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Abstract 

The United Nations General Assembly declared 2013 as the ‘International Year of Quinoa’ to 

promote Chenopodium quinoa Willd as a mean of contributing to food security. C. quinoa is an 

Andean crop able to grow on a wide range of marginal agricultural soils. Given its tolerance to 

multiple abiotic stresses and its high nutritional properties, quinoa offers to be a promising crop 

to face the global climate change scenario and the growing food insecurity in developing 

countries.  

This work is part of a project aimed to generate a database of seed dormancy and germination 

behavior of different Chenopodium quinoa Willd genotypes and their response to abiotic stress. 

As preliminary research, the main objective of this work is to identify Chenopodium quinoa 

varieties tolerant to salt stress during seed germination and to stablish stable reference genes valid 

to carry out further expression analysis.  

In order to achieve these goals, histological and germination assays were performed to 

characterize the structure of C. quinoa seeds and their germination profiles under salt stress.  

Histological assays of Chenopodium quinoa seeds confirm the presence of the pericarp, testa 

and an endosperm monolayer. Moreover, the micropylar endosperm is disrupted during seed 

germination, facilitating the radicle protusion. The PAS-NBB staining revealed that the perisperm 

contains starch granules and the embryo accumulates protein bodies.  

Seed germination assays in the 10 quinoa varieties studied show that UDEC-4, FARO,    

ICBA-5, and CQ57 are more tolerant genotypes to salt stress and ICBA-4 and UDEC-3 are highly 

sensitive to salt stress.  

Additionally, RT-qPCR and in silico stability analysis showed that MON1 (AUR62020295) 

and PTBP (AUR62034430) could be used as reference genes for quinoa seeds during germination 

in control condition and in the presence of sodium chloride. Moreover, the specifically designed 

primer pairs for these housekeeping genes showed a high efficiency.  
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Resumen 

La Asamblea General de las Naciones Unidas declaró 2013 como el 'Año Internacional de la 

Quinoa' para promocionar Chenopodium quinoa Willd como alternativa para contribuir a la 

seguridad alimentaria. C. quinoa es conocida por su capacidad para crecer en una gran variedad 

de suelos agrícolas marginales. Gracias a su alta tolerancia a distintos tipos de estrés abiótico y 

su alta calidad nutricional, la quinoa se posiciona como un cultivo prometedor para enfrentar la 

inseguridad alimentaria de los países en desarrollo y los cambios derivados del calentamiento 

global.  

Este trabajo forma parte de un proyecto cuyo objetivo es generar una base de datos sobre el 

comportamiento durante el periodo de latencia y germinación de semillas de diferentes genotipos 

de Chenopodium quinoa Willd y su respuesta al estrés abiótico. Este trabajo se presenta como 

investigación preliminar y su principal objetivo es identificar variedades de Chenopodium quinoa 

tolerantes al estrés salino durante la germinación de semillas y establecer genes de referencia 

estables y válidos para llevar a cabo posteriores análisis de expresión.  

Para ello, se realizaron ensayos histológicos y de germinación para caracterizar la estructura 

de las semillas de quinoa y sus perfiles de germinación bajo estrés salino. 

Los ensayos histológicos en semillas de Chenopodium quinoa confirman la presencia del 

pericarpio, la testa y un endospermo en monocapa. Además, el endospermo micropilar tiene varias 

capas y se rompe durante la germinación de la semilla, lo que facilita la emergencia de la radícula. 

Además, la tinción PAS-NBB reveló que el perispermo contiene gránulos de almidón y el embrión 

acumula cuerpos proteicos. 

Los ensayos de germinación de semillas en las 10 variedades de quinoa estudiadas muestran 

que UDEC-4, FARO, ICBA-5 y CQ57 son genotipos más tolerantes al estrés salino e ICBA-4 y 

UDEC-3 son altamente sensibles al estrés salino. 

Además, los ensayos con RT-qPCR y los análisis de estabilidad in silico demostraron que 

MON1 (AUR62020295) y PTBP (AUR62034430) podrían usarse como genes de referencia en 

semillas de quinoa durante la germinación en condiciones control y en presencia de cloruro de 

sodio. Además, las parejas de cebadores diseñadas específicamente para estos genes de referencia 

mostraron una alta eficiencia.  
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1. Introduction and objectives 

1.1. Chenopodium quinoa 

Chenopodium quinoa Willd belongs to the Amaranthaceae family and to the genus 

Chenopodiaceae which comprises over 250 species.  

C. quinoa is a dicotyledonous plant and therefore is not a true cereal (monocotiledoneous). 

However, because of its grain-like appearance is considered as a pseudo-cereal, although it is also 

called a pseudo-oilseed because of its balanced composition between oil, protein and fat (Vega-

Gálvez et al. 2010).  

Quinoa plants are branched with broad leaves and can reach between 0.5 and 3 m tall in height. 

The flowers are incomplete and do not have petals. The seed is produced in a rounded flat achene 

(fruit) whose diameter ranges from 1.5 to 3 mm. Depending on the variety, the color of the seeds 

(achenes), flowers, and stems can vary between white, yellow, orange, pink or black (Gómez 

Pando and Aguilar Castellanos 2016). 
Figure 1. Chenopodium quinoa plants at 
different developmental stages.  
(a) 4 weeks old quinoa plants 
(b) 7 weeks old quinoa plants 
(c) 12 weeks old quinoa plants 
(d) and (e) panicles from 12 weeks old 
quinoa plants 
(f) and (g) panicles from 14 weeks old 
quinoa plants.  
Own photographs.  
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Chenopodium quinoa Willd is an Andean food crop, native to Chile (South America). It can 

grow in a wide variety of geographical areas. Quinoa can be cultivated in regions from 0 to       

4000 m above sea level and survive in drought, cold, heat and salty environments (Gómez Pando 

and Aguilar Castellanos 2016). Given its tolerance to multiple abiotic stresses, quinoa offers to 

be a promising crop to endure the increasing drought and salinity conditions in the current global 

climate change scenario (Angeli et al. 2020; Jacobsen et al. 2003). This ability to grow in diverse 

environments together with the high nutritional properties of quinoa seeds have motivated a 

change in the global cultivation of quinoa. Over the last century, quinoa production has shifted 

from being cultivated in six countries (Colombia, Peru, Chile, Argentina, Bolivia y Ecuador) to 

being present in more than 120 countries around the world (Alandia et al. 2020).  

1.2. Quinoa seed: Structure and content  

The seed is the propagule used by spermatophytes for the species’ perpetuation and survival. 

This biological adaptation is a milestone in evolution because of its wider dispersion and 

optimization of the germination timing (Bewley et al. 2013). Seed development can be divided 

into three stages: embryogenesis, maturation, and germination (Finch-Savage and Bassel 2016).  

Germination begins with the intake of water by seeds and ends when the radicle emerges 

through the surrounding tissues. Seed imbibition is commonly divided into three different stages. 

Firstly, the water intake happens rapidly and in a passive way to rehydrate the tissues of the dry 

seed. In the second stage, the water intake is reduced drastically but there is high metabolic 

activity. This phase is key for determining whether the seed will germinate or not, and it is highly 

influenced by external conditions. Finally, the water intake is restored, and the embryo emerges.  

Quinoa grains are perispermic with three well differenced parts: episperm, embryo and 

perisperm (Prego et al. 1998). The episperm is the coat surrounding the seed and it is welded to 

the pericarp. The pericarp in quinoa grains contain saponins which give them a bitter flavor. The 

embryo is formed by two cotyledons, the hypocotyl, and the radicle. In total, the embryo 

constitutes approximately 30% of the volume of the seed and it is surrounding the perisperm. The 

perisperm is the main storage tissue as it replaces the endosperm. This tissue is mainly formed by 

starch grains and represents almost 60% of the seed (Gómez Pando and Aguilar Castellanos 2016) 

Chenopodium quinoa seeds are highly nutritional, they contain more proteins, fiber and fat 

than regular grains (Repo-Carrasco et al. 2003). Quinoa has a significant protein content (14.4% 

out of the total dry matter) but not exceptionally high compared with other grains (Manitoba 

Wheat: 6%; Kañiwa: 18.8%) (Repo-Carrasco et al. 2003; Table 1). Nevertheless, the protein 

content of quinoa is mostly formed by albumin and globulin, two proteins that have a balanced 
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composition of essential amino acids (Repo-Carrasco et al. 2003; Table 1). Protein nutritional 

quality is determined by the proportions of essential amino acids, which cannot be synthesized by 

humans and hence must be provided in the diet (Hertzler et al. 2020). The importance of quinoa 

protein content does not rely on the quantity but in the quality of the proteins. Essential amino-

acids are often included in diets via meat consumption, but all ten essential amino-acids are 

present in quinoa (Repo-Carrasco et al. 2003). Quinoa is considered the only plant food that 

provides all essential amino acids (Rojas et al. 2011) 

Quinoa is also considered an oilseed crop due to its high content in fatty acids, specially    

Omega 6 (linoleic acid) which represents 50.2% out of the total content of lipids, followed by 

Omega 9 (oleic acid, 26%) (Repo-Carrasco et al. 2003; Table 1). Additionally, quinoa seeds are 

an important source of minerals, particularly K, P, Fe and Mg, and vitamins such as vitamin E, 

riboflavin and folic acid (Koziol 1992; Ruales and Nair 1993). 

Starch is the most important carbohydrate in all grains. In quinoa seeds it represents between 

58.1% and 64.2% of the dry matter (De Bruin 1963). On the other hand, quinoa has small 

quantities of free sugar. Glucose, fructose, sucrose and maltose represent 1.70%, 0.20%, 2.90% 

and 1.40% of the dry matter respectively (Repo-Carrasco et al., 2003; Table 1). 

Table 1. Quinoa seeds’ content.  
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1.3. Saponin content in Chenopodium quinoa seeds 

Saponins are amphipathic glycosides with steroid or triterpene backbones that are primary 

found on dicotyledonous plants (Osbourn et al. 2011). The pericarp of quinoa seeds accumulates 

saponins, giving the grain a bitter taste (Tarade et al. 2006). Concentration of saponins vary 

between genotypes and quinoa seeds are classified as bitter or sweat depending on its saponin 

content. A variety is considered bitter when the concentration of free saponins is higher than 

0.11%. However, the amount of saponins can account for up to 5% of the dry matter of the seed 

(Solíz-Guerrero et al. 2002). Additionaly, bitter quinoa varieties have been reported to have 

thicker seed coats than other sweet genotypes (Jarvis et al. 2017).  

Saponins represent the major anti-nutritional factor in quinoa seeds and are considered toxic 

at high concentrations, hence the great number of postharvest methods designed over the years to 

eliminate saponins from quinoa seeds (El Hazzam et al. 2020). The role of quinoa saponins has 

not been elucidated yet. They main hypothesis is that they are part of the defense mechanisms of 

the plant. They are also thought to vary with the influence of both genetic and environmental 

factors (Sparg et al. 2004; Szakiel et al. 2011) 

Triterpene saponins are the major secondary metabolites present in quinoa. Chemically, 

quinoa saponins are triterpene glycosides composed of a hydrophilic oligosaccharide bound at   

C-3 and C-28 to a hydrophobic aglycone. To date, about 40 saponin structures with eight different 

aglycones have been isolated and characterized from Chenopodium quinoa, most of them from 

the seeds (El Hazzam et al. 2020).  

In plants, aglycone part in saponins are isoprenoids generated via the primary mevalonate 

(MVA) pathway that results in the conversion of 3 molecules of acetyl-CoA into isopentenyl 

pyrophosphate (IPP) (Figure 2a). This terpene precursor is then isomerized into dimethylallyl 

pyrophosphate (DMAPP) by the enzyme isopentenyl diphosphate isomerase (IDI). The 

subsequent condensation of two units of IPP and one unit of DMAPP yields farnesyl 

pyrophosphate (FPP). Two units of this 15-carbon compound are condensed into the 30-carbon 

precursor by the squalene synthase (SQS). The linear form of squalene is then epoxidized to 2,3-

oxidosqualene by the enzyme squalene epoxidase (SQE). The cyclization of 2,3-oxidosqualene 

by an oxydosqualene cyclase (OSC) determines the committed precursor for both branches of 

saponins (Moses et al. 2014; Figure 2b). 
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Triterpenoid saponins derived from oleanolic acid are the most abundant in quinoa. Followed 

by hederagenin or phytolaccagenic acid as aglycone backbone (El Hazzam et al. 2020). These 

aglycones come from β-amyrin. This compound is the result of the cyclization of 2,3-

oxydosqualene by a specific type of OSC, the β-amyrin synthase (bAS) (Thimmappa et al. 2014). 

β-amyrin then undergoes a series of oxidative reactions by one or more cytochrome P450-

dependent monooxygenases (P450s) to form sapogenins. Finally, saponins are the result of further 

glycosylations of sapogenins by UDP-dependent glycosyltransferases (UGTs). The biosynthetic 

pathway of oleanane-type triterpenoid saponins is described in Figure 2b. However, the specific 

enzymes that participate in the saponin biosynthesis in quinoa have yet to be identified (Fiallos-

Jurado et al. 2016).   

 

Figure 2. Biosynthetic pathway of triterpenoid saponins.  
(a) Biochemical Mevalonate pathway (edited from Vranová et al. 2013). 
(b) Biosynthetic pathway of oleanane-type triterpenoid saponins (Adapted from Moses et al. 2014; structure of the 
Oleanane-type triterpenoid saponin extracted from Kuljanabhagavad et al. 2008). The yellow section includes the 
formation of squalene. Total balance of acetyl-CoA: 18 molecules. The green section is followed by the formation 
of the committed precursor (β-amyrin) in the orange section. β-amyrin then undergoes further modifications by 
cytochrome P450-dependent monooxygenases until the addition of the glycosil group to the aglycone (Oleanolic 
acid)  
by action of one or more UDP-dependent glycosyltransferases.  
monooxygenases until the addition of the glycosil group to the aglycone (Oleanolic acid)  
Isopentenyl pyrophosphate (IPP) Isopentenyl diphosphate; Isopentenyl diphosphate isomerase (IDI) = Isopentenyl 
pyrophosphate isomerase (IPPI); Dimethylallyl pyrophosphate (DMAPP) = dimethylallyl diphosphate.  
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1.4. Chenopodium quinoa and tolerance to salinity 

Salinity refers to the presence of major dissolved inorganic solutes (Na+, Mg2+, Ca2+, Cl-,    

CO3
2-…) and soil salinity is measured by the electrical conductance (EC) of a saturation soil 

extract. Soils are considered saline when EC is higher than 4 dS m-1 (Rhoades 1996). 

Chenopodium quinoa is well-known by its ability to grow on a wide range of marginal 

agricultural soils, including those affected by high salt concentrations (Choukr-Allah et al. 2016). 

High salinity causes many physiological changes on plants, some of them are photosynthesis 

reduction, membrane denaturalization, nutrient imbalance, stomatal closure and a dramatic 

increase in reactive oxygen species (ROS) (Gupta and Huang 2014). Quinoa has been identified 

as a facultative halophyte crop and has several mechanisms to overcome salt stress (Hinojosa et 

al. 2018), one of them being the presence of epidermal bladder cells (EBCs) (Kiani-Pouya et al. 

2017)  

In general, quinoa can tolerate a range of EC between 15 dS m-1 (150 mM NaCl) and                    

75 dS m-1 (750 mM NaCl) (Orsini et al. 2011). However, during germination and at the seedling 

stage, halophytes are more sensitive to salinity (Debez et al. 2004). As a result, germination assays 

for Chenopodium quinoa are often studied for concentrations varying from 0 to 400 mM NaCl 

(Cai and Gao 2020; Ruiz-Carrasco et al. 2011). 

Some studies have shown that different saline conditions affect the content of quinoa seeds 

(Gonzalez et al. 2012). While protein content was unaltered, saponin content decreased in seeds 

collected from quinoa plants treated with saline water (Gómez-Caravaca et al. 2012). However, 

on a different study, samples not subjected to drought stress had a lower level of saponins but 

sapogenins were shown to increase under saline irrigation comparing to non-saline treatments 

(Pulvento et al. 2012). Another study showed that saponin priming in quinoa seeds had a positive 

effect on germination under 400 mM NaCl (Yang et al. 2018).  

1.5. Relevance of Chenopodium quinoa in food security 

The United Nations General Assembly declared 2013 as the ‘International Year of Quinoa’ in 

recognition to Andean people who preserved quinoa crops and to promote Quinoa as a mean of 

contributing to food security (https://www.fao.org/quinoa/en/).  

The Food and Agriculture Association (FAO) uses the definition of food security stablished in 

1996 by the World Food Summit: “Food security exists when all people, at all times, have physical 

and economic access to sufficient safe and nutritious food that meets their dietary needs and food 

preferences for an active and healthy life” (FAO 2006). 
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Quinoa is a gluten free food grain with low Glycemic Index (35-53) which makes it a viable 

alternative for special diets and industries (Gordillo-Bastidas et al. 2016). Moreover, it is a high-

quality protein grain that may help diversify diets from meat consumption (Alandia et al. 2020). 

Developed countries have the global responsibility to reduce emissions and become more energy 

efficient (European Commission, 2019, https://ec.europa.eu/clima/eu-action/effort-sharing-

member-states-emission-targets_en). The possibility to generate new plant-based food 

alternatives needs to be taken into account to reduce meat production which emits as much 

greenhouse gases as the transportation sector (Ripple et al. 2014).  

Given quinoa nutritional quality, genetic variability and adaptability to adverse climate and 

soil conditions, it is regarded as an alternative for those countries suffering from food insecurity. 

As a result, quinoa constitutes a strategic crop with potential to contribute to food security, 

especially in countries where the access to protein sources and arable lands are limited (Rojas et 

al. 2011). 

Global warming is changing environmental conditions all over the globe. Adaptation to abiotic 

stress is becoming a significant aspect in a modern world with tendency to soil degradation, 

desertification and climatic change (Fedoroff et al. 2010). Climate change is affecting soils around 

the world, making them saltier, especially in arid, semi-arid or coastal agricultural areas (Corwin 

2021). In consequence, salt stress is becoming one of the main limiting factors on crop 

productivity worldwide since most species are salt sensitive (Fedoroff et al. 2010). 

1.6. Objetives 

This work is part of a project aimed to generate a database of seed dormancy and germination 

behavior of different quinoa genotypes, and their response to abiotic stress (including seed content 

and phenotypic data). As preliminary research, the main objective of this work is to identify 

Chenopodium quinoa varieties tolerant to salt stress during seed germination and to stablish stable 

reference genes valid to carry out further expression analysis throughout this period. In this 

context, we propose the following specific objectives: 

(1) To characterize the histological structure of C. quinoa seeds upon germination.  

(2) To analyze how salt stress affects seed germination in 10 varieties of Chenopodium 

quinoa. 

(3) To stablish housekeeping genes valid for qRT-PCR analysis in C. quinoa seeds.  
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2. Material and methods 

2.1. Plant Material and Germination assays.  

Chenopodium quinoa genotypes FARO, CQ57, 27GR, Hill, UDEC-1, UDEC-2, UDEC-3, 

UDEC-4, ICBA-4, ICBA-5 were studied. Seeds were kindly donated by Dr. Arafet Manaa 

obtained from the Centre of Biotechnology of Borj Cédria (CBBC), Tunisia and stored at 21ºC 

and 30% of relative humidity.  

For germination assays, all the seeds were sterilized with 3.8% sodium hypochlorite (NaClO) 

for 10 min and rinsed several times with sterile water. Three biological samples of 30 seeds were 

plated on 60 mm Petri dishes with half-strength Murashige and Skoog (MS/2) medium 

supplemented with 0.1% sucrose, solidified with 0.7% plant agar and supplemented with either  

0 mM, 150 mM, 250 mM or 500 mM NaCl. They were incubated at 22ºC under long-day 

conditions (16 h light : 8 h dark), observed under Olympus stereo microscope SZ2-ILST  

(https://www.olympus-lifescience.com/) and classified as germinated or not germinated. 

Germination profiles were evaluated through data analysis and graphic representation using 

Microsoft® Office Excel 16.9,  the GERMINATOR package program 

(https://www.wur.nl/en/Research-Results/Chair-groups/Plant-Sciences/Laboratory-of-Plant-

Physiology/Wageningen-Seed-Lab/Resources/Germinator.htm; Joosen et al. 2010) and Sigma 

Plot 10.0 (Iglesias-Fernández et al. 2013). 

Figure 3. Chenopodium quinoa seeds.  
(a) 30 seeds of each of the 10 studied varieties of C. 
quinoa. Scale, 1 mm. 
 (b) Weight of 100 seeds of each C. quinoa variety 
(CQ57, FARO, Hill, ICBA-4, ICBA-5, UDEC-1, UDEC-2, 
UDEC-3, UDEC-4 and 27GR) Data are means weight of 
100 seeds ± standard error (SE) for three replicates.  



 

9 

2.2. Fixation, Embedding and Sectioning of Material for Histology 

For the histological analysis, UDEC-4 and FARO seeds were sterilized with 3.8% NaClO for 

10 min and washed with sterile water, before germinating in Petri dishes containing MS/2 

medium. After 24 hours, the seeds were collected, and the tissue was fixated to embed the samples 

in paraffin (Table 2). The seeds were firstly infiltrated with the FAE solution (Formaldehyde: 

Acetic acid: Ethanol: water, 3.7:5:50:41.3 by volume) for 20 min in 25 mm HG vacuum at 4ºC 

tree times. Then they were incubated at room temperature (RT) for 48 h with gentle shaking. After 

this, the seeds were washed twice with PBS 1X for 30 min while shaking. A graded series of 

aqueous ethanol mixtures (30%, 50%, 70%, 95%, 100%, 100%) were used for at least 8 h to 

dehydrate the seeds. The ethanol was then gradually replaced with HistoClear® (50%, 100%) and 

later embedded in paraffin (Iglesias-Fernández et al. 2011). 

Table 2. Fixation and embedding in paraffin procedure.  
*FAE = 3.7% p-Formaldehyde : 5% Acetic Acid : 50% Ethanol : 41.3 % sterile water (v/v). Reagents’ manufacturers are 
indicated in Table 3.  

Reagent Time Conditions Repetitions 
FAE* 20 minutes Vaccum, 4ºC x3 
FAE* 5 days Shaking, RT  
PBS 1X 30 minutes Shaking, RT x2 
Ethanol 30% 12 hours Shaking, RT  
Ethanol 50% 12 hours Shaking, RT  
Ethanol 70% 2 days Shaking, RT  
Ethanol 95% 12 hours Shaking, RT  
Ethanol 100% 12 hours Shaking, RT x2 
Histoclear ® : Ethanol (1:1) 12 hours Shaking, RT  
Histoclear ® 100%  12 hours Shaking, RT x2 
Paraffin 12 hours 60ºC x5 
Paraffin 3 weeks 60ºC  

 

Table 3. Reagents used with its respective manufacturers.  

Reagent Manufacturer Website 
Acetic acid Sigma-Aldrich https://www.sigmaaldrich.com/ 
Ethanol Scharlab https://www.scharlab.com/  
Glacial acetic acid Panreac AppliChem https://www.itwreagents.com/  
Histoclear ® Condalab https://www.condalab.com/  
Napthol Blue Black Sigma-Aldrich https://www.sigmaaldrich.com/  
p-Formaldehyde Panreac AppliChem https://www.itwreagents.com/  
Paraffin Roti®-Plast Carl Roth  https://www.carlroth.com/  
Periodic acid Merck https://www.merckgroup.com/  
Schiff's Reagent Merck  https://www.merckgroup.com/  
Sodium metabisulfite Merck  https://www.merckgroup.com/  

 

Thin sections of 10 μm were collected on glass slides and dried at 42ºC. These warm sections 

were then twice de-waxed in HistoClear® (10 min) and gradually hydrated by sinking for 10 

minutes in series of aqueous ethanol mixtures (100%, 95%, 70%, 50%, sterile H2O) (Table 4).  
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Table 4. De-waxing and hydration of the sections procedure.  

Reagent Time 
Histoclear ® 10 minutes 
Histoclear ® 10 minutes 
Ethanol 100% 10 minutes 
Ethanol 95% 10 minutes 
Ethanol 70% 10 minutes 
Ethanol 50% 10 minutes 
sterile H2O 5 minutes 

The sections were firstly stained with either 0.05% toluidine blue or lugol (0.5% I2, 1% KI) 

for 30 seconds and washed with sterile water. After preliminary observations, a more complex 

staining procedure was performed. The samples were then stained with 0.5% (w/v) periodic acid, 

Schiff’s Reagent and 1% (w/v) Naphtol Blue Black (PAS-NBB) (Table 5). After the staining, the 

sections were fixed with DPX (Merck) and observed under stereomicroscope Leica MZ95 (Leica 

Biosystems, https://www.leicabiosystems.com/) (scale, 250 μm) and super-resolution confocal 

microscope Zeiss LSM 880 (Zeiss, https://www.zeiss.com/) (scale, 100 μm, 50 μm and 20 μm).  

Table 5. Staining procedure with PAS-NBB. 

Reagent Concentration Time Conditions 
Periodic acid  0.5% (w/v) 30 minutes 30ºC 
Sterile H2O  5 minutes RT 
Schiff's Reagent  30 minutes Dark, 30ºC 
Sterile H2O  30 seconds RT 
Sodium metabisulfite 0.5% (w/v) 6 minutes RT 
Sterile H2O  5 minutes RT 
Naphtol Blue Black 1% (w/v) 20 minutes RT 
Acetic acid 0.5% (v/v) 5 minutes RT 
Sterile H+O  30 seconds RT 
Ethanol 50% (v/v) 30 seconds RT 
Ethanol 70% (v/v) 30 seconds RT 
Ethanol 95% (v/v) 30 seconds RT 
Ethanol 100% (v/v) 30 seconds RT 
Ethanol 100% (v/v) 3 minutes RT 
Ethanol 100% (v/v) 5 minutes RT 
Histoclear ®   10 minutes RT 

2.3. RNA extraction and cDNA synthesis  

Total RNA was purified from UDEC-2, UDEC-3 and UDEC-4 dry seeds and germinated 

under favourable (MS/2 medium) or salt stress conditions (MS/2 medium supplemented with      

250 mM NaCl). The samples were collected at 24 and 72 hours in triplicates of 15 seeds.  

RNA purification has been carried out as described by Oñate-Sánchez and Vicente-Carbajosa 

(2008). Samples were frozen and grinded in liquid nitrogen with the help of the                            

Mikro-Dismembrator S (Sartorius, https://www.sartorius.com/en ). Later, 550 μl of extraction 

buffer (0.4 M LiCl, 0.2 M Tris pH:8, 25 mM EDTA, 1% SDS) and 550 μl chloroform were added 

to the ground tissue. The samples were vortexed thoroughly and kept on ice until all of them could 
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be centrifuged at 13000 rpm for 3 min at room temperature (RT). The resultant supernatant (s/n) 

is then transferred to a new standard microfuge tube (SMT) to add 1 volume (500 μl) of water-

saturated acidic phenol. This mix is then vortexed and centrifuged for 3 min and the resultant s/n 

(450 μl) is transferred to a new SMT. 1/3 volume of 8 M LiCl (150 μl) is added and mixed with 

the s/n to let it precipitate overnight (o/n) at 4ºC.  

The next day, the samples were centrifuged for 20 min at 4ºC and the pellet was dissolved in 

26 μl of sterilized water. RNA samples were incubated with 3 μl of RNase-free DNase I 10x 

Incubation Buffer and 1 μl with Recombinant DNase I, RNase-free 10 U/μl (Hoffman-La Roche 

https://www.roche.com/) for 1.5 h at 37ºC. At this point, 1 μl of the samples was loaded on an 1% 

agarose gel to check for genomic DNA contamination by electrophoresis with SYBR safe. Then, 

carbohydrates were precipitated by adding 470 μl of sterilized water, 7 μl 3 M sodium acetate   

pH 5.2 (40 mM final concentration) and 750 μl ethanol and by spinning for 10 min at 4ºC. To 

precipitate the total RNA, 43 μl 3 M sodium acetate pH 5.2 (0.3 M final concentration) and         

750 μl ethanol were added and mixed to be left o/n at -20ºC. Later, samples were centrifuged for 

20 min and the RNA pellet was washed with 70% ethanol. The pellet was then air-dry and 

resuspended in 20 μl of sterilized water. 

 RNA was quantified, and its purity was checked with a NanoDrop ND-1000 

Spectrophotometer (Marshall Scientific, https://www.marshallscientific.com/) by the 260/280 nm 

absorbance ratio, whereas RNA integrity was determined by electrophoresis on 1% agarose gel 

(Figure 4). The RNA was then stored at -80ºC until used. 

Figure 4. 1% Agarose gel for all 
RNA samples used for qRT-PCR 
analysis.  
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The complementary DNA (cDNA) was synthesized from 2 μg of total RNA using the 

RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific 

https://www.thermofisher.com/). For each sample, 2 μg of RNA and 1 μl Oligo (dT)18 were mixed 

with sterilized water up to a volume of 12 μl and incubated for 5 minutes at 65ºC. Then, 4 μl 

Reaction buffer, 1 μl Ribolock RNase Inhibitor (20 U/μl), 2 μl 10 mM dNTP Mix and 1 μl 

RevertAid M-MuLV RT (200 U/μl) were added to incubate the total 20 μl mix reaction for 60 

minutes at 42 ºC and 5 minutes at 70 ºC. The resultant cDNA was then stored at -20ºC until used.  

2.4. Primer design for housekeeping genes in quinoa seeds. 

Several housekeeping genes have been selected considering previous work. Genes encoding 

for Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Isocitrate dehydrogenase (IDH-A), 

Monensin sensitivity 1 (MON1) and Polypyrimidine tract-binding protein (PTBP) that have been 

previously used as housekeeping genes in quinoa leaves have been selected (Fiallos-Jurado et al. 

2016; Maldonado-Taipe et al. 2021). The Elongation Factor1a (EF1a) has also been reported as 

a housekeeping gene to analyze transcriptomic expression in quinoa seed samples (Ruiz-Carrasco 

et al. 2011; Shi and Gu 2020).  

Phytozome v13.0 Database (Goodstein et al. 2012; https://phytozome-next.jgi.doe.gov/) was 

used to search for homologous genes of GAPDH, IDH-A, MON1, PTBP and EF1a. Firstly, 

homologous genes in Chenopodium quinoa were checked to look for similar sequences. An 

alignment with CLUSTAL W (Sievers et al. 2011) through the EMBL-EBI service (Goujon et al. 

2010; Madeira et al. 2019; www.ebi.ac.uk/Tools/msa/clustalo) was performed with the 

homologous sequences and the annotated primers to verify specificity. Homologous genes in 

closely related and reference species (Arabidopsis thaliana and Medicago trucantula) were found 

using the Phytozome Database. The final phylogenetic tree was generated using MEGA 6.06 

software (Tamura et al. 2011) with the Maximum-Likelihood method and bootstrapping for 1000 

replicates.  

The Bio-Analytic Resource for Plant Biology (www.BAR.utoronto.ca) was used to check gene 

expression in A. thaliana and M. trucantula  through the ePlant and ePlant Medicago tool (Waese 

et al. 2017). RNA-seq data for white sweat quinoa and yellow bitter quinoa fruits was also 

analyzed to obtain preliminary information about transcript expression of our target genes in 

seeds. (Liu et al. 2021, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139174). This 

RNA-seq archive was compared to the Chenopodium quinome genome data (Jarvis et al. 2017) 

with MySQL 8.0.23 (Oracle, https://www.mysql.com/) to elucidate the transcript’s correspondent 

genes name.  
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For the design of housekeeping primers for MON1 and PTBP genes the Vector NTI Software 

(Thermo Fisher Scientific) and the tool Primer3Plus (Untergasser et al. 2007;  

www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) were used. The following primer 

quality parameters were considered: length between 18-27 bp, similar melting temperature (Tm) 

(maximum 2ºC difference) in a range between 57-63ºC, amplicon length between 100-160 bp, 

GC content around 50% and lack of self-annealing and primer-dimmer formation.  

2.5. qRT-PCR analysis 

For gene expression analysis, qRT-PCR (quantitative Real-Time PCR) was performed in a 

LightCycler® 480 PCR System (Hoffman-La Roche).  

qRT-PCR was used to determine the expression stability and efficiency of the two reference 

candidate genes (PTBP and MON1) together with 18s-RNA as positive control (Table 6)(Iglesias-

Fernández and Matilla 2010). Full DNA sequences of MON1 and PTBP genes can be view at 

Phytozome database under the gene identifiers AUR62020295 (MON1) and AUR62034430 

(PTBP) 

Table 6. Primer sequences of the analyzed genes with qRT-PCR.  

Expression stability was analyzed from Ct mean values measured from cDNA samples of 

UDEC-2, UDEC-3 and UDEC-4 seeds germinated under favorable (MS/2) or salt stress 

conditions (MS/2 supplemented with 250 mM NaCl) collected at 24 or 72 hours. Efficiency was 

calculated for PTBP_CDS and MON1_CDS_95 primers using the slope of the dilution curve of 

two different experiments (UDEC-4, MS/2, 24H and UDEC-4, MS/2, 72H).  

In each reaction (Vf = 20 μl) were mixed: 1 μl of cDNA sample, 10 μl of FastStart SYBR 

Green Master (Hoffmann-La Roche), 0.5 μl of each primer (forward and reverse) and sterile water 

up to final volume. The PCR thermal-cycling conditions were set as follows: 95ºC for 10 minutes 

for denaturation and 40 cycles of 10 seconds at 95ºC, 20 seconds at 60ºC and 30 seconds at 72ºC 

for annealing and extension. The dissociation temperature for each amplicon was calculated by 

increasing temperature from 60ºC to 97ºC. All analyses were done in three biological samples 

and two technical replicates. 
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2.6. Saponins’ biosynthetic pathway genes 

 To determine if saponin biosynthesis genes are expressed in Chenopodium quinoa seeds, a 

phylogenetic analysis was performed for β-amyrin synthase (bAS) and Cytochrome P450-

dependent monooxygenases (CYP450s) genes, that enconde rate-limiting enzymes in this 

pathway. Gene identifiers AUR62025693 for bAS  and AUR62025699 and AUR62001317 for 

CYP450s were selected (Fiallos-Jurado et al. 2016). bAS and CYP450s homologous genes in 

Chenopodium quinoa were found using Dicots PLAZA 5.0 Database (Van Bel et al. 2022, 

https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v5_dicots/). Given the nucleotide 

alignment generated with MEGA for bAS and CYP450s Chenopodium quinoa genes, highly 

conserved regions were located to design degenerated primers that could amplify different size 

amplicons between 700 and 800 bp.  These primers could not be tested.   

Table 7. Degenerated primers designed to amplify two genes implicated in the saponins’ biosynthesis pathway.   
R = A/G; Y = T/C; H = T/C/A; W = A/T; V = C/A/G; D = G/A/T; K = T/G 
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3. Results and Discussion 

3.1. Histological analysis of Chenopodium quinoa germinating seeds. 

The mature seeds of the Amaranthaceae Chenopodium quinoa are perispermic since the 

perisperm replaces the endosperm as main storage tissue. In quinoa seeds, there are three well 

differentiated structures: the seed’s surrounding tissues, the embryo (Emb) and the perisperm (P) 

(Figure 5). 

Figure 5. Histological structure Chenpodium quinoa germinating seeds (24 h).  
Bright field microscopy of longitudinal sections of seeds stained with PAS-NBB and lugol (0.5% I2. 1% KI).  
(a) Whole seed, showing the mature and fully differentiated embryo, the perisperm, the testa and the pericarp. Scale
bar, 250 μm. (b) General view of the radicle protusion in germinated seed (24h), showing the micropylar endosperm
and the funiculus. Scale bar, 100 μm. (c) Close-up of the embryo showing the stem apical meristem, both cotyledons
and vascular elements. Scale bar, 50 μm. (d) Close-up of the radicle protusion showing empty protein bodies in the
tip (pink arrows) vs immobilized protein bodies (white arrow). Scale, 50 μm. (e) Close-up of the seed coat showing
the pericarp, the testa and the peripheral endosperm. Scale, 20 μm. (f) Close-up of the perisperm tissue showing
starch granules stained with lugol (arrows). Scale, 50 μm. 
C, cotyledons; E, peripheral endosperm; Emb, embryo; F, funiculus; ME, micropylar endosperm; PE, pericarp;
P, perisperm; R, radicle; SAM, stem apical meristem; T, testa; VE, vascular elements.   
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To observe the mentioned structures, sections were stained with Periodic Acid-Schiff — 
Naphtol Blue Black (Table 5). PAS reaction stains polysaccharides in pink. This can be seen in 

Figure 5a,b,c,d,e as the starch from the perisperm and the lignine of the plants cell walls are shown 

in pink. On the other hand, Naphtol Blue Black is specific for staining proteins in dark blue 

(González-Calle et al. 2015; Iglesias-Fernández et al. 2011). 

Figure 5a shows the ellipsoidal shape of the embryo surrounding the perisperm. The embryo 

contains two cotyledons (C), the shoot apical meristem (SAM) and the radicle (R) (Figure 5b,c; 

Prego et al. 1998). Moreover, the vascular elements (VE) are evident in the radicle (Figure 5a,b,c) 

The seed is surrounded by the pericarp (PE) and the testa (T) which is closely attached to a 

monolayer peripheral endosperm (E) (5e; Ninfali et al. 2020). Opposing, the micropylar 

endosperm (ME) is a plurilayer tissue. When disrupted, it facilitates the radicle protusion (Figure 

5b,d). The outer layers of the seed from the section shown in Figure 5, appeared to have lost their 

conjunction. This may have happened because of mechanical stress in the material preparation. 

The perisperm stores starch while the embryo mainly contains protein bodies. The cells of the 

radicle and the cotyledons are full of globoids (Ninfali et al. 2020). Globoids are storage vacuoles 

filled with proteins and phytates. They store mineral nutrients (mainly P, K and Mg), inositol and 

proteins (Madsen and Brinch-Pedersen 2020). The content of the globoids is released during 

germination as the micropylar endosperm is disrupted which causes empty protein bodies towards 

the tip of the radicle (pink arrows in Figure 5d).  

In Figure 5f, the perisperm is stained with lugol, a starch-specific staining procedure. Starch 

granules (arrows in Figure 5f) are located in large polygonal cells surrounded by a thin cell wall 

(Ninfali et al. 2020). Additionally, grain shape depends on the amylose content: the more rounded, 

the more amylose (Prego et al. 1998).  

3.2. Chenopodium quinoa seed germination and tolerance to salt stress 

Germination assays were carried out for 10 varieties of Chenopodium quinoa (CQ57, FARO, 

Hill, ICBA-4, ICBA-5, UDEC-1, UDEC-2, UDEC-3, UDEC-4, 27GR). The germination profiles 

were determined for all 10 varieties under control (0 mM NaCl) and mild (150 mM NaCl) and 

severe (150 mM NaCl) salt stress conditions. Results of this assays are presented in Figure 6. 

Germination criteria is set with radicle protusion (Figure 6a). 
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As shown in Figure 6b, all Chenopodium quinoa genotypes present a sigmoid-like germination 

curve. The majority of the 10 varieties of C. quinoa followed a similar germination course under 

control conditions. Only ICBA-4 and UDEC-3 did not reach the total germination percentage 

when the experiments finished. These varieties were also the most affected under mild salt stress 

conditions (150 mM NaCl). On the contrary, severe salt stress had an impact also in UDEC-2, 

Figure 6. Germination in 10 
varieties of Chenopodium 
quinoa. 
(a) Different phases of C. quinoa 
seed germination. Dry seed is 
the imbibed seed and the seed 
is considered germinated with 
radicle protusion. Seedling is 
also counted as germinated 
seed.  
(b) Germination time course of 
CQ57, FARO, Hill, ICBA-4, ICBA-
5, UDEC-1, UDEC-2, UDEC-3, 
UDEC-4 and 27GR quinoa 
varieties under different salt 
stress conditions.  
From top to bottom, graphics 
represent germination in MS/2 
medium (control), MS/2 
supplemented with 150 mM 
NaCl (mild salt stress) and MS/2 
supplemented with 250 mM 
NaCl (severe salt stress).  
The 10 different quinoa 
varieties are represented with 
the symbols shown in the 
graphics legend. 
Data are means ± SE of three 
independent experiments.  
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UDEC-1, Hill and 27GR C. quinoa genotypes. Nevertheless, the germination onset was delayed 

for all varieties under salt stress, especially when seeded at 250 mM NaCl. As a result, UDEC-4, 

FARO, ICBA-5, and CQ57 can be considered the most tolerant genotypes studied to salt stress, 

while ICBA-4 and UDEC-3 reported to be highly sensitive to sodium chloride.  

This data is in agreement with previous published data. It has been reported that salt 

concentrations between 100 to 250 mM NaCl do not affect germination rates in most quinoa 

phenotypes, while these concentrations do imply a delay on the onset of germination (Ruffino et 

al. 2010; Ruiz-Carrasco et al. 2011).  

For subsequent experiments, three varieties showing different germination courses were 

selected. A highly tolerant variety (UDEC-4), an intermediate tolerant genotype (UDEC-2) and a 

highly sensitive variety (UDEC-3) to salt stress. UDEC-2, UDEC-3 and UDEC-4 germination’s 

profiles were further analyzed in detail (Figure 7). 

UDEC-2 and UDEC-4 show a similar germination profile at control (0 mM) and mild salt 

stress (150 mM NaCl) conditions. Moreover, they fall into the same category when seeding in 

both mediums. At 250 mM NaCl (severe salt stress), UDEC-4 shows a lower t50 (57.0 ± 3.9 h) 

than UDEC-2 (t50 = 85.5 ± 5.0 h), which means that UDEC-4 is more salt tolerant than UDEC-2 

(Figure 7). 

On the other hand, UDEC-3 shows a germination profile at 0 mM NaCl like those of           

UDEC-2 and UDEC-4 at 150 mM NaCl. This could mean that UDEC-3 are lower quality seeds 

than the rest of the studied quinoa varieties. In fact, when studied at 250 mM NaCl, only 36% of 

UDEC-3 seeds germinate.   

UDEC-2, UDEC-3, UDEC-4 are representative for the whole pull of Chenopodium quinoa 

genotypes studied. These three varieties were seeded under control (0 mM NaCl) and severe salt 

stress (250 mM NaCl) conditions for subsequent RNA extraction, cDNA synthesis and further 

qPCR expression analysis.  
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3.3. Housekeeping gene selection for qPCR analysis in Chenopodium quinoa germinating seeds. 

For RT-qPCR analysis, a robust normalization strategy is required. This strategy is mostly 

based on a validated reference (also known as housekeeping) genes (Czechowski et al. 2004; 

Guénin et al. 2009). Some references genes have been previously described for Chenopodium 

quinoa, but they have only been tested for leaf and root samples (Fiallos-Jurado et al. 2016; 

Maldonado-Taipe et al. 2021). Since transcriptome for seeds are known to be very different from 

Figure 7. Germination in 3 varieties of Chenopodium quinoa. 
Germination time course of UDEC-2, UDEC-3 and UDEC-4 quinoa varieties under different salt stress conditions.  
From top to bottom, graphics represent germination in MS/2 medium (control), MS/2 supplemented with 150 mM 
NaCl (mild salt stress) and MS/2 supplemented with 250 mM NaCl (severe salt stress).  
The time needed for 50% of the seeds to germinate (t50) is indicated. Data are means ± SE of three independent 
experiments. Student t-test (P<10) was performed and significant differences between values are shown as different 
letters.  
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other plant tissues (Czechowski et al. 2004), specific quinoa seed housekeeping gene selection is 

required. A reference gene expressed in Chenopodium quinoa seeds and with little homologs gene 

throughout its genome is desired.   

In this study, five putative housekeeping genes (Polypyrimidine-tract binding protein, PTBP; 

Monosensin activity 1, MON1; Isocitrate dehydrogenase A, IDH-A; Glyceraldehyde-3-phosphate 

dehydrogenase, GAPDH; and Elongation Factor 1a, EF1a) were investigated.  

EF1a has been previously reported as a reference gene used in quinoa seed samples (Ruiz-

Carrasco et al. 2011; Shi and Gu 2020). However, a search in the Phytozome database of the EF1a 

gene (AUR62020767) revealed 12 homologous genes belong to the same family with high 

similarity. GAPDH (AUR62005566) and IDH-A (AUR62002238) are usually employed as 

reference genes in other species. However, the number of similar genes in Chenopodium quinoa 

is again high for these genes (6 and 5 respectively, with identities higher than 85%). In addition, 

the primers designed by Maldonado-Taipe et al. (2021) were shown to align with more than one 

of those genes which could lead to unwanted amplification.  

For the reasons above presented, these genes (EF1a, GAPDH and IDH-A) were discarded. 

Instead, MON1 (AUR62020295) and PTBP (AUR62034430) genes were further evaluated.  

The Chenopodium quinoa genome encodes two MON1 homologs (AUR62020295 and 

AUR62037705), according to the Phytozome database, as it occurs in the Medicago trucantula 

genome (model plant for Leguminosae; Medtr4g05900 and Medtr2g094470). Nevertheless, the 

Arabidopsis thaliana genome contains only one MON1 homolog (At2g28390) (Supplementary 

Figure 1). The transcript abundance of A. thaliana and M. trucantula MON1 genes was explored 

by in silico analyses, using The ePlant tool of The Bio-Analytic Resource for Plant Biology 

(https://bar.utoronto.ca/eplant/; Waese et al. 2017), but no data was found for gene identifier 

Medtr4g059000. Transcript expression for MON1 in Chenopodium quinoa genome was research 

through the RNA-seq table created upon Liu et al. (2021) transcriptome data and Jarvis et al. 

(2017) genome. However, the Monosensin activity 1 gene did not have any registers in said table. 

Transcript abundance of MON1 homologs in M. trucantula (Medtr2g094470) and A. thaliana 

(At2g28390) presented in the Supplementary Figure 2 showed ubiquitous expression of said 

genes upon seed development.  

PTBP does have 9 homologs in Chenopodium quinoa, according to the phylogenetic tree on 

the Supplementary Figure 3 created upon Phytozome data. The PTBP gene selected 

(AUR62034430) as housekeeping candidate was the previously described by Fiallos-Jurado 

(2016) and Maldonado-Taipe (2021), from here on named CqPTBP1. Out of the 9 homologs 
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found in C. quinoa genome, CqPTBP1 has especially high similarity with one (AUR62037705). 

The expression profile of the three homologs found in A. thaliana and the two closest homolog to 

CqPTBP1 in Medicago trucantula.were evaluated by the ePlant tool (Waese et al. 2017), being 

At3g01150 (A. thaliana) and Medtr7g011070 (M. trucantula) ubiquitous expressed upon seed 

development Supplementary Figure 4. Additionally, CqPTBP1 expression in quinoa fruits was 

also confirmed by the RNA-seq table analyzed (Jarvis et al. 2017; Liu et al. 2021; Supplementary 

Table 1) 

In consequence, CqPTBP1 and MON1 (AUR62020295; from here on named CqMON1) were 

selected as reference candidate genes. 

Once selected the candidate genes (CqMON1 and CqPTBP1), a battery of primer pairs was 

evaluated (Table 8). 

The previous described primers (Fiallos-Jurado et al. 2016; Maldonado-Taipe et al. 2021): 

MON1_Fiallos, PTBP_Fiallos and PTBP_Maldonado were designed in regions that overlap with 

its closest homologs. In consequence, we designed new primer pairs using Vector NTI and 

Primer3Plus in not overlapping regions, and at 3´- UTR end of candidate genes (as described in 

the Material and Methods section). Finally, MON1_CDS_95 and PTBP_CDS were chosen as 

final candidate reference primers, considering the amplification curves obtained when compared 

to those of other primer pairs (MON1_3’UTR, MON1_Fiallos, MON1_CDS_05, PTBP_Fiallos, 

PTBP_Maldonado).  

 

Table 8. Primers used for reference gene selection.   
MON1_Fiallos and PTBP_Fiallos primer pairs were designed by Fiallos-Jurado et al. (2016). PTBP_Maldonado primer
pair was designed by Maldonado-Taipe et al. (2021). MON1_3’UTR, MON1_CDS_95, MON1_CDS_05 and PTBP_CDS 
primer pairs were designed throughout the course of this project. MON1_CDS_95 and PTBP_CDS primer pairs were 
selected for subsequent analyses. 
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3.4. CqMON1 and CqPTBP1 gene expression during Chenopodium quinoa seed germination: 

stability and efficiency evaluation. 

The expression stability of CqMON1 and CqPTBP1 genes during seed germination was 

evaluated in the previous selected C. quinoa varieties: UDEC-2, UDEC-3 and UDEC-4.  Samples 

were taken at two different germination times, 24 hours and 72 hours in MS/2 medium (control) 

and under salt stress conditions (250 mM NaCl). RNA was purified from the samples and cDNA 

was synthesized from it (Figure 4).  

Threshold cycle (Ct) is the cycle in the exponential phase were a significant fluorescence signal 

is reached. Ct values are used to quantify the PCR products. An appropriate housekeeping gene 

needs to have stable Ct values when samples are collected from different environment conditions, 

different times or with different genotypes (Graeber et al. 2011).  

Therefore, qRT-PCR was performed in samples from the three varieties, both germination 

conditions and at two different germination times (24h and 72h) to analyze the stability of the 

candidate housekeeping genes CqPTBP1 and CqMON1. Additionally, stability for 18s-RNA gene 

was also evaluated and used as a positive control of the qPCR (Table 6Figure 8).   

Both CqPTBP1 (Ct = 22.97 ± 1.30) and CqMON1 (Ct = 23.82 ± 1.04) genes appeared to be 

very stable. However, there is one time-point in both graphics (UDEC-3, 24H, 250 mM NaCl; 

Figure 8a,b) that appears deviated from the rest. This may occur because of the RNA quality. As 

we can see in Figure 4 the integrity of the RNA for those three samples is considerably worse 

than for the rest of the samples.  The 18s-RNA gene expression was highly abundant throughout 

the period and varieties and analyzed, as expected (Bogdanović et al. 2013).  

For primer efficiency determination, a cDNA dilution amplification curve for each primer pair 

(MON1_CDS_95 and PTBP_CDS; Table 8), subsequent slope calculation, and the following 

formula were used: 

 

A gradient of dilutions was performed for two samples (UDEC-4, 24H, MS/2 and UDEC-4, 

72H, MS/2) and the efficiencies for PTBP_CDS (85.94 %) and MON1_CDS_95 (102.9 %) were 

calculated as the mean of both of them (Figure 8).  

These results suggest that PTBP and MON1 genes could be used as reference genes in quinoa 

during seed germination in control conditions and in the presence of sodium chloride (250 mM) 

in the imbibition medium. Nevertheless, further experiments should be performed to confirm the 

gene stability and primer efficiency, by analyzing the whole time-course of germination (in the 
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absence and presence of sodium chloride), and a greater number of varieties. These data should 

be further evaluated by software such as geNorm and Normfinder (Fiallos-Jurado et al., 2016). 

 

  

Figure 8. Transcript levels and calculated 
efficiency of potential housekeeping genes in C. 
quinoa.  
qRT-PCR was used to determine the expression 
stability of two reference gene candidates: 
CqPTBP1 and CqMON1 together with 18s-RNA 
as positive control. 
(a) Transcript levels and efficiency for PTBP 
(b) Transcript levels and efficiency for MON1 
(c) Transcript levels for 18s-RNA 
Transcript levels are presented as Ct mean 
values, measured for UDEC-2, UDEC-3 and 
UDEC-4 seeds, germinated at 24h and 72h, 
under favourable (MS/2) or salt stress conditions 
(MS/2 + 250 mM NaCl).  
Data are means ± standard deviation (SD) of 
three independent biological replicates.  
The dilution curve and subsequent slope 
calculation were used to calculate primer 
efficiency. Efficiency shown of CqPTBP1 and 
CqMON1 was calculated as the efficiency mean 
for two different samples. 
 



 

24 

4. Conclusions 

The following preliminary conclusions can be stated: 

(1) Histological assays of Chenopodium quinoa seeds confirm the presence of the pericarp, 

testa and an endosperm monolayer. Moreover, the micropylar endosperm (a multilayer 

tissue) is disrupted during seed germination, facilitating the radicle protusion. The PAS-

NBB staining reveals that the perisperm contains starch granules and the embryo 

accumulates protein bodies.  

(2) Seed germination assays in the 10 quinoa varieties studied show that UDEC-4, FARO, 

ICBA-5, and CQ57 are more tolerant genotypes to salt stress (250 mM NaCl) during 

imbibition. However, ICBA-4 and UDEC-3 are highly sensitive to salt stress (250 mM 

NaCl).  

(3) Expression analysis of CqMON1 (AUR62020295) and CqPTBP1 (AUR62034430) genes 

during seed imbibition in quinoa under control conditions and in the presence of sodium 

chloride (250 mM) suggest that could be used as reference genes throughout this period. 

However, further analysis should be done to confirm these preliminary results.  
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SUPPLEMENTARY MATERIAL 

 

 

Supplementary Figure 1. Phylogenetic tree of CqMON1. Phylogenetic tree for CqMON1 (AUR62020295) homologous 
genes. Phylogenetic tree designed with MEGA 6.06 software (Tamura et al. 2011) with the Maximum-Likelihood 
method and bootstrapping for 1000 replicates.  
 

 
Supplementary Figure 2. Transcript abundance of MON1 genes of Arabidopsis thaliana (AT2G28390) and Medicago 
trucantula (Medtr2g094470) in seeds. Pictures taken from the ePlant tool of The Bio-Analytic Resource for Plant 
Biology (https://bar.utoronto.ca/eplant/; Waese et al. 2017), 
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Supplementary Figure 3. Phylogenetic tree of CqPTBP1. Phylogenetic tree for CqPTBP1 (AUR62034430) homologous 
genes. Further in silico expression analysis was researched for genes in red boxes. Phylogenetic tree designed with 
MEGA 6.06 software (Tamura et al. 2011) with the Maximum-Likelihood method and bootstrapping for 1000 
replicates.  
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Supplementary Figure 4. Transcript abundance of PTBP genes of Arabidopsis thaliana (AT3G01150, AT3G01180, 
AT3G01190) and Medicago trucantula (Medtr7g011070, Medtr6g012590) in seeds. Pictures taken from the ePlant 
tool of The Bio-Analytic Resource for Plant Biology (https://bar.utoronto.ca/eplant/; Waese et al. 2017), 
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Supplementary Table 1. Polypyrimidine tract-binding protein transcript data of Chenopodium quinoa seeds. 
W_REP1, W_REP2 and W_REP3 correspond to white quinoa fruits (sweat) and Y_REP1, Y_REP2 and Y_REP3 
correspond to yellow quinoa fruits (bitter), Extracted from the RNA-seq table created upon C. quinoa transcriptomic 
data and genome with MySQL  (Jarvis et al. 2017; Liu et al. 2021). 


