX or L-XXX). The seeds were manually extracted, threshed, 

cleaned, and placed in labeled paper sacks. Seeds were dried by ventilation (40ºC) and 

cleaned using an air separator. TSW was measured using analytical balance and a seed 

counter. . Saponin content was analyzed on a subset by using the method described 

below. 

5.4.3 Standard Afrosimetric Method 

0.5 ± 0.02 g of Quinoa seeds were weighed directly into a test tube (160x16mm) in three 

repetitions. After adding 5 ml distilled water with a pipette, the tube was closed with 

parafilm and manually shaken (4 shakes per second) for 30 s. After a 30-min rest, the 

tube is again shaken vigorously for 30 s. After a second 30-min rest, the tube is shaken 

30 s more, given the last shakedown, and allowed to rest for 5 min before reading the 

foam height. The measured height will classify the sample as low saponin content (foam 

height < 1.0cm), medium (< 1.0cm foam height < 5,0cm) and high (foam height > 5.0cm). 

Quinoa cultivars with low saponin content can be considered as sweet. 

The density of the foam was taken into account for this experiment. Thus samples were 

categorized according to the presence of large bubbles into very loose, loose, medium 

dense, dense, and very dense foam. Total saponin content was determined by the 

following equation (Koziol, 1991 b): 

 

This formula was obtained by a calibration curve using solutions of crude saponin 

extract and following the standard afrosimetric procedure. The reference method used 

to confirm the saponin content was thin-layer chromatography. 

5.4.4 Spectrophotometric analysis 

Spectrophotometric analysis was performed in selected plants (Addendum. Table 3). 

The five categories of foam density were covered to compare results between them and 

infer if the foam density was a characteristic for being taken into account.  



 
 

The spectrophotometric analysis was divided into two main steps performed in different 

days according to the developed protocol by ILVO: extraction step and saponin 

quantification. For the extraction step, seeds were ground with a grinder, and 40 ± 3 mg 

of ground material was weighed in a analytical balance and placed in a 50 ml falcon tube, 

10 ml of 80% ethanol was added, and the falcons were placed in a shaker (300 rmp) for 

four h at room temperature and then centrifugated (3000g) . The supernatant was 

filtered in a 2ml Eppendorf tube by using a 0.45 µm filter (Whatman Inc., Maidstone, 

UK). 1.5 ml of the filtered liquid was stored at 4ºC in darkness (Figure 17A) 

The saponin quantification step starts with the preparation of the stock solution (1000µg 

oleanolic acid/ml) for the standard curve. It contained 0.1% oleanolic acid in 10% DMSO 

and 80% ethanol. Six dilutions were made with a concentration of 300, 200, 150, 100, 

50 and 0 (Blanco: 100% ethanol) µg/mL oleanolic acid.  

In 5 ml tubes were added 250 µl of the sample / the standard dilution, 250 µl of 8% 

vanillin in ethanol, and 2500 µl of 72% aqueous sulfuric acid in water (Figure 17B and 

17C). The tubes were incubated at 65 ºC for 15 min and cooled for 5 min in ice (Figure 

17D). 200 µl of the solution was added into a 96 well plate in three replicates (Figure 

17E). The absorbance of the standards and the extracts was measured at 527 nm 

(Medina-Meza et al., 2016), 538 nm (Hiai et al., 1976), and 560 nm (V. Le et al., 2018).  

Total saponin content was determined by the equation obtained from the standard 

curve. 



 
 

 

5.4.5 Statistical analysis 

The statistical analysis, i.e., ANOVA, PCA, and correlation analysis, were performed using 

RStudio V0.98945 (RStudio, Inc. 2009-2013), using the “lm,” “pcomp,””dlpr” and 

“mulcompView” function.  

Descriptive statistics and boxplot graphics of the saponin concentrations were used to 

analyze the data. ANOVA was used to show a significant difference (p < 0.05) when the 

three median absorbances at the three wavelengths were compared. Six outliers were 

removed from the data (Cook’s D > 0.07) since they could distort the outcome of the 

analysis. The normality distribution of the data (Sapiro-Wilk normality test p = 0.44) and 

the variance homogeneity (Levene’s Test for homogeneity of the Variance p < 0.001) 

assumptions were also tested. 

A Spearman’s correlation analysis between estimated saponin content by the foam test 

and the saponin concentration obtained by the spectrophotometric analysis was also 

applied. The obtained oleanolic concentrations by the spectrophotometric analysis at 

527 nm were categorized according to the foam test groups. Statistical differences were 

assessed by one-way ANOVA and subsequently Tukey multiple pairwise comparisons of 

means extracted which pair of the group were statistically different from each other. 

Figure 17. Spectrophotometric analysis steps. 



 
 

5.5  CHARACTERIZATION OF THE INFLORESCENCE TYPE 

5.5.1 Experiment set up 

For inflorescence characterization, twenty plants per cultivar were sown in 12 cm pots 

(2l) in , with a commercial ground (dry matter: 25%, organic matter: 45%, ph:6, water 

retention capacity: 700ml/l and electric conductivity: 45ms/m). The pot were placed on 

firstly outdoor and then removed to the greenhouse due to the cold autumn 

temperatures (Figure 15). The 'Red head,' 'Kas white,' 'Cherry vanilla 2016,' and 'Ivory' 

were sown again directly in pots in the greenhouse due to its low germination. 

Additionally, seeds from 'Zwarte,' 'kas red' and 'Oro de valle' plants that had promising 

results on the foam test, i.e., low saponin content (foam height < 5,0cm) (koziol, 1991 

a)) were also sown for inflorescence characterization. 

Inflorescence characterization and DNA extraction were performed on sixteen cultivars 

of the nineteen available cultivars. 

5.5.2 Harvest 

The flowering period started from 26-10-2020 in most of the cultivars. Two panicle 

inflorescences per plant and at least six plants per cultivar were harvested for flowering 

characterization. 

5.5.3 Inflorescence characterization under the stereomicroscope 

Flower were characterized into the 10 cluster types described by Bhargava (2007 b) 

(Figure 2). Flowers and clusters were observed under a stereomicroscope, and photos 

were taken with an attached camera. A pre-treatment before imaging analysis was 

tested. The panicles were treated with 70% ethanol for 15 min before visualization. The 

data was recorded a summarized in excel.  

 

5.6 DNA EXTRACTION 

5.6.1 Experiment set up 

To test the best DNA isolation protocol, leaf material from fresh young leaves were 

collected and placed in high-porosity paper sacks. To avoid any degradation of the DNA, 

liquid nitrogen was used during the sampling. The sacks were frozen and stored at -80ºC. 



 
 

Approximately 100 mg of leaf material from 207 plants (Addendum. Table 2) were 

placed separately in Qiagen tube strips. 

5.6.2 Comparative analysis of different dna extraction protocols 

Two DNA preparation methods were tested on 100 mg quinoa leaf material: a cheap, 

easy, and high-throughput DNA extraction protocol developed for red clover (Riday et 

al., 2010) (CTAB-method) and the commercial kit QiagenTM DNeasy Plant Mini Kit.  

5.6.3 DNA extraction protocol adapted from Riday (2010) (Red Clover protocol) 

Tube strips containing 100 mg of leaf material were frozen in liquid nitrogen and milled 

using a Bead Ruptor 96 Homogeniser (30s at 30Hzand centrifuged for 1min at 1300 g). 

Extraction buffer was added to each tube. After incubation for 15 min at room 

temperature, the supernatant was removed and, 45 µl of extraction buffer and 60 µl of 

lysis buffer were added in each tube and subsequently incubated at 80ºC for 15 min and 

then 1 min in the fridge. Samples were centrifuged (2 min, 800 g), and 75 µl of 

Chloroform/isoamyl alcohol 24/1 was added. 80 µl of the aqueous phase along with 55 

µl of cooled isopropanol were added into a 96 well plate. Plates were centrifuged (60 

min, 1300 g), and the isopropanol was removed. 50 µl of 70% ethanol was added, mixed, 

and centrifuged (15 min, 1300 g). Then, ethanol was removed (10 min at 50ºC). 20 µl of 

TE-buffer was added per well, and the plates were stored in the fridge at 4ºC.  

5.6.4 DNeasy® Plant Mini Kit protocol. 

The protocol was followed according to the provider. 

5.6.5 Analysis of the DNA 

The extracted DNA was measured by Nanodrop and QuantusTM. CTAB can severely affect 

the DNA purity (Abdel-Latif et al., 2017) and, therefore, the measurements with 

NanoDrop. So, to contrast the results, some samples were also measured with the 

QuantusTM Fluorometer to determine the real DNA concentration. The generated data, 

including DNA concentration (ng/ul) and the 260nm /280 nm ratio, 260/230 ratio, were 

stored in Microsoft Excel. The extracted samples were stored at 4°C for further 

experimentation. 



 
 

5.6.6 Agarose gel electrophoresis 

DNA was analyzed by agarose gel electrophoresis using 1,5% agarose gel containing one 

ug/mL SybrSafe. 2 µl loading dye, 8 µl water, and 1 µl DNA sample were mixed and added 

in each well of the gel. Electrophoresis was performed using 1 x Tris-Borate EDTA (TBE) 

buffer and a constant voltage of 100 V for 30 min. The DNA bands were visualized, and 

images were acquired by the Gel Imaging System. 
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ADDENDUM 

Table 1. Cultivars used in the different experiments in this thesis. 

Cultivar 
Morphologic

al traits 
Flower 

characterization 
DNA 

extraction 
Saponins 

test 

Zeno 
   

 

Vikinga 
   

 

Biobio 
   

 

Buffy 
   

 

Cherry Vanilla 
   

 

Faro 
 

   

French Vanilla 
   

 

Golden Afternoon 
   

 

Ivory 
   

 

Oro de Valle 
    

Mint-Vanilla 
   

 

Peppermint 
   

 

Puno 
 

   

Red Head 
   

 

Titicaca 
 

   

Zwarte 
    

Cherry Vanilla-

2016    
 

Kas Red  
   

Kas White  
  

 

 



 
 

 

 

 

Samples for DNA extraction

Page 1

207

1 2 3 4 5 6 7 8 9 10 11 12

A zeno 1 zeno 12 vikinga 2 vikinga 16 biobio 8 biobio 18 buffy 7 buffy 16 mint 5 mint 13 cherry 1 cherry 10

B zeno 2 zeno 13 vikinga 5 vikinga 17 biobio 9 biobio 19 buffy 8 buffy 17 mint 6 mint 14 cherry 2 french 1

C zeno 3 zeno 14 vikinga 6 vikinga 18 biobio 10 biobio 20 buffy 9 buffy 18 mint 7 mint 15 cherry 3 french 2

D zeno 4 zeno 16 vikinga 9 vikinga 19 biobio 11 buffy 1 buffy 10 buffy 19 mint 8 mint 16 cherry 4 french 3

E zeno 5 zeno 17 vikinga 10 biobio 1 biobio 12 buffy 2 buffy 11 buffy 20 mint 9 mint 17 cherry 5 french 4

F zeno 7 zeno 19 vikinga 13 biobio 2 biobio 13 buffy 3 buffy 12 mint 1 mint 10 mint 18 cherry 6 french 5

G zeno 10 zeno 20 vikinga 14 biobio 4 biobio 15 buffy 4 buffy 13 mint 3 mint 11 mint 19 cherry 8 french 6

H zeno 11 vikinga 1 vikinga 15 biobio 6 biobio 17 buffy 6 buffy 15 mint 4 mint 12 mint 20 cherry 9 french 7

1 2 3 4 5 6 7 8 9 10 11 12

A french 8 french 16 golden 4 golden 12 golden 20 pepper 9 pepper 18 Zwarte L009 Zwarte F145 Red head 9 Red head 19 Kas-White 19

B french 9 french 17 golden 5 golden 13 pepper 1 pepper 10 pepper 19 Zwarte L011 Zwarte F147 Red head 10 Red head 20 Kas-White 20

C french 10 french 18 golden 6 golden 14 pepper 3 pepper 11 pepper 20 Zwarte L012 Zwarte F111 Red head 11 Kas-White 5 Cherry-2016 6

D french 11 french 19 golden 7 golden 15 pepper 4 pepper 13 kas 42-1 Zwarte L013 Red head 1 Red head 13 Kas-White 6 Cherry-2016 8

E french 12 french 20 golden 8 golden 16 pepper 5 pepper 14 kas 42-2 Zwarte 2019-P1 Red head 3 Red head 14 Kas-White 9 Ivory 1

F french 13 golden 1 golden 9 golden 17 pepper 6 pepper 15 kas 27-2 ORO F16 Red head 6 Red head 16 Kas-White 14 Ivory 6

G french 14 golden 2 golden 10 golden 18 pepper 7 pepper 16 Zwarte L006-1 ORO F17 Red head 7 Red head 17 Kas-White 17 Ivory 7

H french 15 golden 3 golden 11 golden 19 pepper 8 pepper 17 Zwarte L006-2 ORO F148 Red head 8 Red head 18 Kas-White 18 Ivory 8

1 2 3 4 5 6 7 8 9 10 11 12

A Ivory 8 Ivory 20

B Ivory 9 Zwarte F098

C Ivory 12 Zwarte F131

D Ivory 13 Zwarte F102

E Ivory 14 Zwarte F104

F Ivory 15 Zwarte F84

G Ivory 17 Zwarte F130

H Ivory 19

Box	1

Box	2

Box	3

Total	DNA	samples:

Table 3.  Samples for DNA extraction protocol testing sorted in three boxes of 96 wells. Small leaf pieces were introduced into Qiagen strips tubes and the 

tubes were arranged according to this template. 

Table 2. Quinoa samples for DNA isolation protocol. 

Table 3. Quinoa selected plants for Spectrophotometric analysis;. 

ID Quinoa	Cultivar

Foam	

height	

(cm)

Foam	Density TSW	average	(g)

L	004 cv.	Zwarte 1,17 Very	Loose 3,43

F	152 Cv.	Oro	de	Valle 2,00 Very	Loose 3,29

F	017 Cv.	Oro	de	Valle 3,03 Very	Loose 3,05

F	111 cv.	Zwarte 3,83 Very	Loose 3,38

L	009 cv.	Zwarte 3,93 Very	Loose 3,07

F	013 cv.	Zwarte 5,50 Very	Loose 3,79

L	015 cv.	Zwarte 5,50 Very	Loose 3,98

F	131 cv.	Zwarte 6,33 Very	Loose 4,16

F	123 cv.	Zwarte 6,50 Very	Loose 3,35

F	115 cv.	Zwarte 6,67 Very	Loose 2,79

F	146 cv.	Zwarte 7,00 Very	Loose 3,33

L	006 cv.	Zwarte 0,73 Loose 3,61

F	007 cv.	Zwarte 2,17 Loose 3,83

F	102 cv.	Zwarte 4,83 Loose 3,99

F	098 cv.	Zwarte 6,33 Loose 4,45

F	006 cv.	Zwarte 6,50 Loose 3,61

F	008 cv.	Zwarte 7,67 Loose 4,13

F	106 cv.	Zwarte 5,67 Medium	Dense 3,84

F	090 cv.	Zwarte 6,17 Medium	Dense 3,84

F	085 cv.	Zwarte 7,50 Medium	Dense 3,45

F	141 cv.	Zwarte 7,83 Medium	Dense 3,15

F	104 cv.	Zwarte 5,67 Dense 3,99

F	101 cv.	Zwarte 6,67 Dense 3,89

F	136 cv.	Zwarte 8,33 Dense 3,82

F	116 cv.	Zwarte 8,50 Dense 3,60

F	130 cv.	Zwarte 4,50 Very	Dense 3,79

F	129 cv.	Zwarte 5,83 Very	Dense 4,08

F	015 Cv.	Oro	de	Valle 6,17 Very	Dense 3,34

F	016 Cv.	Oro	de	Valle 7,50 Very	Dense 3,28

F	121 cv.	Zwarte 8,17 Very	Dense 3,19

F	112 cv.	Zwarte 8,33 Very	Dense 4,02

Table	4.		Selected	plants	for	Spectrophotometric	analysis.	The	5	foam	density	categories	

were	covered	and	inside	each	category,	there	were	plants	that	covered	the	overall	foam	

height	range.	TSW	and	Foam	height	highlighted	in	black	correspond	to	the	most	

promising	plants	regarding	the	seed	size	and	saponin	content	traits


