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RESUMEN GENERAL 

Stevia rebaudiana (Bertoni) Bertoni (Asteraceae) se considera una especie única debido a la 

producción en sus hojas de metabolitos especializados; diterpenos del tipo esteviol glicósidos, que 

le confieren múltiples usos, no sólo en el mercado de edulcorantes, sino también en la agricultura, la 

ganadería, la industria farmacéutica y la cosmetología. En el mundo existe una gran expectativa 

sobre su cultivo y es considerada una planta ideal para estudiar patrones de glicosilación de estos 

metabolitos. A pesar de los múltiples estudios que se realizan en esta especie, las enzimas 

involucradas en la síntesis de esteviol glicósidos y sus mecanismos de regulación in vivo, no han 

sido totalmente descritos. El manejo adecuado de factores genéticos y ambientales puede provocar 

cambios favorables para la acumulación de diterpenos glicosilados. Con el objetivo de demostrar 

que las condiciones foto-autotróficas generan cambios morfológicos favorables para la síntesis de 

esteviol glicósidos en S. rebaudiana, en comparación con los métodos de micropropagación 

convencional; se estudiaron los contenidos de steviosido y rebaudiosido A y la expresión génica de 

SrKA13H, SrUGT74G1 y SrUGT76G1 para los cultivares Morita II y Criolla. Los mayores niveles de 

expresión de los genes estudiados se registraron para el cultivar Morita II. La producción de 

rebaudiósido A fue 9,69 veces mayor en el cultivar Morita II, que acumuló 3,4 veces menos 

esteviósido, que el cultivar Criolla. Cuando el cultivar Morita II creció bajo diferentes intensidades de 

luz, los niveles de transcripción de los genes SrKA13H, SrUGT74G1 y SrUGT76G1 aumentaron a 

mayores intensidades lumínicas, favoreciendo la producción de esteviol glicósidos. Se encontró que 

la mezcla de sustratos turba más zeolita favoreció todos los parámetros fisiológicos estudiados, así 

como la mayor producción de esteviósido y rebaudiósido A, importantes para la industria alimentaria 

y farmacéutica. Durante la transición de condiciones mixo-tróficas (enraizamiento in vitro) a 

condiciones foto-autotróficas (aclimatación ex vitro), los niveles de transcripción génica de SrKA13H, 

SrUGT74G1 y SrUGT76G1 y la producción de diterpenos glicosilados aumentaron significativamente 

en plantas de S. rebaudiana (cv. Morita II). Comparamos tres métodos de cultivo medio semisólido, 

medio líquido y biorreactores de inmersión temporal en términos de biomasa y producción de 

glucósidos de esteviol. Se observó mayores indicadores de calidad morfológica de brotes cultivados 

en biorreactores de inmersión temporal con respecto a los otros métodos de cultivo. A su vez, se 

registró mayor contenido de glucósidos de esteviol total en las plantas crecidas en biorreactores de 

inmersión temporal, demostrándose que este sistema de cultivo in vitro es un método eficiente para 

la obtención de metabolitos especializados con alto poder edulcorante como el rebaudiósido A y el 

esteviósido.   
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GENERAL ABSTRACT 

Stevia rebaudiana (Bertoni) Bertoni (Asteraceae) is considered a unique species due to the 

production in its leaves of specialized metabolites; diterpenes of the steviol glycosides type, which 

give it multiple uses, not only in the sweetener market, but also in agriculture, livestock, the 

pharmaceutical industry, and cosmetology. In the world there is great expectation about its cultivation, 

and it is considered an ideal plant to study glycosylation patterns of these metabolites. Despite the 

multiple studies carried out in this species, the enzymes involved in the synthesis of steviol 

glycosides, and their regulation mechanisms in vivo have not been fully described. Proper 

management of genetic and environmental factors can cause favorable changes for the accumulation 

of these glycosylated diterpenes. In order to demonstrate that photo-autotrophic conditions generate 

favorable morphological changes for the synthesis of SGs in S. rebaudiana, in comparison with 

conventional micropropagation methods; the contents of stevioside and rebaudioside A and the gene 

expression of SrKA13H, SrUGT74G1 and SrUGT76G1 were studied for the Morita II and Criolla 

cultivars. The highest levels of expression of the genes studied were recorded for the Morita II cultivar. 

The production of rebaudioside A was 9.69 times higher in the Morita II cultivar, which accumulated 

3.4 times less stevioside than the Criolla cultivar. When the Morita II cultivar was grown under different 

light intensities, the transcription levels of the SrKA13H, SrUGT74G1 and SrUGT76G1 genes 

increased at higher light intensities, favoring the production of steviol glycosides. It was found that 

the mixture of peat and zeolite substrates favored all the studied physiological parameters, as well as 

the higher production of steviosides and rebaudioside A, important for the food and pharmaceutical 

industry. During the transition from myxo-trophic conditions (in vitro rooting) to photo-autotrophic 

conditions (ex vitro acclimation), the gene transcription levels of SrKA13H, SrUGT74G1 and 

SrUGT76G1 and the production of glycosylated diterpenes increased significantly in S. rebaudiana 

plants (cv. Morita II). We compared three culture methods semi-solid medium, liquid medium, and 

temporary immersion bioreactors in terms of biomass and steviol glycoside production. Higher 

indicators of morphological quality of shoots grown in temporary immersion bioreactors were 

observed with respect to other culture methods. In turn, a higher content of total steviol glycosides 

was recorded in plants grown in temporary immersion bioreactors, proving this in vitro culture system 

to be an efficient method for obtaining specialized metabolites with high sweetening power such as 

rebaudioside A and stevioside. 
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I. INTRODUCCIÓN 

La naturaleza se considera maestra artesana, creadora de inagotables entidades moleculares. 

Las plantas, en su interacción con el ambiente, son capaces de sintetizar cientos de compuestos, 

que se consideran principios activos de medicamentos, insecticidas, herbicidas, colorantes 

alimentarios y saborizantes naturales (Patil et al., 2021). Los productos naturales han sido la columna 

vertebral de la tradición curativa desde tiempos remotos; pero su aplicación, como compuestos 

aislados y caracterizados, comenzó a partir del siglo XIX (Erb y Kliebensteinb, 2020). La selección 

de plantas para estos propósitos debe contemplar aspectos como: fácil cultivo, alto contenido de 

principios activos potentes, alta estabilidad química y óptima producción (Agarwal et al., 2020). 

Los recursos genéticos de las plantas cultivadas constituyen la base biológica de la seguridad 

alimentaria mundial, al ser fundamentales para una producción agrícola sostenible. La conservación, 

utilización y distribución justa y equitativa de los beneficios derivados de su uso, son objeto de 

preocupación internacional (Wambugu et al., 2018; Smyth et al., 2020). Existen plantas ricas en 

productos naturales, cuya explotación puede ocasionar cambios en los ecosistemas. La protección 

de especies vegetales es un aspecto para considerar cuando se seleccionan plantas para obtener 

metabolitos secundarios de interés comercial (Jain et al., 2019; D’Amelia et al., 2021). El cultivo de 

tejidos es uno de los principales componentes de la Biotecnología Vegetal y se define como la ciencia 

del crecimiento de las células, los tejidos y órganos de las plantas, separados de la planta madre, en 

un medio artificial (Hussain et al., 2012; Bridgen et al., 2018; Lone et al., 2020). 

Stevia rebaudiana (Bertoni) Bertoni es una planta arbustiva perenne que pertenece a la familia 

Asteraceae. Originaria de América del Sur, actualmente se cultiva en muchas regiones del mundo, 

incluidas Asia, Europa y América del Norte (Singh et al., 2015; Khiraoui et al., 2017; Ahmad et al., 

2020). Existen más de 200 especies de Stevia dispersas a nivel mundial, sin embargo S. rebaudiana 

se ha convertido en la más famosa, debido al alto potencial edulcorante de metabolitos 

especializados nombrados esteviol glicósidos (SGs) sintetizados en sus hojas con un poder 

edulzante 200-400 veces mayor al de la sacarosa (Goyal et al. 2010; Harismah et al., 2018; Jahangir 
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et al., 2020). Además de S. rebaudiana, se han encontrado glicósidos de esteviol en otras tres 

especies: Stevia phlebophylla, (Kinghorn et al., 1984) Rubus suavissimus (Tanaka et al., 1981) y 

Angelica keiskei (Zhou et al., 2012). 

I.1. Descripción botánica y distribución geográfica de S. rebaudiana 

Stevia rebaudiana (Bertoni) Bertoni (Asteraceae), es una planta herbácea que crece hasta 30 cm 

de altura y requiere para su crecimiento, temperaturas cálidas, precipitaciones adecuadas y altas 

intensidades lumínicas (Gantait et al., 2018). Es considerada una planta perenne que habitualmente 

crece en climas tropicales y subtropicales, generalmente se cultiva como planta anual en climas más 

fríos (Parris et al., 2016). Durante siglos, los pueblos indígenas guaraníes de Paraguay masticaban 

las hojas para percibir su sabor dulce, las secaban y las usaban como edulcorante natural para 

endulzar el mate y otras infusiones, o las empleaban en la medicina tradicional (Cosson et al., 2019). 

Tiene hojas pequeñas, sésiles, en disposición alterna y forma lanceolada. El margen de la hoja 

está aserrado y pueden variar ampliamente debido a muchos factores ambientales, incluidas las 

condiciones del suelo, métodos de riego, luz solar, pureza del aire, manejo agronómico, afectando 

también las proporciones de dulzor y amargor en sus hojas (Alamgir, 2017; Shahnawaz et al., 2021). 

En hojas pubescentes presentan tricomas glandulares que por lo general son estructuras secretoras 

desarrolladas en la superficie de todos los órganos, tanto vegetativos como reproductivos (Werker, 

2000). Surgen de las células protodermales como un resultado de una serie de divisiones anticlinal 

y periclinal (Castro y Demarco, 2008). las estructuras secretoras son pelos glandulares (tricomas 

glandulares) (Cornara et al., 2006; De Vargas et al., 2019). Estos tricomas en S. rebaudiana se 

encuentran hundidos en surcos en la epidermis de la hoja, principalmente presentan distintos 

tamaños grandes (4-5 µm) y pequeños (2,5 µm) (Monteiro et al., 2001). 

La planta es auto incompatible, el tipo de polinización es entomófila. La semilla es un aquenio de 

aproximadamente 3 mm, que puede ser claro (estéril) u oscuro (fértil) y es diseminado por el viento. 

Es diploide, con 11 pares de cromosomas, característica típica de la mayoría de los miembros del 

género Stevia (Yadav et al., 2011). Las semillas son muy pequeñas (1000 semillas pesan de 0,3 a 
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1,0 g) y, como resultado, las plántulas tardan en desarrollarse, alcanzando un tamaño adecuado 

para trasplantarlas al campo a los 45-60 días. Se ha reportado que es necesaria cierta manipulación 

activa de las flores para lograr la polinización. Se han registrado rendimientos de semilla de hasta 

8.1 kg ha-1, pero es común lograr menos del 50% de germinación (Pande y Gupta, 2013). 

Las flores son pequeñas (15-17 mm) y blancas, con corolas de color púrpura pálido (Darise et al., 

1983). Las diminutas flores blancas son hermafroditas y tienen órganos masculinos y femeninos, que 

nacen en pequeños corimbos de dos a seis flores (Bondarev et al., 2003). La planta puede iniciar la 

floración después de que se hayan formado un mínimo de cuatro hojas verdaderas y tarda más de 

un mes en pasar por las distintas etapas de desarrollo floral (Ramesh et al., 2006). 

 

 

 

 

 

Fig. 1. Apariencia morfológica típica de órganos en S. rebaudiana, (a) hojas en posición opuesta y 

alternas, (b) tricomas glandulares, (c) semilla tipo aquenio color café claro (infértil), (d) semilla tipo 

aquenio color café oscuro (fértil), (e) flor blanca hermafrodita. 

El género Stevia se distribuye por todo el mundo, desde el sur de EE. UU. hasta Argentina y el 

altiplano brasileño, pasando por México, los estados centroamericanos y los Andes Sudamericanos 

(Gantait et al., 2018; Peteliuk et al., 2021). S. rebaudiana se encuentra principalmente en altitudes 

que oscilan entre 500 y 3500 m sobre el nivel del mar (Gantait et al., 2018). 

El hábitat natural de Stevia se encuentra en una latitud de 25 °S en un territorio subtropical en el 

noreste de Paraguay entre 500 y 1500 m sobre el nivel medio del mar, con una temperatura anual 

regular de 25°C y una precipitación promedio anual de alrededor de 1375 mm (Ramesh et al., 2006). 

En 1905 se propuso que el rango de distribución de esta planta se sitúa entre las latitudes 22° 30′-

25° 30′S y longitudes 55°-57'W. En 1975 se especificó que su distribución oscilaba entre 22° y 24 

latitud ′S y 55-56'W longitud, y dentro de las regiones altitudinales de 200-700 m (SCF, 1999). 

b a c d e 
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La Stevia se cultiva como planta perenne en regiones subtropicales, incluidas partes de los 

Estados Unidos, y como planta anual en regiones de latitudes medias a altas (Goettemoeller y Ching, 

1999). Esta extrema versatilidad ayuda a la planta a encontrar su lugar entre todas las demás plantas 

medicinales importantes del mundo. Teniendo en cuenta su enorme valor medicinal, la Stevia se 

acepta como un arbusto/ cultivo importante en varios países, incluidos Brasil, Canadá, Indonesia, 

India, Japón, Corea, México, Estados Unidos y Tanzania (Gantait et al. 2018). China es el principal 

centro de producción de Stevia y Japón se convirtió en el principal mercado (Hastoy et al., 2019). 

Además, en los últimos años; en la India, la Stevia se está cultivando en Karnataka, Rajasthan, 

Maharashtra y Orissa (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Distribución mundial de la planta de S. rebaudiana, tomado de Gantait et al., (2018). 

I.2. Composición química de Stevia rebaudiana (Bertoni) Bertoni (Asteraceae) 

La S. rebaudiana es rica en antioxidantes naturales entre los que destacan: flavonoides, fenoles, 

taninos, aceites esenciales y otros (Christaki et al., 2013; Zaidan et al., 2018). Se ha informado que 

las hojas de Stevia contienen una combinación compleja de compuestos denominados esteviol 

glicósidos (SGs), que pertenecen al grupo diterpenoide de los metabolitos especializados en plantas 

(Khiraoui et al., 2017). Su estructura química se basa en un núcleo de aglicona conocido como 
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esteviol al que mediante una familia de enzimas promiscuas (glicosiltransferasas UGTs) se le 

adicionan diferentes tipos y cantidades de glicósidos (Libik-Konieczny et al., 2021), (Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Estructura química de algunos glucósidos de esteviol. Glc, Rha y Xyl representan restos de 

azúcar de glucosa, ramnosa y xilosa, respectivamente. Tomado de Libik-Konieczny et al., (2021). 

Se considera una planta medicinal, con efectos beneficiosos sobre la diabetes tipo II, al poseer 

glicósidos de esteviol bajos en calorías (Shahzad et al., 201. Todos los glicósidos aislados de esta 
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planta tienen el mismo esteviol (la aglicona de SGs), pero difieren en el contenido de sacáridos 

(Pacifico et al., 2017; Kang et al., 2022). Las hojas tienen el mayor contenido de esteviósido y 

rebaudiósido A, que son sus principales principios activos y los compuestos responsables de la 

edulcorancia; normalmente están acompañados por pequeñas cantidades de otros esteviol-

glicósidos (So et al. 2019). 

Estos compuestos dulces pasan a través del proceso digestivo sin ruptura química, haciendo 

seguro el control de los niveles de azúcar en sangre (Geuns et al., 2003; Chatsudthipong y 

Muanprasat, 2009). Los extractos refinados de hojas de S. rebaudiana se utilizan oficialmente en 

Japón, Brasil, China y Corea como edulcorantes bajos en calorías en el procesamiento de alimentos, 

en dietas artificiales y como compuestos farmacéuticos para diabéticos, por su efecto 

hipoglucemiante (Ismail et al., 2020). Se demostró que el consumo del esteviósido, mejoró el perfil 

de lípidos al regular la expresión de genes de células beta, incluyendo factores reguladores de la 

transcripción de la insulina (Li et al., 2021). Además, mejoró la homeostasis de la glucosa y aumentó 

la sensibilidad a la insulina, al reducir los triglicéridos en plasma, favoreciendo la reducción de peso 

en ratones diabéticos (Anker et al., 2019). 

Se han descubierto más de 100 compuestos químicos del metabolismo secundario en S. 

rebaudiana siendo los más abundantes terpenos y flavonoides. Los principales fitoquímicos aislados 

de Stevia incluyen: apigenina, austroinulina, avicularina, beta-sitosterol, ácido cafeico, campesterol, 

cariofileno, centaureidina, ácido clorogénico, cosmosina, cinarósido, daucosterol, foeniculina, ácido 

fórmico, giberelina, indol-3-acetonitrilo, isoquercitrina, jtanol, kaempferol, lupetina, lupetina, 

quercitrina, escopoletina, esterebina AH, estigmasterol, umbeliferona y xantofilas (Dona et al., 2021). 

Sin embargo, se ha descrito que los principales componentes del extracto de hojas son los 

glicósidos de esteviol, seguidos de los alcaloides y taninos, también identificados en proporciones 

más altas, pero menos significativos que los glicósidos de esteviol (Basharat et al., 2021). 



7 

I.3. Síntesis de esteviol glicósidos (SGs) 

Existen divergencias de criterios cuando se estudia y se comparan las vías de síntesis de 

terpenos en otras especies con respecto a la S. rebaudiana. Varios autores han indicado que la 

diferencia se debe a que en esta especie el ent-kaureno, precursor de giberelinas, se convierte a 

esteviol en el retículo endoplásmico (Pramastya et al., 2020; Pu et al., 2021). Dos vías biosintéticas 

diferentes contribuyen a la síntesis de terpenos en plantas de S. rebaudiana (1) la vía citosólica del 

ácido mevalónico (MVA) que está involucrada en la biosíntesis de sesquiterpenos, triterpernos y poli 

terpenos, mientras que consecutivamente existe una segunda vía que ocurre en el plastidio (2) vía 

del fosfato de metil-eritritol (MEP) (Brandle et al., 2002; Brandle y Telmer, 2007). Sin embargo, a 

pesar de que existe una cantidad significativa de investigaciones sobre la actividad de estas vías en 

diferentes condiciones, la contribución relativa de cada vía a la biosíntesis de diversos terpenos sigue 

sin estar clara. 

Los glucósidos de esteviol son tetracíclicos diterpenoides del tipo ent-kaurene y comparten cuatro 

pasos de su biosíntesis con la vía de las giberelinas (Wölwer-Rieck et al., 2014). S. rebaudiana 

produce en sus hojas esteviol (aglicona), molécula base e inicial de la ruta biosintética para las 

posteriores reacciones de glicosilación en la síntesis de esteviol glicósidos. Muchos estudios 

informan que el esteviol se sintetiza a partir de kaureno a través de la vía metileritrol fosfato (MEP) 

(Madan et al., 2010). En la primera etapa, piruvato y gliceraldehído3-fosfato (G3P) que son moléculas 

de síntesis del metabolismo primario, dan lugar a isopentenil difosfato (IPP) y dimetilalil difosfato 

(DMAPP) a través de la vía Vía MEP. La reacción de condensación, catalizada por DXS, cataliza la 

primera reacción en la vía MEP (Zhou et al., 2021). El piruvato y el gliceraldehído 3-fosfato (G3P) se 

convierten en 1-desoxi-D-xilulosa 5-fosfato (DXP) bajo la catálisis de DXS (Pu et al., 2021). DXS es 

la enzima llave que controla el flujo a través de la vía MEP (Lucho et al., 2018), (Fig. 4). 

 

 

 



8 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Fig. 4. Descripción esquemática de la vía metabólica para la síntesis de glucósidos de esteviol (SGs) 

y su organización subcelular en S. rebaudiana. En el cloroplasto, el ent-kaureno se sintetiza a través de la vía 

MEP, mientras que en el citosol a través de la vía del ácido mevalónico se sintetiza hasta isopentil difosfato. Posteriormente, 

la ent-kaureno oxidasa (KO) es responsable de la conversión de ent-kaureno en ácido ent-kaurenoico, que es el sustrato de 

ácido ent-kaurenoico 13 hidroxilasa (KA13H) para sintetizar esteviol. Tanto KO como KA13H se encuentran en el retículo 

endoplásmico muy cerca de citocromo P450 reductasa (CPR) que actúa como un donante necesario de NADPH. La 

regulación de las actividades de KO y KA13H es crucial ya que el ácido ent-kaurenoico es un punto de ramificación en la vía 

que conduce a la síntesis de giberelinas o SGs. Si se favorece la actividad de KA13H, se producirá esteviol. A partir del 

esteviol, mediante rondas consecutivas de glicosilación realizadas por diversas uridina-difosfato glicosil transferasas (UGTs) 

ubicadas en el citoplasma, se sintetizan múltiples SGs. Los SGs más abundantes, el esteviósido y el rebaudiósido A, se 

producen aguas abajo por la actividad de las enzimas altamente promiscuas UGT74G1 y UGT76G1. El esteviósido y el 

rebaudiósido A acumulados se transportan y almacenan posteriormente en la vacuola. Representación adaptada de Singh et 

al. (2017) y Libik-Konieczny et al. (2021). 



9 

Vía del ácido mevalónico (MVA): Todos los terpenos naturales proceden de unidades de acetato 

activo (Acetil CoA), que se condensan y transforman para originar ácido mevalónico (AMV), unidad 

de cinco átomos de carbono, específica de la biosíntesis de terpenos (Jacques, 2016). En la primera 

etapa de esta ruta sintética, por acción de una enzima tiolasa y la hidroxi- metil glutaril CoA sintetasa, 

se condensan tres unidades de acetil CoA y forman 3-hidroxi-3-metil glutaril CoA (HMG-CoA), 

compuesto que experimenta una reducción dependiente de NADPH.H+, transformándose en AMV 

por la acción de la HMG-CoA reductasa, ubicada en la membrana del retículo endoplasmático (RE) 

(Ashour et al., 2010). El AMV es activado, formándose isopentenil pirofosfato (IPP). En las reacciones 

de alargamiento de la cadena terpénica, IPP y dimetilalil pirofosfato (DMAPP) se condensan de 

cabeza a cola. El DMAPP aporta el resto isoprenoide α, o inicial, formándose geranil pirofosfato GPP 

(C10) (He et al., 2020). La adición sucesiva cabeza a cola de otras unidades IPP conduce a la síntesis 

de farnesil pirofosfato FPP (C15), geranil geranil pirofosfato GGPP (C20), que dará origen al 

diterpeno tetracíclico ent-kaureno, en una reacción catalizada por la enzima kaureno sintetasa (KS) 

(Mafu et al., 2016). 

Ruta metabólica metileritrol 4-fosfato (MEP): Estudios más recientes han demostrado, mediante 

el uso de marcaje in vivo con [1-13C] glucosa y espectroscopía de RMN que los precursores del 

esteviol son en realidad sintetizados a través de la vía metil eritritol 4-fosfato, localizado en plastidios 

(Mathur et al., 2017). Estos últimos resultados son indicativos de una posible compartimentación de 

las dos vías en S. rebaudiana (Lucho et al., 2021). 

Según los autores, en esta ruta alternativa llamada vía MEP, el primer compuesto intermediario, 

1 deoxi-d-xilulosa-5-fosfato (DXP), se forma a partir de los productos del catabolismo de la glucosa, 

piruvato y d-gliceraldehído-3- fosfato, por una tiamina sintasa difosfato-dependiente (Nagegowda y 

Gupta, 2020; Srinath et al., 2021). Una reducto-isomerasa cataliza la reestructuración de la cadena 

de DXP, así como la subsecuente reducción del aldehído resultante (NADPH-dependiente), a la 

forma 2-C-metil-d-eritritol 4-fosfato (MEP), el cual podría representar el primer intermediario 

comprometido en esta ruta metabólica (Lyu et al., 2019). Los pasos siguientes involucran la 

conversión del MEP en ME 2,4-ciclodifosfato, vía 4- difosfocitidil ME y 4- difosfocitidil ME 2-fosfato; 
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los cuales, por pasos aún desconocidos, que involucran la reducción y eliminación de moléculas de 

agua, darían origen a IPP y DMAPP, a partir de los cuales se siguen normalmente los pasos que se 

proponen para la ruta del MVA (Koeduka et al., 2020). 

Tras el descubrimiento de las propiedades diterpenoides de esteviol, la biosíntesis de la unidad 

diterpénica del esteviósido comienza con la adición de unidades IPP a dimetilalil difosfato para 

producir difosfato de geranilgeranilo (GGPP). El GGPP se convierte en ent-kaureno a partir de la 

copalyl-difosfato sintasa (CPPS) y la kaureno sintasa (KS) a través de la liberación de energía, y 

luego genera ácido ent-kaurenoico (ent-KA) a través de la reacción de oxidación de tres pasos de 

KO (Gold et al. 2018). Los CPS y KS de S. rebaudiana han sido aislados y caracterizados a partir de 

CPPS y KS recombinantes se a probado su actividad catalítica, lo que demuestra que los genes 

CPPS y KS están involucrados en la biosíntesis de esteviol glicósidos (Richman et al., 2005). A 

continuación, bajo la catálisis de KAH, la reacción de hidroxilación de ent-KAH en C13 es el paso 

clave para generar SGs (Kim et al. 2015). Sin embargo, en otras especies la reacción ocurre sobre 

la posición C7 del diterpeno generando GA (Salazar-Cerezo et al., 2018; Tavakoli et al., 2019).  

Aunque las reacciones catalizadas por CYP son extremadamente diversas, por lo general se 

basan en catalizar la inserción de un átomo de oxígeno molecular en el sustrato y la reducción de 

otro átomo para formar agua, de allí que se clasifiquen como monooxigenasas (Guengerich, 2018). 

Los CYP450 son proteínas solubles en procariotas, generalmente unidas al retículo endoplásmico 

(RE) o membranas mitocondriales internas cuando están en eucariotas (Werck-Reichhart y 

Feyereisen, 2000). La actividad de los CYP depende de la transferencia de dos electrones, catalizada 

por la enzima citocromo P450 reductasa dependiente de NADPH (CPR) (Ebrecht et al., 2019). Los 

complejos CYP y CPR son unidos por interacciones proteína-proteína, donde la RCP es el nodo de 

la subunidad CYP y otras proteínas relacionadas en sus propios tejidos (Bassard et al.2017; Gold et 

al. 2018). 

La hidroxilación en C-13 del ácido ent-kaurenoico catalizado por la ácido ent-kaurenoico 13-

hidroxilasa (KA13H) conduce al esteviol (Wölwer-Rieck 2018). Tanto el KO como el KA13H funcionan 
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con el apoyo del citocromo P450 reductasa (CPR) dependiente de NADPH, trabajando en proximidad 

molecular (Gold et al., 2018; Zhang y Hong, 2020). Después de la formación de esteviol, se produce 

una serie de glicosilaciones por las glicosiltransferasas uridina-difosfato (UGT) (enzimas promiscuas) 

en el citosol, lo que lleva a la producción de diferentes SGs. La diversidad de SGs se debe al número, 

la posición y la naturaleza de la glicosilación en los grupos hidroxilo en C-13 y C-19 del esteviol (Li 

et al., 2021). A partir del esteviol, los pasos adicionales implican la glicosilación de esteviolmonósido 

para formar esteviolbiósido mediante una UGT desconocida, seguido de la glicosilación de 

esteviolbiósido catalizada por UGT74G1 que produce esteviósido, y luego, la glicosilación de 

esteviósido catalizada por UGT76G1 para formar rebaudiósido A (Lee et al.2019). Aquí, se estima 

que son UGT74G1 y UGT76G1 las que participan en varios pasos de la vía de SGs (Fig.4). Esta 

promiscuidad parece que se extiende más allá, ya que se ha demostrado recientemente que estas 

enzimas pueden aceptar una serie de alcoholes, polifenoles, y glucósidos como sustratos cuando se 

analizan in vitro (Xu et al., 2021). Actualmente, la vía de glicosilación aún no se comprende 

completamente y se requiere una investigación detallada para comprender mejor su regulación 

(Libik-Konieczny et al., 2021). 

La velocidad con la que avanzan las investigaciones en el área de la bioquímica vegetal y la 

genómica han permitido que en corto tiempo se logren dilucidar y comprender rutas del metabolismo 

secundario en plantas como la S. rebaudiana. Actualmente, se conoce que la síntesis de glicósidos 

de tipo esteviol está restringida a tejidos verdes. Se han descrito los pasos que conducen a la síntesis 

del ácido ent-kaurenoico y se ha explicado la posible compartimentación de las reacciones 

metabólicas que ocurren en los plastidios, así como los dos pasos de oxidación que ocurren en la 

superficie del retículo endoplasmático ER y la glicosilación que ocurre en el citoplasma. La posibilidad 

de que la síntesis de esteviol glicósidos pueda suceder tanto por la vía del mevalonato como por la 

del MEP genera un sin número de interrogantes sobre la posible actividad biológica de estos 

compuestos en la planta. 

A pesar de los numerosos estudios realizados sobre especies medicinales, aún falta mucho por 

conocer sobre los procesos de síntesis de metabolitos especializados y su regulación, tanto en 
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términos de rutas metabólicas y enzimas involucradas; como de factores internos y externos que 

afectan su acumulación (Suttipanta et al. 2011). En las rutas metabólicas de síntesis de glicósidos 

en S. rebaudiana participan numerosos genes y enzimas, algunos de los cuales han podido ser 

identificados y caracterizados. Una mejor comprensión de la regulación genética de las vías de 

biosíntesis podría ser muy útil para optimizar el rendimiento de compuestos edulcorantes en Stevia. 

Además, la comprensión de los mecanismos de síntesis de estos compuestos, y su expresión ante 

diferentes condiciones de estrés, permitiría explicar su función biológica en la planta y seleccionar 

cultivares que se adapten a diferentes condiciones ambientales y zonas geográficas. 

Sin embargo, la investigación sobre las vías de glicosilación en sentido descendente es 

relativamente escasa y aún deben resolverse muchos problemas. Por ejemplo, no se han dilucidado 

las SGs biosintéticas de ramnosilación y xilosilación. La estructura cristalina de la glucosa 

glicosiltransferasa relacionada y el mecanismo catalítico, siguen siendo desconocidos. El mecanismo 

de transformación mutua de muchos SG diferentes aún no está claro, por ejemplo, cómo se traduce 

Reb I a Reb M. Por lo tanto, el descubrimiento funcional y la identificación de la enzima diana de la 

vía biosintética codificada por el gen son fundamentales para comprender la actividad glicosil-

transferasa, regular la síntesis de estos metabolitos y conocer sobre su rol biológico en la planta, 

comparándolo con el de otras especies. 

I.4. Propagación de S. rebaudiana 

La S. rebaudiana es una planta de reproducción sexual por fecundación cruzada (alógama), 

condición que origina variabilidad fenotípica y variedad en la composición de los principios activos 

en las hojas, lo que genera una oportunidad para seleccionar plantas sobresalientes para la 

comercialización (Oviedo-Pereira et al. 2015). Sin embargo, la reproducción por semillas no es 

recomendable debido los bajos porcentajes de germinación. La reproducción sexual se realiza por 

medio de semillas en el interior de aquenios. Trabajar con semillas es difícil considerando que son 

pequeñas y pierden rápidamente su poder germinativo. La recolección es lenta y difícil, debido a una 

floración no uniforme, lo que afecta la maduración de la semilla; además presentan una amplia 
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variación en el contenido de esteviósidos (5-15% del peso seco), así como en las características 

morfológicas, tales como la forma y el color de las hojas. El porcentaje de germinación puede variar 

entre un 10 y 38%. La reproducción asexual es la más recomendada para la propagación de esta 

especie vegetal. Esta, generalmente se realiza por medio de esquejes, hijuelos o cultivo in vitro con 

la finalidad de conservar las características fenotípicas y genotípicas de la planta progenitora. 

Además, se asegura la homogeneidad de las plantas y mejora el rendimiento de esteviósidos (Aman 

et al. 2013; Vázquez-Baxcajay et al. 2014). 

I.4.1. Cultivo in vitro de S. rebaudiana 

Las ventajas de la micropropagación, respecto a sistemas convencionales, son el incremento 

acelerado del número de plantas, la disminución del tiempo de multiplicación, un mayor número de 

plantas por superficie utilizada, mayor control de la sanidad, fácil transporte para intercambio de 

materiales y la posibilidad de multiplicar rápidamente especies en peligro de extinción (Espinosa-

Leal et al., 2018). La propagación in vitro o micropropagación de S. rebaudiana, ha mostrado ser un 

método que garantiza alta eficiencia y estabilidad genética de las plantas producidas. Sin embargo, 

los estudios de producción masiva in vitro de esta especie son limitados (Madan et al. 2010; Aman 

et al., 2013; Ramírez-Mosqueda et al. 2016); y trabajos recientes enfatizan la necesidad de técnicas 

para la producción in vitro de los esteviósidos y rebaudiósidos (Cantabella et al. 2017) o incrementar 

el material vegetativo por organogénesis con este fin (Vázquez-Baxcajay et al., 2014; Yoneda et al. 

2017; Jain et al. 2019). 

La composición y contenido de esteviol glicósidos en el cultivo in vitro de S. rebaudiana ha sido 

investigada por varios autores (Bondarev et al. 2003; Dey et al., 2013; Cantabella et al. 2017; Yoneda 

et al. 2017). Un análisis comparativo de la producción de estos compuestos entre plantas que crecen 

en ambiente natural, plantas in vitro, callos desdiferenciados, suspensiones celulares y brotes 

regenerados in vitro, demostró idéntica composición cualitativa; sin embargo, el contenido de los 

diterpenos en las plantas in vitro fue de cinco a seis veces más bajo que en las plantas intactas 

(Bondarev et al. 2003). 
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La alta plasticidad de la célula vegetal le permite transitar por estas diferencias con una 

reprogramación de los sistemas enzimáticos y sobrevivir a las condiciones externas después del 

crecimiento in vitro. Uno de los problemas fundamentales para la supervivencia ex vitro es la pobre 

capacidad fotosintética desarrollada (Haisel et al., 2004), relacionada con las restricciones de CO2 y 

la baja intensidad luminosa del cultivo in vitro (Arigita et al., 2002). Para disminuir los efectos del 

cambio de ambiente in vitro a ex vitro se requiere de una fase de aclimatación, en la que las plantas 

se adaptan gradualmente a las nuevas condiciones ambientales (Fila et al., 2006; Jitendra et al., 

2012). 

Algunos investigadores han abordado el estudio del estrés por luz en las plantas después de 

cultivadas in vitro. Otro de los factores a tener en cuenta es la humedad relativa, que durante el 

cultivo in vitro es muy alta. Debido al escaso control que poseen las plantas en la transpiración se 

requiere de un cambio gradual desde una alta humedad hasua una baja humedad relativa durante 

la fase ex vitro, es por ello, que el desarrollo gradual del aparato estomático es vital en esta etapa 

(Acosta-Motos et al., 2019; Shulgina et al., 2021). 

La temperatura es otro de los factores que puede afectar la aclimatación de las plantas y es 

considerablemente mayor ex vitro que en las condiciones in vitro. El ciclo día-noche en condiciones 

ex vitro expone a las plantas a variaciones de temperatura. La protección que brinda los invernaderos 

con condiciones controladas y el uso de cubiertas oscuras son variantes que se utilizan para 

disminuir las altas temperaturas que se alcanzan en el medio día del verano de los países tropicales 

y subtropicales. Durante la noche las temperaturas descienden, pero no a valores tan bajos como 

en el invierno de países más alejados del trópico, donde este factor constituye un problema por el 

congelamiento y muerte de las plantas (Soufi et al. 2016). La fase ex vitro en comparación con la 

fase in vitro transcurre con grandes diferencias en cuanto a la disponibilidad de nutrientes como 

azúcares y sales minerales. En la fase in vitro existe mayor disponibilidad de nutrientes que la planta 

adquiere del medio de cultivo, además se incluyen reguladores del crecimiento, mientras que en la 

ex vitro todo está limitado a agua, sales minerales y condiciones fotoautotróficas (Hajihashemi et al. 

2018). 
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Entre los métodos biotecnológicos de propagación masiva de plantas los Biorreactores de 

Inmersión Temporal (BIT®) son altamente ventajosos, al presentar un sistema de cultivo parcialmente 

abierto, con medio líquido, renovación del espacio gaseoso, menor manipulación, lo que aporta una 

mayor cantidad y mejor calidad morfológica de las plantas (Ramírez-Mosqueda et al. 2016). 

El cultivo en sistemas de inmersión temporal se ha diseñado para cultivos intensivos y a menudo 

escalados. Tienen la ventaja de monitorear y controlar las condiciones microambientales, mejorando 

el suministro de nutrientes y la transferencia de gases, con el fin de reducir trastornos fisiológicos, 

como la hiperhidricidad y, por tanto, preservar la integridad morfológica de los cultivos 

micropropagados. Estos sistemas proporcionan un ambiente in vitro para cultivos de tejidos y 

órganos de plantas, donde los propágulos cultivados se sumergen durante un cierto período de 

tiempo en un medio líquido y luego se exponen a un ambiente gaseoso (Georgiev et al., 2014). 

El sistema Twin-Flask (Biorreactores de Inmersión Temporal) es uno de los primeros BIT 

desarrollados. Básicamente, el sistema Twin-Flask consta de dos recipientes (frascos de boca 

ancha), conectados entre sí por un tubo en U (vidrio o plástico) o un tubo de silicona (Fig. 5). Uno de 

los recipientes tiene la función de cámara de cultivo, mientras que el otro, se utiliza como tanque de 

almacenamiento del medio. El recipiente de la cámara de cultivo puede o no estar equipado con 

material de soporte para las plantas (se pueden usar perlas de vidrio, espuma de poliuretano, tamices 

de metal o nailon) en su parte inferior (Lai et al., 2005). Cada contenedor está conectado a su propia 

línea de aire presurizado, controlada por dos relojes temporizadores independientes, junto con 

válvulas solenoides de tres vías. (Escalona et al., 2003; Georgiev et al., 2014; Badjakov et al., 2021). 

El diseño simple y confiable hace que los sistemas Twin-Flask sean favorables para su 

implementación en laboratorios comerciales. Debido a que son fáciles de operar y su uso permite 

mantener la esterilidad durante largos períodos de cultivo.  

Otros autores señalan que con la inmersión temporal el comportamiento general de los brotes se 

asemeja más a las plantas crecidas ex vitro y una causa importante es la renovación periódica del 

espacio gaseoso del frasco de cultivo, lo que reduce la humedad relativa e incrementa la asimilación 
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de agua y nutrientes (Teisson and Alvard 1995). Por otra parte, debido a las inmersiones los 

explantes quedan recubiertos por una fina película de medio líquido que evita la desecación sin 

obstaculizar la difusión de los gases (Sairkar et al. 2009; Noordin et al. 2012). 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Ciclo de funcionamiento de los Biorreactores de Inmersión Temporal (BIT®). (1) Etapa no 

sumergida, los brotes se colocan sobre el fondo del recipiente de cultivo, (2) Inicio de la etapa de inmersión; se 

aplica una sobrepresión y el medio se empuja hacia el contenedor de la planta, sumergiendo los brotes durante 

unos minutos, (3) al final de la etapa de inmersión, se abre una segunda válvula solenoide y se retira el medio 

de cultivo al depósito. La bomba de aire y las válvulas eléctricas son controladas por un temporizador (Escalona 

et al., 2003). 

 

Algunas de las principales desventajas de los sistemas Twin-Flasks son la automatización integral 

(la necesidad de relojes de dos temporizadores y dos válvulas solenoides de tres vías) y la falta de 

opciones para la renovación del medio nutritivo y la ventilación forzada, puerto para el suministro 

externo de CO2 durante el período de exposición. Sin embargo, se puede usar aire enriquecido con 

CO2 para asegurar concentraciones más altas de CO2 en el ambiente gaseoso de la cámara de 

cultivo (Lai et al., 2005; Ducos et al., 2007; Gago et al., 2021). Los sistemas Twin-Flask se han 
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aplicado con éxito en la propagación de plántulas de plantas, brotes, racimos de nódulos y cultivos 

de embriones (Supaibulwattana et al., 2011). Recientemente, los sistemas Twin-Flask también se 

han utilizado en trabajos de investigación sobre la acumulación de metabolitos especializados 

mediante cultivos in vitro diferenciados (Weckx et al., 2019; Gago et al., 2021). Estos sistemas 

pueden ser muy eficientes; para obtener vitro-plantas para el cultivo extensivo de S. rebaudiana y 

como una vía de producción de la biomasa para obtener metabolitos bajo condiciones controladas. 

Las características morfoanatómicas de las plantas cultivadas in vitro obedecen en gran medida 

al microambiente de los frascos de cultivos, como resultado de la interacción de diferentes factores 

tales como la intensidad de la luz, la concentración de CO2 y la composición del medio de cultivo. 

Por otra parte, existen muchas diferencias entre la fase in vitro y ex vitro; las altas concentraciones 

de azúcares y nutrientes favorecen una nutrición heterotrófica en la fase in vitro. Sin embargo, se ha 

demostrado que muchas plantas in vitro continúan con características autotróficas y realizan una 

baja actividad fotosintética. Debido a este comportamiento surge el término “mixotrofismo”, mezcla 

de nutrición autótrofa con heterótrofa (Aragón et al. 2014). 

La eficiencia de los BIT para la micropropagación de cultivos de importancia comercial es 

incuestionable. Estos sistemas tienen aplicaciones potenciales para la producción de metabolitos 

secundarios derivados de plantas con alto valor agregado (Steinmacher et al., 2011). El potencial de 

la combinación de raíces peludas transformadas con las características de los BIT, puede 

combinarse para el desarrollo de instalaciones biológicas locales para el tratamiento de aguas 

residuales contaminadas con fenol. Sin embargo, aún no se ha revelado todo el potencial de la 

tecnología de inmersión temporal para la fitorremediación de desechos industriales. El principio 

operativo y la opción de control total del contacto entre los explantes cultivados y el medio líquido, 

hacen de los BIT una técnica atractiva para mejorar los protocolos existentes para la transformación 

genética de plantas. 

Las semillas de S. rebaudiana presentan poco vigor, por tanto, la propagación por esta vía no 

permite obtener poblaciones homogéneas. Además, es necesario establecer las condiciones 
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ambientales para que funcione el cultivo, en dependencia de la ubicación geográfica y el cultivar. La 

propagación se realiza mayormente por estacas; pero existen problemas en su cultivo, dados por su 

heterosis natural y autoincompatibilidad, que conduce a pérdidas de fertilidad. Aunque se cultiva 

desde la frontera de China con Rusia donde nieva, hasta el trópico, su desarrollo requiere de varias 

condiciones y en Latinoamérica, su explotación industrial comenzó hace pocos años. En Chile, no 

existen plantaciones a gran escala; sin embargo, las condiciones edafoclimáticas son apropiadas 

para el desarrollo de la especie, y el éxito de su cultivo depende de una buena selección varietal y 

atenciones culturales adecuadas. 

En la actualidad, existe en el mundo una gran expectativa sobre el cultivo de S. rebaudiana, por 

su importancia no sólo en el mercado de edulcorantes, sino también en la agricultura, la ganadería, 

la industria farmacéutica y la cosmetología. Se estima que su consumo mundial se cuadruplicará a 

partir del 2020, por la tendencia en los consumidores de preferir alimentos naturales. Se considera 

una especie única, en cuyas hojas se acumulan más de 30 tipos de SGs (Petit et al., 2020). Al ser 

una planta de ciclo corto, puede ser ideal para estudiar patrones de glicosilación en metabolitos 

especializados tipo terpenos. A pesar de los múltiples estudios que se realizan en esta especie, las 

enzimas involucradas en la síntesis de estos metabolitos y sus mecanismos de regulación in vivo, 

no han sido totalmente explicados. El manejo adecuado de las condiciones de cultivo y el 

conocimiento sobre los factores genéticos y ambientales que influyen en la síntesis de esteviol 

glicósidos, puede contribuir al conocimiento de su función biológica y provocar cambios favorables 

para la acumulación de los SGs, deseados según sus potenciales usos.  
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Hipótesis 

“La propagación de cultivares de S. rebaudiana B., bajo condiciones foto-autotróficas induce cambios 

en el contenido SGs (steviosido; rebaudiosido A) y la expresión génica de las principales enzimas 

reguladoras de la ruta metabólica (SrKA13H; SrUGT74G1; SrUGT76G1)”. 

Objetivo general 

Demostrar que las condiciones foto-autotróficas generan cambios morfológicos favorables para la 

síntesis de SGs (steviosido y rebaudiosido A) de S. rebaudiana, en comparación con los métodos de 

micropropagación convencional. 

Objetivos específicos 

1. Comparar los niveles expresión génica de SrKA13H; SrUGT74G1; SrUGT76G1 y la 

producción de SGs (steviosido y rebaudiosido A) en plantas de S. rebaudiana de los 

cultivares Morita II y Criolla, crecidas bajo condiciones foto autotróficas, en invernaderos. 

2. Determinar el efecto de diferentes intensidades lumínicas sobre la expresión relativa génica 

de SrKA13H; SrUGT74G1; SrUGT76G1 y la síntesis de esteviosido y rebaudiosido A, en 

plantas de S. rebaudiana in vivo. 

3. Determinar la influencia del proceso de transición in vitro a ex vitro de vitroplantas de S. 

rebaudiana (cultivar Morita II) en la expresión relativa génica de SrKA13H; SrUGT74G1; 

SrUGT76G1 y la síntesis de esteviosido y rebaudiosido A.  

4. Establecer la influencia de diferentes métodos de cultivo in vitro de S. rebaudiana, cv. Morita 

II, (medio semisólido, liquido y sistemas de inmersión temporal) sobre la síntesis de SGs 

(steviosido y rebaudiosido A). 
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II. CAPÍTULO I. Effect of light intensity on steviol glycosides production in leaves of 

Stevia rebaudiana plants 
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Abstract 

Stevia rebaudiana leaf extracts contain stevioside and rebaudioside A, two steviol glycosides (SGs) 

used as natural sweeteners because of their non-toxic, thermally stable and non-caloric properties. 

Indeed, leaf extracts can be up to 300 times sweeter than sucrose. Stevioside and rebaudioside A 

have organoleptic differences, the first one having an undesirable bitterness and the second one a 

higher sweetener capacity. Selection of the S. rebaudiana varieties and the best environmental 

conditions that elicit higher SGs content and the appropriate composition is an important goal. In this 

study we quantified and compared the amount of stevioside and rebaudioside A in two of the most 

used S. rebaudiana cultivars, Morita II and Criolla. Our results show a strong differential ratio of 

stevioside and rebaudioside A accumulated in the leaf between these cultivars. The Criolla cultivar 

showed about 3 times more stevioside per mg of dry weight than Morita II, whereas the Morita II 

accumulated almost 10 times more rebaudioside A than that produced in Criolla. We observed an 

enhanced expression in Morita II of three genes (SrKA13H, SrUGT74G1 and SrUGT76G1) known to 

encode three enzymes that participate in SGs biosynthesis, likely contributing to the differences in 

the stevioside and rebaudioside A accumulation. Not only genetic variation can affect SGs 

composition, but also environmental factors and crop management. Numerous studies have shown 

that the light regime in which S. rebaudiana cultivars grow can affect SGs accumulation. However, 

the optimal light regime to increase total SGs content is currently controversial. By applying various 

light intensities, we detected an increase of expression of these three biosynthetic genes at higher 

light intensity, accompanied by higher levels of stevioside and rebaudioside A, demonstrating that 

light intensity influences the synthesis of SGs. 

 

Keywords: Stevia rebaudiana; Asteraceae; quantification and gene expression; steviol glycosides; 

stevioside; rebaudioside A; SrKA13H; SrUGT74G1; SrUGT76G1. 
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1. Introduction 

Stevia rebaudiana (Bertoni) Bertoni (Asteraceae) is a perennial plant widely known for the 

accumulation of diterpene glycosides, which confer to their leaves strong sweetening properties. 

Particularly in Stevia, these compounds are called steviol glycosides (SGs) which are natural, non-

nutritive, calorie-free, non-toxic, and intensely sweet (Madan et al. 2010; Ahmed and Mukta 2017). In 

addition, SGs have important medicinal applications (Abdelsalam et al., 2019; Arumugam et al., 

2020). Till date there are described at least 30 different SGs (Ceunen et al., 2013a), which can 

constitute 4-20% of the dried weight of leaves (Lemus-Mondaca et al., 2012; Khiraoui et al., 2021). 

Of all SGs in S. rebaudiana, the most abundant are stevioside (4-13% of leaves dry weight), and 

rebaudioside A (2-4%), being both the major compounds responsible for the sweetness: organoleptic 

analysis has shown that stevioside is 300 times sweeter than sucrose, and rebaudioside A 250-450 

times (Ahmed and Mukta 2017). However, stevioside is bitter or stringent when it is tasted. For that 

reason, the proportion of stevioside and rebaudioside A accumulated in the leaves will be an 

important agronomical trait.  

Although the complex biosynthetic pathway of SGs remains largely unknown (Petit et al., 2020), 

several authors have described the main routes (Totté el al. 2003; Brandle and Telmer, 2007; Kumar 

et al., 2012; Dasgupta et al., 2020). The initial steps of SGs synthesis take place in the plastids 

following the multi-step methylerythritol 4-phosphate (MEP) pathway that results in the production of 

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), which are the units required 

to produce the ent-kaurene (Fig. II.1). Afterwords, the ent-kaurene oxidase (KO) is responsible of 

generating ent-kaurenoic acid. This product is an important branching point on the regulation of the 

SGs synthesis pathway as the plant hormones gibberellins (GAs) also derive from ent-kaurenoic acid. 

Therefore, SGs and GAs partially share biosynthetic pathways. The hydroxylation at C-13 of the ent-

kaurenoic acid catalysed by ent-kaurenoic acid 13-hydroxylase (KA13H) leads to steviol (Wölwer-

Rieck 2018). Either the KO or KA13H function with the support of a NADPH-dependent cytochrome 

P450 reductase (CPR), working in molecular closeness (Gold et al., 2018; Zhang and Hong, 2020). 

Following steviol formation, a series of glycosylations by the uridine-diphosphate glycosyltransferases 
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(UGTs) occur in the cytosol, leading to the production of different SGs. The diversity of SGs is due to 

the number, the position, and the nature of glycosylation on the hydroxyl groups in C-13 and C-19 of 

steviol (Li et al., 2021). From steviol, further steps involve glycosylation of steviolmonoside to form 

steviolbioside by an unknown UGT, followed by UGT74G1-catalysed glycosylation of steviolbioside 

that yields stevioside, and next, UGT76G1-catalysed glycosylation of stevioside to form rebaudioside 

A (Lee et al., 2019). Here the promiscuous role of UGT74G1 and UGT76G1 appears to participate in 

several steps of the SGs pathway (Fig. II.1), but also seems that it extend beyond as it has been 

recently shown that these enzymes can accept an array of alcohols, polyphenols, substituted 

monophenols, and glycosides as substrates when assayed in vitro (Xu et al., 2021). Currently, the 

glycosylation pathway is not yet fully understood and still requires detailed research to better 

understand its regulation (Libik-Konieczny et al., 2021). 

The concentration and composition of SGs differ among cultivars. The constant crossbreeding of 

S. rebaudiana, that is a self-incompatible plant, contributes to a high level of natural variability 

between varieties. This generates changes in the production of SGs and variations in their sweetening 

capacity (Yadav et al., 2011). Therefore, the adequate selection of cultivars is crucial to efficiently 

produce specialized metabolites with greater sweetening power (Gantait et al., 2018). The search 

and phytochemical characterization of S. rebaudiana varieties with higher levels of rebaudioside A is 

one of the primary objectives for research groups and industries interested with the improvement and 

use of this source of natural sweeteners (Dacome et al., 2005; Razik et al., 2018). Currently, there 

are about 90 varieties of S. rebaudiana developed worldwide (Mizutani 2002; Thiyagarajan and 

Venkatachalam 2012). Among them, the most known and studied cultivars of S. rebaudiana are the 

cultivars Criolla and Morita II (Tavarini et al., 2018). The Criolla cultivar (native to Paraguay) is 

commonly used because it has been grown successfully under a wide range of climatic conditions 

(Angelini and Tavarini 2014). Meanwhile, the Morita II variety (which was obtained by plant breeding) 

is widely used due to its high yield of rebaudioside A (Aranda-González et al., 2015).  
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Fig. II.1. Schematic overview of the metabolic pathway for steviol glycosides (SGs) synthesis and its 

subcellular organization in S. rebaudiana. In the chloroplast, the ent-kaurene is synthesized through the MEP 

pathway. Afterwards, the ent-kaurene oxidase (KO) is responsible for the conversion of ent-kaurene to ent-kaurenoic acid, that 

is the substrate for the ent-kaurenoic acid 13 hydroxylase (KA13H) to synthesize steviol. Both KO and KA13H are located in 

the endoplasmic reticulum in close proximity to the cytochrome P450 reductase (CPR) that acts as a necessary NADPH donor. 

The regulation of KO and KA13H activities is crucial as ent-kaurenoic acid is a branching point in the pathway that leads either 

to the synthesis of gibberellins or SGs. If KA13H activity is favored, steviol will be produced. From steviol, by consecutive 

rounds of glycosylation performed by diverse uridine-diphosphate glycosyltransferases (UGTs) located in the cytoplasm, 

multiple SGs are synthesized. The most abundant SGs, stevioside and rebaudioside A, are produced downstream by the 

activity of the highly promiscuous UGT74G1 and UGT76G1 enzymes. The stevioside and rebaudioside A accumulated are 

subsequently transported and stored in the vacuole. Representation adapted from Singh et al. (2017) and Libik-Konieczny et 

al. (2021). 

 

The SGs content is also conditioned by other agronomic factors such as growing conditions and 

crop management (Díaz-Gutiérrez et al., 2020; Khiraoui et al., 2021). S. rebaudiana grows under a 

sunny climate (Hossain et al., 2017; Jarma-Orozco et al., 2020) and, although it is catalogued as a 

short-day plant, it has been shown that growth in a long day photoperiod favours SGs production. 

The optimum light intensity range for S. rebaudiana cultivation remains controversial (Ceunen et al., 

2013a; Yoneda et al., 2017a). The effect of light on gene regulation in model plants has been widely 
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studied and light quality and quantity have a marked influence on primary and specialized 

metabolism. For example, several studies have shown that genes encoding GAs biosynthesis 

enzymes are controlled by light conditions (Roberts and Paul, 2006; Seo et al., 2009; Ncube et al., 

2012; Vishal and Kumar, 2018; Yang et al., 2018) and in some cases, it has been shown that this 

results in changes of bioactive GA levels. Unfortunately, there are few studies on how light can affect 

SGs production or the expression of the main enzymes that regulate SGs synthesis (Singh et al., 

2017).  

The aim of this research is to quantify the levels of SGs in the two most used S. rebaudiana 

cultivars Morita II and Criolla and to evaluate the effect of light intensity on the production of SGs, 

including the analysis of the expression of three genes (SrKA13H, SrUGT74G1 and SrUGT76G1) 

that encode the main enzymes of the metabolic pathway associated with the biosynthesis of SGs. 

We have observed a complex interplay among the levels of the expression of different enzymes and 

the resulting SGs proportion, in particular under different light intensities. This work will allow a better 

selection of elite cultivars and the growth conditions to be used in health and food industry. 

 

2. Results 

2.1. Comparison of SGs production in Morita II and Criolla cultivars of S. rebaudiana  

We have quantified the SGs content in two broadly used cultivars of S. rebaudiana, Morita II and 

Criolla. Fig. II.2 shows the content of stevioside and rebaudioside A of both cultivars. Comparing the 

representative chromatograms of each variety, we found a noticeable change in the relative 

abundance of stevioside and rebaudioside A (Fig.II.2A and 2B). First, the Morita II cultivar showed 

approximately six times greater production of rebaudioside A than stevioside (Fig. II.2C). On the other 

hand, when analysing the contents of SGs in Criolla cultivar we observed the opposite, stevioside 

being the major compound and approximately three times greater than the content of rebaudioside A 

(Fig. II.2D). Finally, when comparing total contents of SGs in both cultivars, a marked difference was 

observed: the production in Morita II was higher than in Criolla. Therefore, Morita II cultivar not only 
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accumulates more SGs than Criolla plants but also has more rebaudioside A than stevioside (high 

rebaudioside A:stevioside ratio).  

 

 

 

 

 

 

 

 

 

 

 

Fig. II.2. Levels of stevioside and rebaudioside A in extracts of leaves from S. rebaudiana cultivars 

Morita II and Criolla. Representative HPLC chromatograms (intensity of absorbance in milli-

Absorbance Units - mAU) for the cultivar (A) Morita II and (B) Criolla. Contents of stevioside and rebaudioside 

A (µgmg-1 of dry weight) on leaves of cultivar (C) Morita II and (D) Criolla, grown for 45 days under greenhouse conditions 

with a light intensity of 900 µmol·m2·s-1. Results with the same letter are not statistically different (One Way ANOVA, Tukey, 

P<0.05, n= 5). 

 

2.2. Comparison of the gene expression of key enzymes of the SGs synthesis pathway 

in Morita II and Criolla cultivars of S. rebaudiana  

We next explored the possibility that differences in SGs content between cultivars were caused 

by differences in the expression of genes encoding enzymes of the SGs biosynthetic pathway. 

SrKA13H is one of the most important genes in the SGs biosynthesis because it generates steviol, 

the starting molecule for the production of the wide diversity of SGs (Fig. II.1). On the other hand, 

SrUGT74G1 and SrUGT76G1 genes encode the most abundant enzymes in the pathway that give 

rise to stevioside and rebaudioside A, (Fig. 1). When comparing the relative expression of these three 

genes, significant higher levels of transcription in all of them were observed in leaves of Morita II than 

in Criolla cultivars (Fig. II.3), which correlated with the higher SGs content that was found in this 
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cultivar (Fig. II.2). The highest difference of gene expression was recorded for SrKA13H and 

SrUGT76G1. The higher contents of rebaudioside A obtained in the Morita II cultivar than in the 

Criolla, is not only due to a higher expression of the genes responsible for the glycosylation reactions. 

Rather, because both genes (SrUGT74G1 and SrUGT76G1), code for promiscuous enzymes 

responsible for the synthesis of SGs (Fig. II.1). It is difficult to establish a correlation between a 

specific UGT and a specific product: some authors have verified that specificity can be relatively low 

by analysing UGT variants with amino acid substitutions in protein domains that affect enzyme-

substrate recognition (Richman et al., 2005; Petit et al., 2019). Therefore, it has been found that there 

is a wide compatibility of the substrate attributed to plant glycosyltransferases.  

 

 

 

 

 

 

 

 

 

 

Fig. II.3. Relative expression levels of the main genes regulating the metabolic pathway for the 

synthesis of stevioside and rebaudioside A, SrKA13H, SrUGT74G1 and SrUGT76G1, in the S. 

rebaudiana cultivars Morita II and Criolla. Transcription levels were normalized against two reference genes. The 

mean is represented by an x. The different letter above each box plot indicates significant differences (One Way ANOVA, 

Tukey, P<0.05, n=8). 

 

2.3. Effect of different light intensities on photosynthetic parameters 

As the cultivar Morita II presented both higher rebaudioside A:stevioside ratio and total content of 

SGs, this cultivar was selected to study the effect of light intensity on the synthesis of SGs. The 
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morphological appearance of the plants 15 days after being differentially subjected to three light 

intensities is showed in the Fig. II.4A. Initially, photosynthetic parameters were evaluated to know if 

there is photoinhibition in different light treatments to correlate the effect of light with the synthesis of 

SG, avoiding photosynthetic stress conditions. We used the chlorophyll fluorescent signal to evaluate 

different aspects related to photosynthesis. Plants were subjected to different increasing light 

intensities (PAR) and curves of rapid response variable fluorescence (Fv) were constructed (Fig. 

II.4B). The Fv is the difference between maximum (Fm) and initial (Fo) fluorescence. This gives the 

parameter Fv/Fm, the optimum values of which vary between 0.75 and 0.85. The Fv/Fm which 

represents the maximum quantum yield of PSII (photosystem II) also gives an indication of the stress 

level of the plants and indirectly informs about the maximum photochemical quantum yield of PS II. 

From Fig. II.4C, it can be seen that S. rebaudiana plants grown at three light intensities (high, 

medium and low) have a similar Fv/Fm values. This suggested that plants in those light intensities 

are not under light stress. To analyze if there were differences in the photosynthetic efficiency in the 

different light conditions, electron transport rate (ETR) and apparent rate of photosynthesis (PS) were 

calculated. The ETR values of S. rebaudiana at different light intensity treatments (high, medium, and 

low) were calculated as a function of the range of actinic irradiance used. Plants grown at high and 

medium light intensity showed higher levels of ETR (Fig. II.4D). It was observed that S. rebaudiana 

plants grown in high light showed an ETRmax of 135 while the ETRmax of plants grown in medium 

light was 123 (Fig. II.4D). High photosynthetic capacity (ETRmax) represents the ability to transfer 

more electrons at high light and thus to process more solar energy. The apparent rate of 

photosynthesis (PS) recorded for plants grown at high and medium light intensities showed no 

statistically significant difference, however, there was a difference compared to plants grown at low 

light intensities (Fig. II.4E). Maximum photosynthesis rate was observed in plants grown at our highest 

light intensities studied. As well as the highest values of electron transport rate. These results showed 

that among our light intensities the cultivar Morita II have higher photosynthetic activity at higher light 

intensities.  
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Fig. II.4. Photosynthetic parameters in S. rebaudiana plants cultivar Morita II treated with different 

light intensities. (A) Morphological appearance of plants 15 days after being subjected to three light 

intensities: (left) low light (80 µmol·m-2·s-1); (middle) medium light (300 µmol·m-2·s-1); and (right) high 

light intensity (900 µmol·m2·s-1). (B) Typical measurement obtained from the IMAGIM-PAM 

chlorophyll fluorometer, (left) Representation of Quantum yield of photochemical energy conversion 

in PS II (Y(II)) and Pulse-Amplitude-Modulation (PAM) values during the time of the experiment. 

Different phases have been highlighted: I, initial pulse of actinic light; II, increased steps of actinic 

light; III, maximum saturation point; IV, recovery after exposure; (right) images of the plants during 

the different phases of the measurements. (C) Maximum quantum yield of PSII (Fv/Fm), (D) Electron 

transport rate (ETR) and (E) Apparent rate of photosynthesis (PS) obtained at the different light 

intensities. The error bars represent the standard deviation of the mean (n=5). Different letters above each bar indicate 

significant differences (One Way ANOVA, Tukey, P <0.05). 

0

0,2

0,4

0,6

0,8

0 20 40 60

Low light

(80 µmol·m-2·s-1) 

High light

(900 µmol·m-2·s-1) 

Medium light

(300 µmol·m-2·s-1) 
A

I

IV

II

IIIP
A

R

µ
m

o
l·m

-2·s
-1

Y
(I

I)

time (min)

I IVII III

500

0

B

High lightMedium lightLow light

0

2

4

6

8

10

12

14

16

18

0 150 300 450 600

0

20

40

60

80

100

120

140

160

0 150 300 450 600

0,0

0,2

0,4

0,6

0,8

1,0

0 150 300 450 600 A
p

p
a
re

n
t 

ra
te

 o
f 

p
h

o
to

s
y
n

th
e
s
is

 

(P
S

) 
µ

m
o

l
C

O
2
·m

-2
·s

-1

E
le

c
tr

o
n

 t
ra

n
s

p
o

rt
 r

a
te

 

(E
T

R
) 

µ
m

o
l
e
le

c
tr

o
n

s
·m

-2
·s

-1

F
v
/F

m

PAR µmol·m-2·s-1 PAR µmol·m-2·s-1 PAR µmol·m-2·s-1

C D E

a

a
a

a

a

b

b

b

b

c

aa

a

a

b

c

b
c

b

b

a

ns



31 

2.4. Effect of light intensity on SGs production in S. rebaudiana cultivar Morita II 

As shown before, cultivar Morita II showed higher rebaudioside A content than stevioside (Fig. 

II.2C). We observed that the light intensity in which the plants grew for the last 15 days had an impact 

in the production and accumulation of SGs. Indeed, the higher the light intensity, the higher the levels 

of stevioside and rebaudioside A in the leaves (Fig. II.5A, B), which established a positive correlation 

between increasing amount of light and SGs concentration. Statistically significant differences were 

observed between amount of light and SGs concentration. Stevioside significantly increased from 

7.7 µgmg-1 of dry weight at the lowest light intensity till 29.2 µgmg-1 of dry weight in the highest. 

Therefore, stevioside content was increased 3.8 times from the lowest to the highest light conditions. 

When we analysed the rebaudioside A content (Fig. II.5B), we also found the highest concentration 

(51.9 µgmg-1 of dry weight) at high light intensity with respect to medium and low light intensities. 

However, the production of rebaudioside A seems to be less light-dependent than stevioside, as no 

significant differences were observed for rebaudioside A content between the low and medium light 

intensities, reaching values of 34.1 and 34.4 µgmg-1 of dry weight, respectively. 

2.5. Effect of light intensity on gene expression levels of SrKA13H, SrUGT74G1 and 

SrUGT76G1 in S. rebaudiana cultivar Morita II 

We aimed to establish if the light intensity also affected the expression of the genes encoding key 

enzymes of stevioside and rebaudioside A biosynthesis. Therefore, we explored if the expression of 

SrKA13H, SrUGT74G1 and SrUGT76G1 changed in plants after 15 days under the three different 

light intensities (Fig 5C-E) and whether they correlated with the differences in SGs levels (Fig II.5A, 

B). The expression of SrKA13H was higher at medium and high light intensities (Fig. II.5C), with no 

significant differences between these two light intensities. Expression levels of SrUGT74G1 (Fig. 

II.5D), were significantly increasing from the lowest to the highest light intensities: the SrUGT74G1 

gene expression at high light level was 1.8 and 1.5 times more than at low and medium light 

intensities, respectively.  
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Fig. II.5. Effect of three light intensities on the production of stevioside and rebaudioside A and the 

expression of their biosynthetic enzymes in S. rebaudiana cultivar Morita II. Quantification of (A) 

stevioside and (B) rebaudioside A.  Each bar represents the mean. The error bars represent the standard deviation 

of the mean. Different letters above each bar indicate significant differences (One Way ANOVA, Tukey, P <0.05, n=5). Gene 

expression levels of (C) SrKA13H, (D) SrUGT74G1 (E) and SrUGT76G1 Transcription levels were 

normalized against two reference genes. The mean is represented by an x. The different letter above each box plot 

indicates significant differences (One Way ANOVA, Tukey, P<0.05, n=8). (F) Sum of stevioside and rebaudioside A (data from 

A and B) and ratio of rebaudioside A: stevioside (on the top). 
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The last gene analysed, SrUGT76G1 (Fig. II.5E), showed no statistically significant difference of 

expression in plants grown at medium and high light intensities, although were higher than at low 

intensity. In summary, SrKA13H and SrUGT76G1 reaches their highest expression already at 

medium light intensity and only SrUGT74G1 presented constant increase of expression with 

increasing amount of light. 

Analyzing the correlation between SGs production (the sum of stevioside and rebaudioside A, Fig 

II.5F) and the expression of the genes encoding the enzymes that participate in their biosynthesis at 

different light intensities, it was observed that as light intensity increased, the amount of SGs also 

accumulated, particularly at high intensity (Fig. II.5F), correlating with the overexpression of the 

genes, that increased when rising light intensity (Fig. II.5C-E). This accumulation of total SGs at 

increasing light intensities was mainly due to the stevioside accumulation (as rebaudioside A levels 

are less dependent on light). Consequently the rebaudioside A:stevioside ratio (rebA:stev) was the 

lowest at high light (Fig. II.5F), and this might have an impact on bitterness total SGs extraction. 

 

3. Discussion 

3.1. Effect of the expression of SGs biosynthetic genes on the levels of SGs in S. 

rebaudiana cultivars Morita II and Criolla 

The SGs content is, at least in part, genetically determined as evidences the distinct amounts and 

composition of the diverse cultivars of S. rebaudiana (Tavarini et al., 2018). To analyse at which 

extent the expression of SGs biosynthetic enzymes differs among genetic backgrounds and how this 

can affect the SGs accumulation, we have focused on the study of SGs content on leaves of the S. 

rebaudiana cultivars Morita II and Criolla, the most known and cultivated varieties. First of all, the 

amount of stevioside and rebaudioside A, the SGs that contribute the most to the sweeterness of 

Stevia leaves, was determined in both cultivars. In agreement to previous investigations, Morita II 

presents a high content of SGs, particularly rebaudioside A (Aranda-González et al., 2015; González-

Chavira et al., 2018; Abdelsalam et al., 2019). Specifically in our study, compared to the Criolla 
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cultivar, the levels are 9.69 times higher. Importantly, the high amount of rebaudioside A in the Morita 

II cultivar was specific for this SG, as levels of stevioside were not as high; in fact, stevioside 

concentration was 3.4 times lower in the Morita II than in the Criolla cultivar. 

To investigate the impact of expression of genes that encode the main enzymes that regulate the 

synthesis of the majority SGs in the Morita II and Criolla cultivars, we evaluated the transcription of 

three genes encoding different enzymes of the SGs synthesis pathway. We have selected to study 

the expression of SrKA13H (which encodes the KA13H enzyme), as the extremely important enzyme 

responsible for forming the structural aglycone (steviol), a starting metabolite from which SGs route 

diversifies (Fig. II.1). Therefore, to favor the production of SGs, steviol needs to be synthesized. In 

fact, it has been reported that the overexpression of SrKA13H can lead to accumulation of steviol (as 

occurs when overexpressed in E. coli, Wang et al., 2016; Moon et al., 2020). We also analyzed the 

expression of SrUGT74G1 and SrUGT76G1, which encode to enzymes involved in several 

glycosylation steps that allow the formation of stevioside and rebaudioside A (Fig. 1). By using in vitro 

and in vivo assays, the promiscuous nature of UGT74G1 and UGT76G1 enzymes was established, 

i.e., that these enzymes displayed a broader substrate specificity, catalysing the formation of a variety 

of products, which brings greater complexity to the regulation of SGs metabolism (Richman et al., 

2005; Wu et al., 2020). Therefore, all three enzymes (KA13H, UGT74G1 and UTG76G1) can 

contribute to the synthesis of both stevioside and rebaudioside A. When we compared the 

transcription of these genes among cultivars, all of them had higher levels of expression in the cultivar 

Morita II than in the Criolla. The promiscuous nature of UGT74G1 and UTG76G1 could explain that 

the levels of rebaudioside A and not those of stevioside were higher in Morita. Moreover, stevioside 

is the substrate of the UGT76G1 to generate rebaudioside A. As the highest difference of expression 

between the two cultivars is on the SrUGT76G1, this agrees with the high activity driving towards the 

synthesis of rebaudioside A, consequently stevioside is consumed. When SrUGT76G1 is expressed 

at low levels, stevioside can be accumulated as occurs in the Criolla cultivar, resulting in higher 

content of stevioside than rebaudioside A, as previously described (Angelini and Tavarini, 2014).  
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3.2. Effect of light intensity on SGs production in S. rebaudiana 

Not only genetic but also environmental and growing conditions can affect SGs composition. 

Among the different abiotic factors, the effect of light on S. rebaudiana SGs production has been 

addressed by different authors (Ceunen et al., 2012; Ceunen and Geuns, 2013a, 2013b; Jarma-

Orozco et al., 2020; Shulgina et al., 2021; Yoneda et al., 2017a, 2017b). In contrast to what was 

reported in these works that address different aspects of light quantity and quality, for deciphering the 

effect of light intensity and no other variables in this study we have taken into consideration: (1) the 

possible negative effects caused by an excess light, avoiding this by selecting light intensities below 

the light saturation point; (2) that the development stage can influence the SG content (Ceunen and 

Geuns, 2013b), and for this reason the different light treatments were applied only for 15 days to 

cultivar Morita II, being the analysis done on plants with similar physiological and developmental 

stage; and (3) how different light intensities affect the gene expression of the most prominent SGs 

biosynthetic enzymes (SrHA13H, SrUGT74G1, SrUTG76G1) and its correlation with SGs 

composition. In the following paragraphs, these three aspects will be developed in a greater detail.  

We have selected three different light intensities (from 80 to 900 μmol m-2·s-1) that presented a 

positive correlation with an increased photosynthetic efficiency (based on the electron transport rate 

and the apparent rate of photosynthesis, Fig. II.4C and D respectively). We were under the 

1200 μmol·m-2·s-1 of light saturation point established in S. rebaudiana cultivar Morita II grown under 

field conditions (Jarma-Orozco et al., 2020). Above this value, negative effects on photosynthetic 

apparatus and biomass production occur. Our conditions are clearly under this point, as even the 

highest light intensity treatment presents the maximum fluorescence ratio (Fig. II.4B), in consequence 

photosystems are not damaged. Thus, higher photosynthesis is occurring when we increase light 

intensity, hence also its products, such ATP and NADPH, molecules that are used in the synthesis of 

specialized metabolites such as SGs (Prasad et al., 2019). The KO and KA13H activity require the 

support of a NADPH-dependent cytochrome P450 reductase (CPR) to convert ent-kaurene to ent-

kaurenoic acid and finally to steviol (Fig. II.1) (Zhou et al., 2021; Ko and Woo, 2021). By reconstructing 

the SGs pathway in E. coli, has been proved that ent-kaurenoic acid accumulates by increasing 
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NADPH levels (Moon et al., 2020). Therefore, we can speculate that activity of these NADPH-

dependent enzymes will be dependent on photosynthesis. With higher photosynthesis rates, it is 

expected that the promoted activity of the KO-CPR-KA13H module could lead to the accumulation of 

steviol, that in turn can stimulate the following glycosylation reactions to produce SGs. This links with 

our results where SGs content increased at the same time that light was intensified (Fig. II.5F). If the 

plant benefits from the accumulation of SGs at high light conditions is unknown.  

We must take into consideration that although the total SGs at high light recorded the major levels, 

the proportion of stevioside was also the highest: even though rebaudioside A levels were significantly 

higher at maximum light, the rebaudioside A:stevioside ratio was the lowest. This is an important 

aspect to consider when using SGs as natural sweeteners, due to the stevioside bitterness. The type 

of SGs synthesized can be related with the expression of the biosynthetic enzymes. For that reason, 

besides the positive effect that increase photosynthetic product can have on the SGs production, we 

have studied if 15 days of different light intensities affect the expression of the biosynthetic genes. 

Several works have observed that SrKA13H, SrUGT74G1 and SrUGT76G1 expression changes 

upon different environmental conditions such as salinity (Lucho et al., 2019), or under the effect of 

different elicitors such as salicylic acid, chitosan and hydrogen peroxide (Vazquez et al., 2019). The 

work of Yoneda et al. (2017b) studied the interaction of different light treatment and expression of 

SGs biosynthetic enzymes in S. rebaudiana. Although this work also performed different light 

intensities, the most important changes on gene expression and SGs accumulation were observed 

when red, far-red and end-of-day far-red light treatments were applied. The increase of SGs content 

by supplementing red or far-red light has been also reported by others (Ceunen et al. 2012; Shulgina 

et al., 2021). When Yoneda et al. (2017b) studied different light intensities (from 50 to 400 μmol·m-

2·s-1), they did not detect changes in the expression of SrUGT74G1 (nor in the other SGs 

biosynthesis-related genes KO and UGT85C2) but SrUGT76G1 was overexpressed at 100 μmol·m-

2·s-1. Unfortunately, this work does not measure the different SGs content under different light 

intensities. Moreover, S. rebaudiana biomass was very different under the different treatments, as 

also occurs in other works where SGs content has been reported higher in long-day photoperiod 
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(Ceunen and Geuns, 2013a, 2013b). In our study, the expression of genes related to the three SGs 

synthesis enzymes (KA13H, UGT74G1 and UGT76G1) increased at higher light intensities. However, 

it cannot be stated that the amounts of stevioside and rebaudioside A produced at different light 

intensities evaluated depends exclusively on the greater expression of one gene with respect to the 

other. For example, at medium and high light intensity levels, no significant differences were observed 

in the expression of SrKA13H and SrUGT76G1, however a greater production of rebaudioside A was 

observed. This can be explained by the higher expression of the SrUGT74G1 enzyme along the 

increasing light intensities that corresponds with an accumulation of stevioside, also a precursor of 

rebaudioside A. Therefore, to increase the levels of rebaudioside A and obtain extracts with more 

sweetness, it is not only necessary to increase its direct biosynthetic enzyme, but also others involved 

in the previous steps of the pathway. 

3.3. Concluding remarks 

The identification and characterization of S. rebaudiana genotypes offers value added to the 

specialized metabolites that are synthesized in its leaves to enhance their use in food and 

pharmaceutical industry. Comparing the cultivars Morita II and Criolla, it was found that Morita II 

overexpressed of the main enzymes of the metabolic pathway for the synthesis of SGs, resulting in 

accumulation of rebaudioside A. This higher levels in Morita II give this cultivar a high market value 

to produce sweeteners.  

On the other hand, when evaluating the effect of light intensity, it was observed a significant 

accumulation of rebaudioside A and stevioside when light intensity increased. Importantly, a light 

treatment period of 15 days was enough to produce differences on SGs content, despite no 

phenotypic differences were observed. That can be useful to stimulate SGs production before 

harvesting. In this study it was shown that light plays a key role in the gene expression of three main 

enzymes of the metabolic pathway and stimulates the production of SGs. Differential gene expression 

of the enzymes impacts on the specific SG synthesized. To know the pattern and the conditions that 

modulate the expression of these enzymes, it will allow to generate extracts with lower levels of 
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stevioside (with bitter taste) and higher levels of rebaudioside A (with sweetest taste). These studies 

might be helpful to design a proper light management to increase SGs yield. 

 

4. Experimental 

4.1. Growth conditions to compare S. rebaudiana cultivars Morita II and Criolla  

The Stevia rebaudiana (Bertoni) Bertoni (Asteraceae) cultivars Morita II and Criolla were 

propagated by cuttings and grown under greenhouse conditions, with long day photoperiod (16 h 

light, 8 h dark), light intensity of approximately 900 µmolm-2s-1, relative humidity of 60% and 

temperature of 22ºC  1ºC. At 45 days, samples were taken from the third pair of leaves (counted 

from the top) of five plants of each cultivar. Each plant was used as a biological replica. The content 

of SGs and the relative expression of the genes SrKA13H, SrUGT74G1 and SrUGT76G1 were 

analysed. 

4.2. Growth conditions at different light intensities of Stevia rebaudiana plants 

Morita II plants were multiplied by cuttings as described in section 2.1 until reaching an 

approximate height of 14-15 cm. The experiment was performed in randomized blocks, five biological 

replicates were used per treatment. Rooted cuttings were transferred to three different light conditions 

for 15 days: hight light intensity (900 µmolm-2s-1), medium light intensity (300·µmol·m-2·s-1) and low 

light intensity (80 µmol·m-2·s-1). The different light intensities were provided by LED fluorescent tubes. 

These conditions were used to measure photosynthetic activity and to collect material (from the third 

pair of leaves of each plant) to analyse the content of SGs and the relative gene expression. 

4.3. SGs analysis by HPLC 

To quantify the levels of SGs, high performance liquid chromatography (Agilent 1200 series HPLC) 

was used under isocratic conditions in a Varian System (Darmstadt, Germany), consisting of a 

Pro Star 230 pump, a 335-diode array detector set to a wavelength of 210 nm. To detect stevioside 

and rebaudioside A, a Luna HILIC analytical column (250 x 4.6 mm, 5 µm particle size, Phenomenex, 
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Aschaffenburg, Germany) was used. The mobile phase consisted of acetonitrile: water (85:15, v: v) 

adjusted to a flow rate of 1.0 mlmin-1 maintained at 25ºC. 

Steviol glycoside standards (stevioside and rebaudioside A, obtained from Sigma Aldrich, 

Darmstadt, Germany) were prepared by diluting them in acetonitrile and ethanol (1:1) at a 

concentration of 1 mgml-1 and determined under the conditions described above (Fig. II.6). 

 

 

 

 

 

 

 

 

 

Fig. II.6. Chromatograms of stevioside and rebaudioside A standard solutions used for the 

quantification of S. rebaudiana leaves extracts. Intensity of absorbance in milli-Absorbance Units (mAU).  

 

For the extraction of SGs, the procedure of Wölwer-Rieck et al. (2010) was used. After harvesting, 

S. rebaudiana leaves were freeze-dried at all experimental stages. Samples were ground using a 

mortar and pestle and liquid nitrogen to produce a fine powder. 12 mg were weighed and collected in 

a 2 ml Eppendorf tubes. Subsequently, the extraction process was carried out with a volume of 1.5 

ml of ethanol and acetonitrile (1:1; v: v) in a heating block at 102ºC for 30 min. The supernatant was 

recovered. Plant material was re-extracted using the same procedure three additional times, to then 

reach a final volume of 10 ml. Each extract was cooled to room temperature and centrifuged for 15 

min at 12000 rpm The SGs content was expressed in µgmg-1 of dry weight. 
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4.4. Gene expression analysis by RT-qPCR 

RNA was extracted from leaves (ca. 70 mg of fresh weight per biological replica) and purified using 

the Qiagen RNeasy Plant Mini Kit or the semiautomatic Maxwell kit Simply RNA (Promega). For real-

time qPCR analysis, RNA (2 g) was reverse transcribed using M-MLV reverse transcriptase 

(Invitrogen) or Transcription First Strand cDNA synthesis (Roche, Sweden). Reference genes used 

were β-ACTIN and EF1α. The list of primers used for real-time PCR amplification, efficiency and the 

resulting product size are specified in Table 1. Quantification of gene expression was performed as 

indicated by Gan et al. 2016. 

Table.II.1. List of primers used for real-time PCR amplification, indicating the resulting amplicon size 

and primer efficiency (E = 10(–1/slope)). 

Sequence of primers (5’ to 3’) GenBank 

Accession number 

Amplicon 

size bp 

Efficiency Reference 

SrKA13H 

Fw: CCGACTCCATTCACCTTTGT 

Rv: ACTTGATGGGGATGAAGACG 

 

DQ398871.3 

 

 

206  

 

1.94 

Kim et al. 

(2015) 

 

UGT74G1 

Fw: TGTTTCGGTTCCTGGATTTC 

Rv: GAAGACCCAACGTGCTTGAT 

 

AY345982.1 

 

 

139  

 

2 

this work 

UGT76G1 

Fw: AGCGTTTGTGAAGGTGTTCC 

Rv: CCCACCCATTTTCCAAATAC 

 

AY345974.1 

 

115  

 

1.91 

this work 

β-Actin 

Fw: AGCAACTGGGATGACATGGAA 

Rv: GGAGCGACACGAAGTTCATTG 

 

AF548026.1 

 

65 

 

1.87 

Lucho et al. 

(2018) 

 

EF1α                 

Fw: ATGCTCTTCTTGCTTTCACTC 

Rv: GATTTCTTCATACCTCGCCT 

 

AY157315.1 

 

104 

 

2 

Lucho et al. 

(2018) 

 

4.5. Photosynthetic activity 

Photosynthetic activity was measured as described (Morelli et al 2021). Briefly, plants grown at 

different light intensities (section 4.2) were put in darkness for 30 min to allow the full relaxation of 

photosystems. Fluorescent signals were measured through light responses with a chlorophyll 

fluorimeter (IMAGIM-PAM M-series, Heinz Walz, Effeltrich, Germany). Subsequently, the light 

intensity was increased in six steps of actinic light (E: 0, 21, 111, 321, 531, and 605 μmol photonsm-

https://www.ncbi.nlm.nih.gov/pubmed/26438788
https://www.ncbi.nlm.nih.gov/pubmed/30150853
https://www.ncbi.nlm.nih.gov/pubmed/30150853


41 

2s-1) and curves were constructed in rapid response to the variation of light intensity from the quantum 

yield of photochemical energy conversion in PS II (Y(II)) measured values. 

According to Murchie and Lawson (2013), the minimum value for chlorophyll fluorescence (Fo) in 

the dark-adapted state was determined by applying a weak pulse of modulated light, and the 

maximum fluorescence (Fm) was induced by a short pulse of saturating light. The fluorescence signals 

were followed until they reached a steady state (Fs). With these values, we could calculate the 

maximum quantum yield of PSII (Fv/Fm), following the formula Fv/Fm = (Fm-Fo)/Fm. Once data from 

fluorimeter was obtained, the apparent rate of photosynthesis (PS) and the electron transport rate 

(ETR) were calculated, based on the criteria described by Zhen and Bugbee (2020). The light 

response was characterized by correlation between maximum photosynthetic rate (Net P) vs 

photosynthetically active radiation (PAR) using MS Excel Solver. The model of Platt et al. (1980) was 

used and the fit was considered acceptable in all cases for r> 0.98. 

4.6. Statistical analysis 

SPSS (Version 20.0 for Windows, SPSS Inc.) was used in the data's statistical processing.  

Statistical tests performed, sample size, and P values are indicated in each table and figure legend. 
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Highlights 

• The effect of growth regulators was evaluated during the multiplication and in vitro rooting of 

Stevia rebaudiana plants cultivar Morita II. 

• Plants adapted ex vitro in peat substrate with zeolite reached the highest physiological traits. 

• Steviol glycoside levels and biosynthetic genes of Stevia rebaudiana were studied from in 

vitro to ex vitro transition. 

• The expression of biosynthetic genes and the content of stevioside and rebaudioside A were 

significantly increased under photoautotrophic conditions. 
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Abstract 

Glycosylated diterpenes with sweetening properties are synthetized in Stevia rebaudiana (Bertoni) 

Bertoni (Asteracea) leaves. Stevioside and rebaudioside A are the most coveted in the food industry 

due to their organoleptic properties. The stevioside has an unwanted bitterness and the rebaudioside 

A has a higher sweetening potential. The adequate selection of environmental conditions that allow 

obtaining richer and less bitter steviol glycosides extracts is still a challenge. A micropropagation 

protocol was established to understand how the physiological and metabolic changes are modulated 

during the transition from in vitro to ex vitro conditions of S. rebaudiana cv. Morita II.  The effect of 

growth regulators such as 6-benzyl amino purine (BAP); indole butyric acid (IBA) and indole acetic 

acid (IAA) was evaluated in each phase (in vitro, ex vitro). The effect of six different substrates mix 

was evaluated during the acclimatization phase. The mix of peat plus zeolite benefited all the 

physiological traits evaluated. The production of stevioside and rebaudioside A, as well as the gene 

expression levels of SrKHA13, SrUGT74G1, and SrUGT76G1, were significantly higher in cultivated 

seedlings on peat plus zeolite substrate mix, 30 days after acclimatization, compared to plants coming 

from in vitro rooting. A significant change was noticed among the physiological and morphological 

traits, the levels of relative gene transcription (SrKHA13, SrUGT74G1, SrUGT76G1) and the 

production of stevioside and rebaudioside A in the cultivar Morita II due to the transition process from 

in vitro to ex vitro conditions. 

 

Keywords: Stevia rebaudiana; steviol glycosides; stevioside; rebaudioside A; gene expression; 

SrKA13H; SrUGT74G1; SrUGT76G1. 
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1. Introduction 

Stevia rebaudiana (Bertoni) Bertoni (Asteraceae) has aroused great interest in the research field 

as well as the food industry. This plant has a group of specific metabolites called steviol glycosides 

(SGs) with high sweetening power which are synthesized in its leaves (Philippe et al., 2014). At least 

30 different SGs have been described in the literature (Ceunen et al., 2013a), which can constitute 4 

to 20% of the dry weight of the leaves (Khiraoui et al., 2021). Stevioside (4-13% of the dry weight of 

the leaves) and rebaudioside A (2-4%) are the most abundant compounds and main responsible for 

sweetness among all the SGs of S. rebaudiana. Improvements to the stevia propagation techniques 

to obtain high yields of the sweetest compounds have been one of the main goals of plant breeders 

and researchers in recent years. (Sun et al., 2021). Seed propagation of stevia has not been a 

successful technique due to its low germination percentage and high infertility (Yadav et al., 2011; 

Rasouli et al., 2021). 

On the other hand, the conventional vegetative propagation of S. rebaudiana is more difficult and 

at low rate. A great number of resources and space are required for the production of seedlings 

(Karimi et al., 2015). In vitro culture has proven to be a feasible clonal propagation strategy to obtain 

cultivars with high content of sweetening steviol glycosides (rebaudioside A, stevioside) (Ribeiro et 

al., 2021). The biochemical pathways in plants are carried out mostly by different plant growth 

regulators, including auxins, gibberellins, cytokinins, abscisic acid, ethylene, and brassinosteroids 

(Sharma et al., 2021). Micropropagation techniques guarantee high efficiency and high genetic 

stability of the propagated material (Sevostyanova et al., 2021). The type and concentration of these 

plant growth regulators have a remarkable effect on plant physiology. However, the endogenous 

hormone content can fluctuate between varieties from the same species (Heyman et al., 2021). 

Different micropropagation protocols have been developed for the in vitro propagation of S. 

rebaudiana plants through direct organogenesis from nodal segment or indirect organogenesis from 

leaves disk as explants and callus derived leaf segments (Kumari and Chandra, 2015; Shahzad et 

al., 2017; Matand et al., 2020). The acclimatization phase has been classified as the bottleneck for a 
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successful propagation protocol of plants. The seedlings must be adapted to the new environmental 

conditions, such as high light intensity, variable temperature, and low humidity (Dimitrova et al., 2021). 

One of the most important aspects of in vitro plant propagation is the modification at metabolic 

and physiological patterns taking place when changing from in vitro to ex vitro conditions. Plants must 

be able to fit from a mainly "heterotrophic" nutrition to a completely photoautotrophic nutrition 

(Ashrafzadeh and Leung, 2021). Several authors have reported that many genes increase their 

expression, mostly associated with photosynthesis efficiency, chloroplast, and leaf cell development 

(Eckstein et al., 2012; Cioć et al., 2021; Xiaoying et al., 2022).   

Some studies have also shown that the glycoside content depends on the variety, the age of the 

leaves, and the growing conditions of the plants such as light, temperature, and humidity. On the 

other hand, all these factors have a strong impact on the glycosylation patterns, affecting the taste 

perception of the SGs. (Hastoy et al., 2019). 

There are few studies related to how the transition from in vitro to ex vitro conditions might affect 

the physiological and morphological parameters of the cultivars of S. rebaudiana, as well as the 

impact on gene expression of the genes (SrKA13H, SrUGT74G1 and SrUGT76G1) that encode for 

three major enzymes in the biosynthesis of SGs (stevioside and rebaudioside A). Throughout ex vitro 

conditions, plants must find their own nutrients through the photosynthesis process in the natural 

environment. These conditions are critical due to the incomplete development of the stomata during 

the in vitro phase, which are not fully functional for photosynthesis in the ex-vitro conditions. 

Therefore, several plantlets dot not reach adaptation during this phase, reducing the production yields 

of the micropropagation cycle (Trofim et al., 2018; Shekhawat et al., 2021).  

The aim of this research is to provide a new approach related to the in vitro - ex vitro transition for 

S. rebaudiana seedlings cv: Morita II, upon morphological, physiological traits. Along with establishing 

a link between the gene expression (SrKA13H, SrUGT74G1, and SrUGT76G1) and the production 

of stevioside and rebaudioside A during the in vitro - ex vitro transition phase. These studies will allow 
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a better selection of ex vitro growth conditions through different substrates mixtures in acclimatization 

stage in order to increase the SGs yields. 

 

2. Materials and methods 

Biological material and growth conditions  

The mother plants of S. rebaudiana (Bertoni) cv. Morita II was grown for 60 days under culture 

chambers conditions from the Tissue Culture Laboratory of the Biotechnology Centre of the University 

of Concepción, Chile. Environmental conditions a temperature of 25°C, relative humidity of 60% and 

a long day photoperiod (16 h light, 8 h dark), a light intensity of 250 µmolm-2s-1. 

2.1. In vitro establishment of S. rebaudiana shoots 

Juvenile shoots of ex vitro plants were grown for approximately 60 days in the conditions of the 

culture chambers, as described previously. Shoots (10 cm) were cut and washed with running water 

and commercial detergent. Afterward, shoots were sectioned to a length of 1 cm. The segments of 

the central part, the second and third internode with two buds, were selected. It was carried out under 

sterile conditions in a laminar flow cabinet. For the establishment, two factors were evaluated: three 

concentrations of sodium hypochlorite (NaClO) (0.5, 1.0, and 1.5% v/v) at two exposure times (5 and 

10 min). The shoots (1 cm length) were placed in medium (MS) (Murashige and Skoog, 1962) without 

growth regulators, sucrose 30 gL-1, myoinositol 100 mgL-1, thiamine 1 mgL-1 and agar 7 gL-1. The 

pH of the medium was adjusted to 5.7 before steam sterilization in an autoclave (98.06 kPa for 20 

minutes). The culture conditions were a photoperiod of 16 h of light/ 8 h of darkness. Then, a flux of 

photosynthetically active photons of 40 µmolm-2s-1 (FIEL digital lux meter model FT-710) and a 

temperature of 26 ±1°C were applied. The survival rate of the shoots was evaluated after 30 days. 
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2.2. In vitro multiplication of S. rebaudiana shoots 

Throughout the multiplication phase, four concentrations of 6-benzylaminopurine (BAP) (Control; 

1.1; 2.2; 3.3 and 4.4 µM) equivalent to Control, 0.25, 0.5, 0, 75 and 1 mgL-1 respectively, were 

evaluated. Shoots with two axillary buds of approximately 1.5 cm from the third subculture were 

selected. The medium composition and the culture chamber conditions were the same as previously 

described in section 2.1. The morphological traits such as shoot length, number of internodes per 

shoot, shoot number per nodal segment and number of leaves per nodal segment were evaluated 

after 30 days. Five flasks were used per treatment, each with seven explants for a total of 35 

replicates. 

2.3. In vitro rooting of S. rebaudiana  

Shoots selected from the fifth subculture were used to evaluate the effect of indole butyric acid 

(IBA) and indole acetic acid (IAA) at concentrations of 0, 2.46, 4.92, 7.38 and 9.84 μmolL-1 equivalent 

to 0, 0.5, 1.0, 1.5 and 2.0 mgL-1, respectively. The culture chamber conditions were the same as 

described in section 2.1. The morphological quality indicators such as shoot length, number of 

internodes per shoot, number of leaves per nodal segment and fresh weight were evaluated after 30 

days. 

2.4. Acclimatization of S. rebaudiana cv Morita II 

The effect of six substrate mixtures was evaluated based on the morphological and physiological 

traits: Peat, ferralitic soil plus zeolite (2:1), cachaça plus zeolite (2:1), peat plus zeolite (2:1), ferralitic 

soil plus cachaça plus zeolite (2:1:1), ferralitic soil plus humus plus zeolite (2:1:1). 

Five trays were seeded per treatment for a total of 260 plants. In vitro rooted plants were 

individually seeded in 52-well plastic trays and transferred to the greenhouse for acclimatization. The 

plants were placed in wooden beds under covers, and sprinkler irrigation of 15 seconds every 60 

minutes was established. The environmental conditions were 80 ± 3% RH, temperature of 25.5 ± 2°C 

(TECPEL® model DTM-303 digital thermohydrometer), ntural photoperiod and light intensity ofof 400 
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± 25 µmolm-2s-1 (photosynthetic photon flux (FFF)) and atmospheric conditions at a CO2 

concentration between 330 and 375 µmolm-2s-1 (measured with a FIEL digital luxmeter). Plants 

survival percentage was determined at 10, 20, and 30 days. 

2.5. Physiological evaluations 

Then plants per treatment were randomly selected for evaluation of the morphophysiological 

indicators: plant length (cm), number of leaves, number of roots, fresh mass, and dry mass of all 

organs (Samples were oven dried at 55˚C during 72 h), (Segura-Campos et al., 2014). The fresh and 

dry mass of each plant was weighed subsequently to calculate the physiological parameters. 

Physiological indicators were calculated from the direct measurements according to Effa et al., 

(2019). 

 

Relative growth rate (RGR)  

𝐑𝐆𝐑 =
 (𝒍𝒏 𝒇𝑫𝑾 − 𝒍𝒏 𝒊𝑫𝑾) 

(𝒇𝑻 − 𝒊𝑻)
  expressed in gg-1d-1 

Msf = (final dry mass); Msi = (initial dry mass); fT = (final time); iT = (initial time) 

Nate assimilation rate (NAR)  

𝐍𝐀𝐑 =  
 (𝒇𝑫𝑾 − 𝒊𝑫𝑾) − (𝐥𝐧 𝒇𝑭𝑨 −𝐥𝐧 𝒊𝑭𝑨) 

(𝒇𝑻 − 𝒊𝑻)
 expressed g·cm-2·d-1 

 

fLA = (final leaf area); iLA = (initial leaf area) 

Leaf area: was determined using a digital image processing system. Images of the leaves were 

obtained using a scanner (Canon IMAGE CLASS MF 4570DW) and then a square marker of 1 cm2 

area was placed next to the image and the number of pixels of the leaves was determined and 

referred to the marker. 
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2.6. SGs analysis of S. rebaudiana plants cv Morita II 

Ten ex vitro plants grown on the peat plus zeolite substrate for 30 days throughout acclimatization 

phase and ten plants from the rooting phase grown under in vitro conditions during the same time 

were selected for the SGs analysis. Woelwer-Rieck et al., (2010) procedure was used for the 

extraction of SGs. After harvesting, S. rebaudiana leaves were freeze-dried at all experimental 

stages. Samples were ground using a mortar and pestle and liquid nitrogen to produce a fine powder. 

The samples (12 mg) were weighed and collected in a 2 mL Eppendorf tubes. Subsequently, the 

extraction process was carried out with a volume of 1.5 mL of ethanol and acetonitrile (1:1; v: v) in a 

heating block at 102°C for 30 min. Each extract was cooled to room temperature and centrifuged for 

15 min at 12000 rpm. The SGs content was expressed in µgmg-1 of dry weight. 

2.7 SGs analysis by HPLC  

Rebaudioside A (≥ 96% HPLC), and Stevioside standards (≥ 98% HPLC) were acquired from 

Sigma Aldrich, St. Louis, Missouri, USA to be used for the quantitation of SGs levels. A HPLC 

chromatographic method was carried out under isocratic conditions in a Varian System (Darmstadt, 

Germany), consisting of a Pro Star 230 pump, and a 335-diode array detector set to a wavelength of 

210 nm. A Luna HILIC analytical column (250 x 4.6 mm, 5 µm particle size, Phenomenex, 

Aschaffenburg, Germany) was used to separate and analyse stevioside and rebaudioside A. The 

mobile phase consisted of acetonitrile: water (85:15, v: v) adjusted to an isocratic flow rate of 1.0 

mL·min-1 maintained at 25°C.  

S. rebaudiana glycoside standards (stevioside and rebaudioside A) were prepared by diluting 

them in acetonitrile and ethanol (1:1) at a concentration of 1 mg·mL-1 and determined under the 

conditions run described above (Fig. III.1). 
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Fig. III.1. Chromatograms of steviosides standards solutions (stevioside and rebaudioside A) used 

for the quantification of S. rebaudiana leaves extracts. Intensity of absorbance in milli-Absorbance Units 

(mAU). 

 

2.8. Gene expression analysis by RT-qPCR 

RNA was extracted from leaves (ca. 80 mg of fresh weight per biological replica) and purified using 

the Qiagen RNeasy Plant Mini Kit or the semiautomatic Maxwell kit Simply RNA (Promega). The RNA 

(2 µg) was reverse transcribed using M-MLV reverse transcriptase (Invitrogen) or Transcription First 

Strand cDNA synthesis (Roche, Sweden) RT–qPCR analysis was performed in a LightCycler 480 

System Reference housekeeping gene used were β-ACTIN and EF1α. The list of primers used for 

RT–qPCR amplification, efficiency, and the resulting product size are specified in Table III.1. 

Quantification of gene expression was performed as indicated by Gan et al., 2016. 
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Table. III.1. List of primers used for real-time PCR amplification and the resulting product size (Vives 

et al., 2022). 

 

2.9. Statistical analysis 

SPSS (Version 12 for Windows, SPSS Inc.) was used for statistical processing and analysis of 

the data. A simple two-factor analysis of variance (ANOVA) with different levels was used. Treatment 

means were compared using Tukey's multiple range test (p<0.05). In some cases, it was necessary 

to transform the data to meet the parametric tests' assumptions.  

 

3. Results 

3.1. In vitro establishment of S. rebaudiana shoots cv Morita II  

Different NaClO concentrations and exposure times were tested based on several published 

protocols to make a positive selection based on parameters such as the percentage of survival in the 

establishment stage. We showed that the shoots subjected to the concentration of 1% NaClO for 5 

min reached the highest percentage of survival (60%) with respect to the other treatments Fig. III.2.  

We observed that the treatment at the lowest NaClO concentration got significant differences 

respect to the exposure time. However, the survival percentage decreased due to most of the 
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explants died due to a bacterial contamination. The lowest percentage of survival was observed at 

the highest concentration of NaClO (1.5%), regardless of the exposure time. 

 

 

Fig. III.2. Effect of exposure time at three concentrations of sodium hypochlorite (NaClO) on the 

survival percentage of S. rebaudiana cv. Morita II explants. Means with unequal letters represent statistically 

significant differences (p≤0.05) (one factor ANOVA, Tukey) (n = 15). For the statistical treatment, the data were transformed 

according to y´= 2·arcsine (X/100)1/2. * Data represent the mean of 15 internodes per treatment. 

 

3.2. In vitro multiplication of S. rebaudiana shoots 

The highest number of shoots per explant was observed at concentrations of 2.2 and 3.3 µmol·L-1 

(Table III.2). However, the control treatment reached the highest values on the other morphological 

traits evaluated: shoot length, number of internodes, and leaves per shoots. Although, no significant 

differences for the number of leaves were registered based on the concentrations of 1.1 and 

2.2 µmol·L-1 of BAP. The effect of different concentrations of BAP on morphological indicators during 

the multiplication stage is presented in Table III.2. 

 

 



63 

Table III.2. Effect of BAP concentrations during the multiplication phase on S. rebaudiana plants cv: 

Morita II. 

BAP (µmol·L
-1

) 0 1.1 2.2 3.3 4.4 
Shoot length (cm)* 5.9 ± 0.2 a 2.7 ± 0.3 b 2.9 ± 0.3 b 1.8 ± 0.3 c 1.5 ± 0.3 c 
Number of internodes per shoot formed* 3.0 ± 0.8 a 2.2 ± 0.2 b 1.8 ± 0.5 bc 1.6 ± 0.3 c 1.5 ± 0.4 c 

Shoot number per nodal segment 2.0 ± 0.3 c 3.0 ± 0.5 c 7.0 ± 0.1 ab 8.0 ± 0.2 a 6.0 ± 0.5 b 
Number of leaves per nodal segment 10.0 a ± 0.2 8.0 a ± 0.2  8.0 a ± 0.3 7.0 b ± 0.2 6.7 b ± 0.3 

Results with the same letter are not statistically different Means with unequal letters have statistically significant differences 

(bifactorial ANOVA, Tukey, p ≤ 0.05, n = 35). The variables number of shoots, number of internodes and number of leaves were 

transformed according to y´ = (X)
1/2

.  
The shoot quality was reduced in several traits such as the number of internodes, their height, and 

the number of leaves at higher concentrations (Fig. III.3). On the other hand, a marked decrease in 

shoots height was observed as the concentration of BAP increased and the presence of a purplish 

color on the leaves surface was more evident (Fig. III.3). Based on these results, 0.25 mg·L-1 of BAP 

was used, alternating with subcultures to MS medium without growth regulators to achieve a balance 

between all the morphological indicators evaluated. The selection of the appropriate concentration of 

growth regulators in the multiplication stage is generally based on choosing the explants with the 

highest number of shoots generated. However, in our research, the morphological indicators were 

evaluated as a selectivity pattern that allowed us to select shoots with higher quality. 

 

 

 

 

 

 

Fig. III.3. Morphological appearance of S. rebaudiana plants cv. Morita II 21 days after being 

subjected to different BAP concentrations (0; 1.1; 2.2; 3.3 and 4.4 µmol·L
-1

). 
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3.3. In vitro rooting of S. rebaudiana shoots 

The effect of two auxins, IAA and IBA over was assessed based on the rooting percentage and 

sundry morphological traits (Table III.3). The morphological quality indicators such as shoot length, 

number of internodes, and number of leaves, registered the highest values at the concentration of 

2.46 µmol·L-1 of the IAA when compared to other treatments. However, no significant differences 

were observed compared to the control treatment based on the analysis between both factors: types 

of auxins and concentrations. 

Table. III.3. Effect of different concentrations and type of auxin during the rooting phase on S. 

rebaudiana plants cv: Morita II. 

Type of 

auxin 
Auxin Concentration 

(µmol·l
-1
) 

Shoot length 

(cm) 
Internodes per shoot 

(N˚) 
Leaves per nodal 

segment (N˚) 
Fresh weight (FW) 

(mg)   
IBA 0 

2.46 
4.92 
7.38 
9.84 

7.46 a 
7.34 a* 
3.19 c 
3.10 c 
3.69 bc 

3.7 bcd 
4.9 a* 
3.3 d 
3.3 d 
3.6 bcd 

13.0 ab 
15.5 a* 
12.2 bcd 
10.5 cd 
10.1 d 

0.19 cd 
0.15 d 
0.34 ab 
0.27 bc 
0.42 a* 

  

IAA 0 
2.46 
4.92 
7.38 
9.84 

7.46 a* 
3.60 bc 
4.63 b 
3.26 bc 
3.46 bc 

3.7 a* 
4.02 ab 
4.25 ab 
3.8 bc 
3.4 bcd 

13.0 ab 
15.5 a* 
14.2 ab 
13.0 bc 
12.2 bcd 

0.19 cd 
0.14 d 
0.15 d 
0.20 d 
0.13 d 

  

Results with the same letter are not statistically different Means with unequal letters have statistically significant differences 

(bifactorial ANOVA, Tukey, p ≤ 0.05, n = 35). The variables number of shoots, number of internodes and number of leaves were 

transformed according to y´ = (X)
1/2

. 
 

The rooting percentage did not show significant differences between IAA and IBA at the lowest 

concentrations (Fig. III.4). It was observed that as the IBA concentration increased, the rooting 

percentage decreased. On the other hand, the rooting percentage was higher with IAA used at lower 

concentrations (0; 2.46 and 4.92 µmol·L-1). 

The sprouts' quality did not vary between the treatments evaluated with respect to the concentration 

(Fig. III.4B and III.4C). However, it was observed that the quality of the shoots evaluated between the 
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types of growth regulators (A) IAA and IBA (B) showed a marked difference, especially in the 

presence of roots, where the appearance of collagenic structures is visible in the base of shoots 

treated with IBA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. III.4. (A) Comparison of the effect IAA and IBA auxin concentrations on the rooting percentage 

of S. rebaudiana cv: Morita II. Means with unequal letters have statistically significant differences (bifactorial ANOVA, 

Tukey, p ≤ 0.05 n = 35). The data were transformed according to y´ = arcsin (X + 0.5) ½. General mean = 62.98%. Standard 

error of the mean = 7.22%. Morphological appearance of S. rebaudiana cv. Morita II 21 days after being subjected to four 

concentrations of auxins (B) IAA (0, 2.46, 4.92, 7.38 and 9.84 μmol·L
-1
) and (C) IBA (0, 2.46, 4.92, 7.38 and 9.84 μmol·L

-1
). 
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3.4. Effect of different substrates on plant survival and physiological indicators 

during acclimatization of S. rebaudiana cv. Morita II 

The successful ex vitro establishment of in vitro cultured S. rebaudiana shoots determines the 

ultimate success of the propagation protocol. The peat and zeolite mixture registered the most stable 

and highest survival values during the month of evaluation (Table III.4).   

 

Table. III.4. Effect of different types of substrates on the survival rate (%) of S. rebaudiana cv: Morita 

II plants in the acclimatization phase at 10, 20 and 30 days. 

Substrates 10 days 20 days 30 days 
Peat 98 a 93 a 88 b 
Ferralitic soil + Zeolite 95 a 93 a 80 c 
Cachaça + Zeolite 92 a 76 cd 60 e 
Peat + Zeolite 97 a* 93 a* 92 a* 
Ferralitic soil + Cachaça + Zeolite 87 b 79 c 71 d 
Ferralitic soil + Peat + Zeolite 89 ab 86 b 83 bc 
Means with different letters have statistically significant differences (ANOVA, Tukey, p ≤ 0.05n = 

10. The percentage variable was transformed according to y = arcsine (X + 0.5 / 100) 
1/2 

 

On the other hand, significant differences were observed among the different mixtures of 

substrates (Table III.5).  Plants grown in the combination of peat plus zeolite had a positive effect on 

the different morphophysiological indicators evaluated. These plants achieved the highest values in 

morphological traits such as seedling height, number of leaves per plant and the number of roots.  

Finally, the physiological indicators of relative growth rate and the net assimilation rate of the plants 

grown during 30 days of acclimatization in six substrate mixtures; did not registry significant 

differences between the treatments evaluated (Table III.6). However, the physiological indicator of 

leaf area was higher in the mixture of peat and zeolite when compared to the other treatments 

(Fig. III.5). 
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Table. III.5. Effect of different types of substrates on morphological quality indicators in S. 

rebaudiana cv: Morita II plants 30 days after acclimatization. 

Substrates 
Shoot length 

(cm) 
Leaves/ Plant 

(N˚) 
Root/Plant 

(Nº) 
FW Plant 

(mg) 
FW Leaves 

(mg) 
FW Root 

(mg) 
Peat 10.9 ab 12.0 bc 4.0 c 590 ab 330 ab 70 b 
Ferralitic soil + Zeolite  9.6 b 9.0 c 7.0 b 500 b 190 b 150 ab 
Cachaça + Zeolite 10.9 ab 12.0 abc 6.0 b 500 b 280 ab 50 ab 
Peat + Zeolite 1.4 a* 14.0 a* 13.0 a* 810 a* 410 a* 180 a* 
Ferralitic soil + Cachaça + Zeolite 9.0 b 13.0 ab 7.0 b 560 b 300 ab 110 ab 
Ferralitic soil + Peat + Zeolite 10.5 ab 13.0 ab 7.0 b 410 b 220 b 90 ab 
Means with unequal letters have statistically significant differences (ANOVA, Tukey, p ≤ 0.05, n = 30). The variables number 

of leaves and internodes was transformed according to y´ = (X)
1/2

. 

 

 

Table. III.6. Effect of the different types of substrates on the physiological indicators: relative growth 

rate (RGR) and net assimilation rate (NAR) of S. rebaudiana cv: Morita II plants 30 days after 

acclimatization. 

 

Substrates 
RGR  

(g·g-1·día-1) 

NAR  

(g·cm-2·d-1) 

Peat 0.059 0.027 

Ferralitic soil + Zeolite  0.060 0.014 

Cachaça + Zeolite 0.061 0.041 

Peat + Zeolite 0.060 0.025 

Red Ferralitic soil + Cachaça + Zeolite 0.060 0.032 

Red Ferralitic soil + Peat + Zeolite 0.060 0.079 

  NS NS 

 

Medias con letras desiguales tienen diferencias estadísticamente significativas (ANOVA, Tukey, p ≤ 0,05, n =10). 

 

 

 

 

  
 



68 

 

 

 

 

 

 

 

 

Fig. III.5 Effect of different substrate mixtures on the leaf area of S. rebaudiana cv: Morita II plants 

grown for 30 days in acclimatization. Medias con letras desiguales tienen diferencias estadísticamente significativas 

(ANOVA, Tukey, p ≤ 0,05, n =10). 

 

3.5. Characterization of S. rebaudiana cv: Morita II according to SGs production and 

relative gene expression 

The SGs total production (stevioside and rebaudioside A) from plants grown ex vitro for 30 days 

was significantly higher than those produced by plants from the in vitro rooting phase. The 

concentration of rebaudioside A increased significantly till 36,7 µgmg-1 of dry weight in seedlings 30 

days after being in acclimatization, while stevioside content reached 3,5 µgmg-1 of dry weight at the 

same sample point. Both compounds showed significantly differences compared with shoots coming 

form in vitro conditions: rebaudioside A 4,19 µgmg-1 of dry weight and stevioside 1,77 µg·mg-1 of dry 

weight. In addition, the production ratios between stevioside and rebaudioside A were higher in 

acclimatized plants when compared to plants grown under in vitro conditions (Fig. III.6). 

The differential gene expression of SrKA13H, SrUGT74G1, and SrUGT76G1 in charge of the main 

enzymes responsible for the synthesis of rebaudioside A and stevioside was analyzed during the in 

vitro – ex vitro transition. Plants from in vitro rooting conditions were compared to plants grown under 

ex vitro conditions (acclimatation) with peat plus zeolite substrate mix. The expression of SrKA13H, 
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SrUGT74G1 and SrUGT76G1 genes was higher in plants acclimatized in the peat plus zeolite 

substrate when compared to seedlings from rooting in vitro conditions. The relative gene expression 

of the SrKA13H and SrUGT76G1 genes reached the highest values in plants acclimatized during 30 

days, while SrUGT74G1 showed the lowest levels of expression at the same sampling point 

(Fig. III.7).  

The correlation between SGs production (the sum of stevioside and rebaudioside A) and the 

expression of the genes encoding the enzymes that participate in their biosynthesis was analyzed 

(Fig. III.6). The levels of gene expression SrKA13H, SrUGT74G1, and SrUGT76G1 increase 

considerably during the transition process from in vitro rooting conditions to ex vitro acclimatization 

in greenhouses (Fig. III.7). Furthermore, the specialized metabolites SGs stevioside and rebaudioside 

A analyzed increase linked to the gene expression. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. III.6. Comparison of the content of stevioside and rebaudioside A (µg·mg
-1

 of dry weight) between 

S. rebaudiana plants grown ex vitro for 30 days after being acclimatized and in vitro plants from the 

rooting phase. The results with the same letter are not statistically different (one-way ANOVA, Tukey, P > 0.05) * n = 8.  

 

 

b
c

a

b

0

5

10

15

20

25

30

35

40

ex vitro in vitro

S
te

v
io

s
id

e
 a

n
d

 R
e
b

a
u

d
io

s
id

e
 A

 (
µ

g
m

g
-1

)

Cultivations condition 

Stevioside Rebaudioside A



70 

 

Fig. III.7. Comparison of the relative expression of the main genes that regulate the metabolic 

pathway for the synthesis of stevioside and rebaudioside A among Stevia rebaudiana cv. Morita II 

plants, grown in vitro in the rooting phase with plants acclimatized in the mixture of peat and zeolite 

substrate grown for 30 days. Transcription levels were normalized against reference genes. Each bar represents the 

mean. Error bars represent the standard deviation of the mean (n=8). The different letter above each bar indicates significant 

differences (Tukey-Kramer method, P <0.05). 

 

4. Discussion 

4.1 Effect of concentrations of (NaClO) and exposure time on the survival percentage 

of shoots of S. rebaudiana cv: Morita II 

During the in vitro establishment phase, it is crucial to find an effective procedure that allows the 

eradication of spores, fungal tissue, bacteria, and other contaminants with no damage to the explant 

plant tissue or the reduction of its regenerative capacity (Cassells, 2012; Ngone et al., 2021). A proper 

selection of the disinfecting agent, the concentration, and the exposure time play a key role in 

introducing ex vitro material to in vitro conditions (Deshmukh et al., 2019). 

The highest survival percentage was reached at a concentration of 1% NaClO and 5 min exposure 

time. This survival percentage is lower than that reported by Urbi and Zainuddin (2015), whom 

observed that the treatment of explants with NaClO at a concentration of 5% NaClO for 10 minutes 
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was more effective than HgCl2They reported a much higher NaClO concentration to obtain a better 

survival rate, with a 3% damage in the seedlings, and a fungi contamination of 10%, despite 

combining the use of NaClO and fungicide in their protocol. Other authors have used NaClO at 

concentrations from 0.5% to 5% of active chlorine, specifically for Morita I at 1.25% for 15 minutes 

(Suarez and Quintero, 2014). However, sodium hypochlorite (NaOCl) is one of the main substances 

used for surface sterilizing plant material because of its low cost and high availability (Hesami et al., 

2018). 

The in vitro propagation technique is an attractive option in a short time for large-scale production 

of species such as S. rebaudiana (Mahendran et al., 2019). Due to the medicinal and industrial 

importance of S. rebaudiana and its growing demand granted by the presence of secondary 

metabolites such as SGs, it continues to be a challenge to obtain homogeneous and vigorous plants 

in a short period (Libik-Konieczny et al., 2021). It must be taken into consideration that the use of 

different types of disinfectant agents can increase the micropropagation protocol cost. Hence, the 

usage of low NaClO concentrations was selected to achieve 60% success in the establishment of 

shoots of Stevia rebaudiana cv. Morita II. 

4.2. Effect of concentrations of BAP during in vitro multiplication of S. rebaudiana 

shoots 

Numerous authors have reported the usage of BAP in the proliferation of shoots of S. rebaudiana. 

However, some of them did not emphasize the negative effect that high concentrations of BAP can 

have on the morphological quality of shoots (Yadav et al., 2011; Aremu et al., 2020). The possibility 

of obtaining high quality shoots in the multiplication stage was explored by testing the effect of four 

BAP concentrations. Several authors did not specify the cultivar used for the experiments (Banerjee 

et al., 2019).  

The number of shoots obtained was similar to those reported by Thiyagarajan and Venkatachalam 

(2012), whom demonstrated that BAP was the most efficient cytokinin for shoot regeneration 

compared to KIN. The frequency of plant regeneration and the number of shoots per crop was higher 
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with increased BAP concentrations of up to 4.4 µmol·L-1. However, the frequency of shoot 

regeneration and the number of shoots decreased as the BAP concentration increased above 4.4 

µmol·L-1 (Dkm Gunasena and Senarath, 2019). It was observed that while the concentration of BAP 

increased, the quality of the shoots decreased. The height of the shoots was lower, and the leaves 

were deformed and smaller (Figure 2). 

These results are similar to those obtained by Röck-Okuyucu et al. (2016), whom reported that 

BAP concentrations greater than 4.44 µmol·L-1 resulted in the growth of bushy-looking seedlings, 

very thin shoots, and small leaves. These conditions were deemed not suitable for in vitro plant 

propagation. The effect of plant growth regulators can change significantly depending on their 

endogenous content in plants. Hence, selecting one cultivar or the other within the S. rebaudiana 

species can play a key role in the effect of differences observed in previous studies for the same 

specie (Blinstrubiene et al., 2020). Based on the results for the Morita II cultivar, it was decided to 

use 1.1 µmol·L-1 of BAP during the subcultures, alternating with subcultures to MS medium without 

plant growth regulators to achieve a better quality the shoots. 

4.3. Effect of IAA and IBA concentrations during in vitro rooting of S. rebaudiana 

shoots 

Due to the great diversity of criteria in previous studies and the variability about the concentrations 

or type of auxin, it is worth it to look for alternative to achieve higher rooting percentages. Other types 

of auxins were used: IAA and IBA at concentrations described in section 2.3. Previously works carried 

out by Yücesan et al. (2016) shown results similar to those described in these experiments, where 

the usage of IBA was effective for rooting. The rooting percentage was slightly lower than induced by 

0.25 or 0.5 mg·L-1 of IAA (85.5 and 87.6%). 

Suarez and Quintero. (2014) tested different concentrations of ANA (0, 0.5, 1.0, 2.0, and 

4.0 mg·L-1) in the in vitro rooting of the shoots of Morita I. The highest rooting percentage (87%) was 

achieved at an ANA concentration of 2 mg·L-1 and up to four roots were obtained per shoot. This 

result contrasts with those obtained in a preliminary test (results not shown) carried out in the rooting 
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of Morita II, where only 71% of the shoots rooted at the concentration of 0.5 mgL-1 of ANA. Only the 

60% of the shoots differentiated its in vitro roots at a highest concentration of 2 mg·L-1 of ANA.  

The highest rooting percentages were observed at the concentration of 1 mg·L-1 of IAA and IBA, 

both (86% to 93%). The roots differentiation decreased with the increase of the concentration of 

auxins and control (without auxins). No root formation was observed in this condition. Contrasting 

results were obtained when these experimental conditions were tested by Amien et al. (2021) and 

Magangana et al. (2021). 

Overall, IAA had a more significant effect on root formation than IBA. This effect was more marked 

at the concentration of 0.5 mg·L-1. The plants of the control treatment (without auxins) showed rooting 

levels without significant differences compared to the concentrations of 2.46 and 4.92 µmol·L-1 of IBA 

(Figure 4). As a novelty, it was noticed that S. rebaudiana shoots grown without (BAP) in the 

multiplication phase and showed root formation. 

4.4. Effect of different substrates on plant survival and physiological indicators 

during acclimatization of S. rebaudiana cv. Morita II 

The change from in vitro to in vivo conditions (greenhouse) is crucial for the adaptation of the 

plants and means that the plants go through a period of acclimatization for them to survive (Klimeket 

al., 2015). During this stage, plants are forced to form new functional roots and shoot to a full 

conversion to photoautotrophic plants (Shekhawat et al., 2021). The success of the acclimatization 

stage in plants is conditioned by factors such as humidity, type, substrate quality, temperature, and 

agronomic management (Khandel et al., 2021). One of the main indicators to evaluate in the 

acclimatization stage is the survival rate (Seon et al., 2000). 

Considerable efforts have been made to optimize the conditions for the in vitro culture steps in S. 

rebaudiana plants. Studies related to the acclimatization process for this species, are still few, and 

this stage is crucial for a successful development of a micropropagation protocol (Angelini et al., 

2016). Manjusha and Sathyanarayana (2010) evaluated the immersion of S. rebaudiana shoots in 
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solutions at different concentrations of BAP to improve the survival percentages in the acclimatization 

stage. They observed that the usage of 3 mg·L-1 resulted in a greater number of multiple shoots, 

average growth parameters and a higher percentage of survival 75.80%, 25.29%, above the control 

that was observed at 60.50%. In contrast to these results, a higher survival rate of 92% was observed 

in shoots of S. rebaudiana cv Morita II grown on the substrate formulated by peat and zeolite 1:1 (v: 

v) and without applying additional plant growth regulators (Table 3). 

Several substrate mixes have been used to increase the survival rate during ex vitro adaptation 

(acclimatization) of numerous micropropagated plant species (Suárez et al., 2020, Rahman et al., 

2021). However, there are awfully few reports on the effect of how the properties of different 

formulations of substrates can play a crucial factor in the rapid acclimatization of species such as S. 

rebaudiana assessed by the morphophysiological and molecular traits. Some other authors such as 

Anbazhagan et al. (2010) found 82% survival of S.rebaudiana plants with the use of a sand-soil-

vermicompost substrate mixture in a 1:1:1 ratio for 4 weeks. On the other hand, Suarez and Quintero. 

(2014) pointed out that a 67% of the S. rebaudiana seedlings (variety Morita I) stems without in vitro 

rooting and without exogenous auxin treatment were able to adapt to ex vitro conditions in the 

acclimatization. These authors refer to the usage of a 1:1 ratio for the mixture of soil-sand under 50% 

poly-shade and with permanent irrigation for 8 weeks. The number of plants that survived in ex vitro 

conditions was recorded as 92% at 30 days grown. 

It was observed that the mixture Peat + zeolite (1:1) significantly increased all the parameters 

evaluated. This may be attributed to the intrinsic characteristics of both substrates that could increase 

the availability of nitrogen, phosphorus, and sulfur for the plants, improving the physical properties, 

modifying the structure, and increasing the number of pores in the substrate (Nakhli et al., 2017; 

Zanin et al., 2020). As a novelty, our work provided an integrated study on the effect of different 

substrates on a wide number of physiological, morphological, and biochemical traits during the 

acclimatization stage, which may be useful in the production of S. rebaudiana plants cv: Morita II, by 

means of micropropagation techniques. 
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4.5. Characterization of S. rebaudiana cv: Morita II cultivars according to SGs 

production and relative gene expression 

The micropropagation of plants with desirable traits have been a cornerstone of social 

development throughout history. Its current technological application ranges from ornamental, 

agricultural and medicinal plants use, with application in agriculture and the pharmaceutical industry 

(Banerjee et al., 2019). One of the most biologically booked and low-calorie sweeteners are those 

obtained from the leaves of S. rebaudiana, which has generated its extensive cultivation worldwide 

to produce SGs such as stevioside and rebaudioside A, specialized metabolites with a sweetness 

250 to 450 times greater than from sucrose (Sun et al., 2021). 

In our research, we focus on the effect transition might have, from photo mixotrophic conditions 

(in vitro) to photoautotrophic conditions during the acclimatization stage (ex vitro) could have on the 

relative gene expression of the main enzymes of the metabolic pathway, as well as in the production 

of stevioside and rebaudioside A.  

In order to elicit a higher production of SGs, several authors have studied how to increase the 

levels of gene expression of the main enzymes on metabolic pathway of SGs, through the use of 

osmotic elicitors such as NaCl and mannitol under in vitro conditions (Ghaheri et al., 2019). They 

observed that the control treatment showed the highest expression levels with respect to increased 

NaCl concentrations. On the other hand, studies on the effect of different concentrations of mannitol 

favored, in some cases, the differential increase of genes such as SrUGT74G1, while the expression 

of others such as SrUGT76G1 did not differ significantly (Azzam et al., 2021). The relative gene 

expression of SrKAH13, SrUGT74G1 and SrUGT76G1 observed in our experiments were similar to 

those obtained by these authors in the control treatment, taking into account that our in vitro protocol 

did not seek to elicit the expression or production of SGs under in vitro conditions. The percentages 

of the content of stevioside and rebaudioside A reported by these works were not properly described 

and justified (Azzam et al., 2021). The S. rebaudiana shoots cultivated for 30 days in vitro during 
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rooting stage showed low levels of gene expression and low contents of stevioside and rebaudioside 

A. 

A statistically significant difference was observed for the content of stevioside and rebaudioside 

A, between ex vitro plants grown in the peat and zeolite substrate mixture, when compared with plants 

from in vitro rooting. In most of the in vitro propagation systems, the typical PFD is around 40 μmolm-

2s-1, which is ten times lower than light levels in ex vitro environments, which correlates with natural 

shading. The biomass accumulation is reduced in a lower energy environment, which includes lower 

ATP synthesis capacity and lower reducing power (NADPH). Low carbon-binding capacity tends to 

be reflected during acclimatization, with an additional probability of photoinhibition when 

photoprotection mechanisms are underdeveloped (Singh et al., 2017; Neto et al., 2020). 

The variations in the differential gene expression of the SrKAH13, SrUGT74G1 and SrUGT76G1 

enzymes, and the production of stevioside and rebaudioside A have not been previously addressed 

according to the changes that take place when passing from mixotrophic conditions (in vitro) to fully 

photoautotrophic conditions (ex vitro). As a novelty, it was observed that a great change occurs with 

respect to the relative expression of the genes SrKAH13 and SrUGT76G1 when comparing plants 

grown for 30 days in the rooting stage in MS medium with plants grown for the same time in a mixture 

of peat and zeolite substrate during the acclimatization stage. This increase was significant 30 days 

after the plants were in acclimatization (Fig 6). Although a significant difference was observed in the 

expression of SrUGT74G1 between plants in vitro and ex vitro, the expression of this gene was 

observed at the lowest relative level. The increase in the relative expression of the genes SrKAH13, 

SrUGT74G1 and SrUGT76G1, and the production of stevioside and rebaudioside A in plants grown 

in vitro during rooting was compared to results for plants after 30 days of acclimatization. This 

indicated that the plants laying to produce a high content of these compounds in a short period of 

time under the ex-vitro conditions. 
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5. Conclusions 

The design and improvement of a micropropagation protocol emphasizing on the acclimatization 

stage for S. rebaudiana cv. Morita II offers a new alternative for the obtention of seedlings with higher 

survival rates. It was found that the mixture of peat and zeolite substrates favored all the studied 

physiological parameters, as well as the higher production of stevioside and rebaudioside A. On the 

other hand, when evaluating the implication during transition from in vitro conditions (mixotrophic) 

compared to ex vitro plants (photoautotrophic) during a time of 30 days, a marked difference was 

observed in the increment of the relative expression of the studied genes, as well as in the production 

of stevioside and rebaudioside A. All these elements have a great relevance for the worldwide 

commercialization of sweeteners, as well as to promote its use in the food and pharmaceutical 

industries. 
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IV. CAPÍTULO III. Comparison of different in vitro micropropagation methods  of Stevia 

rebaudiana B. including temporary immersion bioreactor (BIT
®
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Abstract  

Stevia rebaudiana is beneficial to treat diabetes because of its low-calorie glucoside sweeteners. 

Natural and vegetative propagation are inefficient. In vitro techniques are an attractive alternative but 

low propagation and reproducibility rates have been reported. Therefore, different ways to increase 

natural sweetener production   in vitro, such as BIT®, are required. We compared semi- solid medium, 

liquid medium and BIT® in terms of Stevia biomass and steviol glycosides production. At 21 days of 

culture, morphological quality of BIT®-derived shoots was best and coupled with shoot fresh and 

dry weight that were more than seven times higher in BIT® compared with micropropagation in liquid 

or semisolid media. In turn, the total content of steviol glycosides produced was also higher in 

bioreactors. The usefulness of BIT® to produce plant metabolites in vitro is again demonstrated, even 

if additional experiments are required to increase the economic efficiency of the process. 

Keywords Plant natural products · Steviol glycosides · Sweet grass · In vitro culture systems 

 

Introduction  

Stevia rebaudiana (Asteraceae; sweet grass) is considered as an important medicinal plant as it 

possesses many beneficial effects on type II diabetes, possessing low-cal- orie glucoside sweeteners 

(Brahmachari et al. 2011). The plant contains also important natural antioxidants such as 

flavonoids, phenols, tannin and essential oils (Christaki et al. 2013). 

Natural propagation of Stevia is restricted by the low viability of seeds due to self-incompatibility, 

which causes the production of sterile seeds. Vegetative propagation is also limited to a low number 

of individuals that may be obtained from a single plant and successfully adapted to the soil 

(Carneiro et al. 1997). A large number of plants from an ideal cum better-quality genotype using a 

desirable explant could be harvested by employing in vitro culture system and it has been proved 

smart propagation to preserve the uniformity within short culture duration (Sivanandhan et al. 2015). 

Stevia rebaudiana micropropagation protocols have been reported by different authors 
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(Ramírez-Mosqueda et al. 2016), who generally found low propagation and reproducibility rates. On 

the other hand, different studies have emphasized the need for techniques that allow efficient in 

vitro stevioside and rebaudioside yields (Suarez and Quintero 2014). A production comparative 

analysis of these compounds in in vivo plants, in vitro-plants, dedifferentiated calluses, cell 

suspensions and regenerated shoots has shown identical qualitative composition. How- ever, steviol 

glycosides content in in vitro cultured material has been five to six times lower than in field growth 

plants (Bondarev et al. 2001). The use of elicitors have been used to increase steviosides 

production, in vitro shoot growth, and biomass accumulation in micropropagated S. rebaudiana 

(Bayraktar et al. 2016) as well as Agrobacterium mediated hair root cultures to steviol glycosides   

production (Pandey et al. 2016). Therefore, alternative ways to increase natural sweetener 

production in vitro, such as BIT®, are required. 

Several authors have reported the use of bioreactors to increase production of biomass and 

plant chemical compounds: e.g. phenolics in sugarcane (Lorenzo et al. 2001), proteases in 

pineapple (Perez et al. 2004), cardiotonic glycosides in Digitalis purpurea L. (Pérez-Alonso et al. 

2009), proteins in Nicotiana tabacum (Michoux et al. 2013), steroids in Withania somnifera 

(Sivanandhan et al. 2014) and alkaloids in plants of the family Amaryl- lidaceae (Georgiev et al. 

2014). In S. rebaudiana, Alva- renga-Venutolo and Salazar-Aguilar (2015) and Ramírez- Mosqueda 

et al. (2016) have conducted studies about the use of RITA®; a design of BIT® different from the 

one used here; but endogenous levels of steviol glycosides produced in vitro were not reported. 

Compared to RITA®, BIT® allows more gas exchange and is more flexible to be scaled- up, e.g., 

from 250 mL to 20 L (Escalona et al. 1999, 2003). The present study compared three in vitro culture 

methods: semisolid medium, liquid medium and BIT®, in terms of the production of S. rebaudiana B. 

biomass and steviol gly cosides content. 
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Material and Methods  

In vitro culture establishment of cv. Morita II was implemented according to Espinal de Rueda et 

al. (2006). Nodal segments from greenhouse mother plants were disinfected with sodium 

hypochlorite (1% v: v) for 5 min; washed three times with sterile distilled water; and cultivated in solid 

Murashige and Skoog (1962) salts medium supplemented with 30 gL-1 sucrose, 100 mgL-1 myo-

inositol and 1 mgL-1 thiamine for 21 days. Nodal segment multiplication was per- formed in the same, 

semisolid, medium containing in addition agar 6 gL-1 and 0.25 mgL-1 benzyl amino purine. At 7th 

subculture age of nodal segment multiplication, with sub- cultures every 21 days, homogeneous 

nodal segments were selected to initiate the experiments. 

Nodal segments (1 cm) with two axillary buds were cultivated either on semisolid (Fig. IV.1a) 

or liquid medium (Fig. IV.1b), or BIT® (Fig. IV.1c). Each culture method involved three replicates of 

20 nodal segments (total: 60 segments/ method). Each 1000 ml glass flask contained 250 mL 

medium (i.e., 12.5 ml/explant). Multiplication medium was the same as above and cultures were 

maintained under fluorescent cold light (80 µmol m-2 s-1, 16 h per day) at 28 ± 2 °C. At 21 days of 

culture, the indicators measured were: number of leaves per shoot; shoot number per explant; 

number of internodes per shoot formed; shoot length (cm), total fresh and dry weight per culture 

container (g). Water content of plant material (%) was calculated WC = (FW − DW)/FW × 100; and 

steviol glycosides content measured. To measure steviol glycosides levels, the protocol by Vázquez-

Baxcajay et al. (2014) was followed. Briefly, shoots were oven-dried (HS 62A) at 65 °C for 72 h, then 

milled in a Micro-Feinmuhle-Culatti mill at 500 rpm to 0.7 mm particle diameter. For extraction, 

90% ethanol (2 mL per 0.2 g of dry plant material) was used. The extraction mixture was shaken for 

2 h at room temperature. homogenate was centrifuged at 8000×g for 10 min and the supernatant 

was collected for steviol glycosides quantification. To quantify steviol glycosides content, the 

absorbance at 210 nm was recorded. Steviol glycosides content was referred to a calibration curve 

(1 mgmL-1). Steviol glycoside content was expressed as mg/g dry weight (DW); mgg-1 fresh weight 

(FW) and steviol glycosides total g produced (Kolb et al. 2001). Middle-aged leaves of greenhouse- 

grown S. rebaudiana plants (0.5-year-old) were also sampled and analyzed. 
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Stevioside and rebaudioside analysis A cuantification by HPLC  

To quantify the levels of Rebaudioside A (≥ 96% HPLC), and Stevioside standards (≥ 98% HPLC), 

acquired from Sigma Aldrich, St. Louis, Missouri, USA. A.  Chromatographic method was carried out 

under isocratic conditions in a Varian System (Darmstadt, Germany), consisting of a Pro Star 230 

pump, a 335-diode array detector set to a wavelength of 210 nm. A Luna HILIC analytical column 

(250 x 4.6 mm, 5 µm particle size, Phenomenex, Aschaffenburg, Germany) was used to analyze 

stevioside and rebaudioside A. The mobile phase consisted of acetonitrile: water (85:15, v: v) 

adjusted to a flow rate of 1.0 mL·min-1 maintained at 25°C. 

Statistical analysis 

The in vitro culture experiment, in a completely randomized design, was repeated three times 

and representative data are shown here, while steviol glycoside quantification was repeated nine 

times. SPSS (version 20.0) was used to perform One-Way ANOVA and Tukey (α = 0.05). Previously, 

normal distribution and homogeneity of variances were also demonstrated according to 

Kolmogorov–Smirnov (α = 0.05) and Levene (α = 0.05) tests, respectively. For the statistical analysis 

only, discrete variables (leaves and inter- nodes number) were transformed according to y′ = y0.5. 

Result and Discussion 

On 21st day of culture, multiple shoots grew in temporary immersion bioreactor, BIT® exhibited 

greater morpho- logical features such as better expanded or larger leaves, taller shoots or shorter 

nodal segments and green intense color (Fig. IV.1d). Several statistically significant differences were 

observed in quantitative data (Table IV.1). Dry weight (mg/g) and total dry weight (g) per container 

in temporary immersion bioreactor, BIT® were remarkably higher (around 9.6–6.6 times) when 

compared to liquid and semi- solid culture methods respectively. The total steviol glyco- sides 

content (mgg-1) did not differ significantly between semisolid and BIT® culture, however a higher 

production (0.169 g per container) was obtained in the BIT® due to the greater accumulation of plant 

material produced. 



92 

BIT® clearly increased total fresh weight expressed as shoots with higher size leaves and steviol 

glycosides con- tent (Table IV.1). These results might be due to the efficacy of BIT® that combine 

ventilation of the plant tissues with intermittent contact between the entire surface of the tissue and 

the liquid medium. These two characteristics are not usually combined in other liquid and semisolid 

culture procedures (Berthouly and Etienne 2005). On the other hand, in BIT®, there is a direct 

contact of the culture medium with the leaves, leading to the possibility of nutrient uptake by them, 

unlike in semisolid medium (Escalona et al. 1999, 2003; Ziv 2005). 

Table. IV.1. Effects of culture methods on multiplication and contents of steviol glycosides at 21 

days of culture 

 Liquid culture 

medium 

Semisolid culture 

medium 

Temporary immersion 

bioreactor 

Number of leaves per nodal segment (n = 20) 15.0 ± 0.9 b 19.0 ± 0.8 a 17.0 ± 0.6 a 

Shoot number per nodal segment (n = 20) 2.0 ± 0.1 b 4.0 ± 0.2 a 5.0 ± 0.3 a 

Number of internodes per shoot formed (n = 20) 6.5 ± 0.4 b 8.6 ± 0.6 a 10.3 ± 0.9 a 

Shoot length (n = 20) (cm) 4.7 ± 0.3 b 5.0 ± 0.2 b 7.4 ± 0.5 a 

Total fresh weight per container (n = 3) (g) 5.1 ± 0.2 b 5.5 ± 0.5 b 35.9 ± 2.8 a 

Total dry weight per container (n = 3) (g) 0.50 ± 0.03 b 0.60 ± 0.01 b 3.91 ± 0.21 a 

Shoot water content (n = 3) (%) 90.1 ± 8.3 b 80.3 ± 6.5 a 80.5 ± 5.4 a 

Steviol glycosides content    

mg/g dry weight (DW) (n = 3) 35.30 ± 2.36 c 40.05 ± 2.78 b 43.40 ± 3.11 a 

mg/g fresh weight (FW) (n = 3) * 3.46 ± 0.25 c 4.36 ± 0.34 b 4.73 ± 0.12 a 

Total g per container (n = 3) 0.0176 ± 0.0008 b 0.0239 ± 0.0011 b 0.1698 ± 0.0019 a 

Results with the same letter are not statistically different (One Way ANOVA, Tukey, P > 0.05). For statistical analysis 

only, the number of leaves, shoots and indernodes were transformed according to y′ = y0.5 

*In greenhouse-grown S. rebaudiana plants (0.5-year-old), content of steviol glycosides in middle-aged leaves 

reached 7.65 ± 0.55 (SE) mg/g FW (7.65%) 

 

Steviol glycosides content in leaves and stems of three Stevia clones was reported by Bondarev 

et al. (2001). They found marked differences between in vivo and in vitro culture produced tissues 

(callus, cell suspension culture, morphogenetic callus and shoots regenerated from callus). Steviol 

glycosides qualitative composition in in vitro plants was found to be identical to that of in vivo plants, 

but their content appeared to be about five or six times lower. The stevioside content of field-grown 

plants was identified as 15.06 mgg-1 DW (Bayraktar et al. 2016). However, steviol glycoside content 
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for cv. Morita II shoots achieved in BIT® culture in this study was two times higher than previously 

reported by Bayraktar et al. (2016). 

Fig. IV.1 Design of plant culture methods and typical phenotype of shoots produced. Glass size 

container used for micropropagation (1000 ml) and 250 ml culture medium volume (12.5 ml medium/ 

explant) for each culture method assayed. Nodal segments number 20 explants. a 

Micropropagation on semisolid medium. b Micropropagation in liquid medium, with shoots 

maintained on filter paper supports. c Operating cycle of BIT®. (1) non-immersed stage, shoots 

were free-standing on the bottom of the culture vessel. ( 2) Beginning of the immersed stage; an 

overpressure was applied and the medium was pushed up into the plant container, immersing the 

shoots for 3 min. (3) End of the immersed stage, a second solenoid valve was opened and the culture 

medium was removed into the reservoir. These steps were performed every 6 h. The air pump and 

electric valves were under control of a timer (Escalona et al. 1999, 2003). 

 

We have quantified the content of stevioside and rebaudioside A in plants of S. rebaudiana cv. 

Morita II, in the three propagation methods evaluated (solid; liquid; BIT). Fig. IV.2 shows the content 

of stevioside and rebaudioside A comparing the representative contents in each culture method 

evaluated. We found a notable change in the relative abundance of stevioside and rebaudioside A 

in plants grown for 21 days in BIT compared to the solid and liquid micropropagation methods (Fig. 

IV.2). 
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Fig. IV.2 Levels of stevioside and rebaudioside A in extracts of leaves from S. rebaudiana cultivar 

Morita II (mg·mg-1 of dry weight), Grown for 21 days under three different propagation methods (BIT; 

Semisolid medium and Liquid Medium). Results with the same letter are not statistically different (One Way ANOVA, 

Tukey, P<0.05, n= 5). 

 

The highest contents of rebaudioside A and stevioside (4.37 and 2.22 µg·mg-1 of dry weight) were 

reached in plants grown in BIT. While the treatments of plants grown in liquid and semi-solid medium 

did not show significant differences between them. Our results are similar to those obtained by 

Villamarín et al., 2020, they study the effect of inoculation with T. asperellum on the growth and 

accumulation of steviol glycosides and phenolic compounds and obtain better growth and a higher 

content of steviol glycosides for plants propagated under these conditions. 

The BIT that showed the best results in terms of plant elongation, number of leaves, and almost 

all the morphological traits evaluated (Fig IV.3). This is due to the properties of a vertical container, 

the space between the explants and the upper part of the container is greater compared to the other 

cultivation methods evaluated. This allows a greater availability of gases and space for the elongation 

of the explants, and thus also promoting a greater metabolic activity with regard to the production of 

stevioside and rebaudioside A. The immersion systems evaluated will allow scaling-up and, 

therefore, obtaining a greater number of plants compared with the conventional semi-solid or liquid 

system. We obtained with the BIT system a greater sprouting and shoot length in the cultivar 'Morita 

II and also a higher SGs production.  
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Fig IV.3. Typical phenotype of S. rebaudiana shoots grown for 21 days under three different 

propagation methods (BIT; Semisolid medium and Liquid Medium). 

 

Conclusions 

The environmental conditions in BIT® have been previously reported to have a crucial influence 

on plant growth, physiology, and carbon metabolism in plantain leaves (Aragón et al. 2014), due 

to the continuous renewal of the atmosphere surrounding the plantlets which favors auto- trophic 

nutrition, growth and production of secondary metabolites such as steviol glycosides. The 

experiments shown here demonstrate again this usefulness of BIT® to produce plant metabolites in 

vitro, although additional experiments are required in the particular case of S. rebaudiana to increase 

biomass production and formation of natural sweeteners. Such photomixotrophic culture studies 

using BIT® to increase biomass production levels of S. rebaudiana cv: Morita II are underway. 
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V. DISCUSIÓN GENERAL 

La Stevia rebaudiana (Bertoni) Bertoni (Asteraceae) es una planta modelo, ideal para el estudio 

de patrones de glicosilación en metabolitos especializados tipo terpenos, no sólo porque sus hojas 

acumulan más de 30 tipos de SGs sino también por su corto ciclo de crecimiento y fácil reproducción 

(Petit et al., 2020). 

Stevia es única debido a la producción de SGs, que son metabolitos especializados 

pertenecientes al grupo diterpenoides y que comparte ruta biosintética similar a los de las giberelinas 

(GA). Las GA son esencial para el crecimiento y desarrollo normal de las plantas, y los genes 

implicados en la vía de biosíntesis de GA se conservan y regulan estrictamente en plantas superiores 

(Li et al., 2021). Parece que la biosíntesis de SGs y GA deberían estar espacial o temporalmente 

separadas; para evitar perturbar la normalidad del metabolismo de GAs12; sin embargo, la síntesis 

de SGs y los mecanismos de separación de los mismos con respecto a la biosíntesis de GA en 

Stevia continúan siendo una de las piedras rosetas del metabolismo secundario de terpenos en esta 

especie (Kurze et al., 2021).  

El contenido de SGs está en parte determinado por la genética de los diversos cultivares de S. 

rebaudiana (Tavarini et al., 2018). Para analizar en qué medida la expresión de genes relacionados 

con las principales enzimas de la ruta metabólica de SGs difiere entre aspectos genéticos y cómo 

afecta la acumulación de SGs, se estudió el contenido de esteviósido y rebaudiósido A en hojas de 

los cultivares de S. rebaudiana Morita II y Criolla, que de los más conocidos y cultivados. De acuerdo 

con investigaciones previas, Morita II presenta un alto contenido de SGs, particularmente 

rebaudiósido A (Aranda-González et al., 2015; González-Chavira et al., 2018; Abdelsalam et al., 

2019). Específicamente en nuestro estudio, comparamos los cultivares Morita II y Criolla, en la misma 

edad fisiológica y bajo las mismas condiciones ambientales crecidas en invernaderos, los niveles de 

Rebaudiósido A fueron 9,69 veces superiores a los producidos por el cultivar Criolla. Es importante 

destacar que la gran cantidad de rebaudiósido A en el cultivar Morita II fue específica para este SGs, 
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ya que los niveles de esteviósido no fueron tan altos; de hecho, la concentración de esteviósido fue 

3.4 veces menor en el cultivar Morita II que en el cultivar Criolla. 

Decidimos evaluar los niveles de expresión génica de SrKA13H, que codifica para la enzima 

KA13H, extremadamente clave y responsable de formar el esqueleto base aglicona (esteviol) y 

favorecer la posterior síntesis de SGs, metabolito a partir del cual se diversifica la ruta de los SGs 

(Fig. II.1). Por tanto, para favorecer la producción de SGs, es necesaria la síntesis de esteviol. Se ha 

reportado que la sobreexpresión de SrKA13H puede conducir a la acumulación de esteviol como 

ocurre cuando se sobre expresa en E. coli (Wang et al., 2016; Moon et al., 2020).  

Mediante el uso de ensayos in vitro e in vivo, se estableció la naturaleza promiscua de las enzimas 

UGT74G1 y UGT76G1, que mostraron una especificidad de sustrato más amplia, catalizando la 

formación de una variedad de productos, lo que aporta una mayor complejidad a la regulación del 

metabolismo de los SGs (Richman et al., 2005; Wu et al., 2020). Por lo tanto, estas enzimas pueden 

contribuir a la síntesis tanto del esteviósido como del rebaudiósido A. Al comparar la transcripción 

de estos genes entre cultivares, todos presentaron niveles más altos de expresión en el cultivar 

Morita II que en la Criolla. La naturaleza promiscua de UGT74G1 y UTG76G1 se podría relacionar 

con que los niveles de rebaudiósido A y no los de esteviósido fueran más altos en Morita II. Además, 

el esteviósido puede ser sustrato de UGT76G1 para generar el rebaudiósido A. La mayor diferencia 

de expresión entre los dos cultivares se observó en SrUGT76G1, esto concuerda con la alta actividad 

que conduce a la síntesis del rebaudiósido A, al consumirse esteviósido. Cuando SrUGT76G1 se 

expresa en niveles bajos, el esteviósido se puede acumular como ocurre en el cultivar Criolla, lo que 

resulta en un mayor contenido de esteviósido que el rebaudiósido A, como se describió anteriormente 

(Angelini y Tavarini, 2014). 

No solo las condiciones genéticas, sino también ambientales y de crecimiento pueden afectar la 

síntesis de SGs. Entre los diferentes factores abióticos, el efecto de la luz sobre la producción de 

SGs ha sido abordado por diferentes autores (Ceunen et al., 2012; Ceunen y Geuns, 2013a, 2013b; 

Jarma-Orozco et al., 2020; Shulgina et al., 2021; Yoneda et al., 2017a, 2017b). Estos trabajos 
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abordan diferentes aspectos como la intensidad lumínica y la calidad de la luz. En nuestro trabajo 

analizamos el efecto de la intensidad de la luz teniendo en cuenta: (1) los posibles efectos negativos 

provocados por un exceso luz, evitando esto se seleccionó intensidades de luz por debajo del punto 

de saturación de lumínica; (2) que la etapa de desarrollo fisiológico sea lo más homogénea posible 

puede influir en el contenido de SGs (Ceunen y Geuns, 2013b), por lo cual los diferentes tratamientos 

lumínicos se aplicaron durante 15 días al cultivar Morita II, y (3) cómo las diferentes intensidades de 

luz pueden afectar la expresión génica de las enzimas biosintéticas de SGs más abundantes 

(SrHA13H, SrUGT74G1, SrUTG76G1) y su correlación con la composición de esteviósido y 

rebaudiósido A.  

La actividad de las enzimas KO y KA13H requiere el apoyo de una citocromo P450 reductasa 

(CPR) dependiente de NADPH para convertir ent-kaureno en ácido ent-kaurenoico y finalmente en 

esteviol (Fig. II.1) (Zhou et al., 2021; Ko y Woo, 2021). Al reconstruir la vía de las SGs en E. coli, se 

ha demostrado que el ácido ent-kaurenoico se acumula a mayores niveles de NADPH (Moon et al., 

2020). Por lo tanto, podemos especular que la actividad de estas enzimas dependientes de NADPH 

dependerá de la fotosíntesis. Con tasas de fotosíntesis más altas, se espera que la actividad 

promovida del módulo KO-CPR-KA13H pueda favorecer la acumulación de esteviol, que a su vez 

puede estimular las siguientes reacciones de glicosilación para producir SGs. Esto se vincula con 

nuestros resultados en los que, el contenido de SGs aumentó al mismo tiempo que se intensificó la 

luz (Fig. II.5F). Se desconoce si la planta se beneficia de la acumulación de SG en condiciones de 

mucha luz. 

A mayor intensidad luminica 900 µmol·m-2·s-1 se observó un incremento en la producción de SGs 

Aunque aumentó los niveles totales de estos metabolitos, la proporción de esteviósido también fue 

la más alta. Sin embargo, aunque los niveles de rebaudiósido A fueron significativamente más altos 

a mayor intensidad de luz, la proporción de rebaudiósido A esteviósido fue la más baja. Este es un 

aspecto importante a considerar cuando se utilizan SGs como edulcorantes naturales, debido al 

amargor del esteviósido. El tipo de SGs sintetizados se puede relacionar con la expresión de las 

enzimas biosintéticas. Varios trabajos han observado que la expresión de SrKA13H, SrUGT74G1 y 
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SrUGT76G1 cambia en diferentes condiciones ambientales como la salinidad (Lucho et al., 2019), o 

bajo el efecto de diferentes elicitores como ácido salicílico, quitosano y peróxido de hidrógeno 

(Vazquez et al., 2019). Yoneda et al. (2017b) estudiaron la interacción de diferentes tratamientos de 

luz y la expresión de enzimas biosintéticas de SGs en S. rebaudiana. Aunque este trabajo también 

evaluó diferentes intensidades de luz, los cambios más importantes en la expresión génica y la 

acumulación de SGs se observaron cuando se aplicaron tratamientos con luz roja, roja lejana y al 

final del día con luz roja lejana. Otros autores también han informado del aumento del contenido de 

SGs al complementar con luz roja o roja lejana (Ceunen et al. 2012; Shulgina et al., 2021). 

Desafortunadamente, este trabajo no evaluó los contenidos de SGs bajo diferentes intensidades de 

luz. Además, la biomasa de S. rebaudiana fue muy diferente bajo los tratamientos estudiados, lo que 

también se describe en estudios donde se evalúan fotoperiodos largos (Ceunen y Geuns, 2013a, 

2013b).  

En nuestro estudio, la expresión de genes SrKA13H, UGT74G1 y UGT76G1 aumentó a 

intensidades de luz más altas. Sin embargo, no se puede afirmar que las cantidades de esteviósido 

y rebaudiósido A producidas a diferentes intensidades de luz evaluadas dependan exclusivamente 

de la mayor expresión de un gen con respecto al otro. Por ejemplo, a niveles de intensidad de luz 

media y alta, no se observaron diferencias significativas en la expresión de SrKA13H y SrUGT76G1. 

Sin embargo, se observó una mayor producción de rebaudiósido A. Esto se puede explicar por la 

mayor expresión de la enzima SrUGT74G1 junto con las intensidades de luz crecientes que se 

corresponde con una acumulación de esteviósido, también actúa como un precursor del 

rebaudiósido A. Por lo tanto, para aumentar los niveles de rebaudiósido A y obtener extractos con 

más dulzor, no sólo es necesario incrementar su enzima biosintética directa, sino también otras 

involucradas en los pasos previos de la vía. 

La micropropagación de plantas con rasgos deseables ha sido una piedra angular del desarrollo 

social a lo largo de la historia. Su aplicación tecnológica actual va desde el uso de plantas 

ornamentales, agrícolas y medicinales, con aplicación en la agricultura y la industria farmacéutica 

(Banerjee et al., 2019). Uno de los edulcorantes más reservados biológicamente y bajos en calorías 
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son los obtenidos de las hojas de S. rebaudiana, que ha generado su cultivo extensivo a nivel mundial 

para producir SGs como el esteviósido y el rebaudiósido A, metabolitos especializados con un dulzor 

de 250 a 450 veces mayor que el de la sacarosa (Sun et al., 2021). 

El cambio en las plantas de condiciones in vitro a condiciones de invernadero ex vitro es crucial 

y significa que las plantas pasan por un período de aclimatación para sobrevivir (Klimeket al., 2015). 

Durante esta etapa, las plantas se ven obligadas a formar nuevas raíces funcionales y pasar a ser 

completamente fotoautótrofas (Shekhawat et al., 2021). El éxito de la etapa de aclimatación está 

condicionado por factores como la humedad, el tipo y calidad del sustrato, la temperatura y el manejo 

agronómico (Khandel et al., 2021). Uno de los principales indicadores a evaluar en la etapa de 

aclimatación es la tasa de supervivencia (Seon et al., 2000).  

Se han realizado considerables esfuerzos para optimizar las condiciones de transición cultivo in 

vitro a ex vitro en plantas de S. rebaudiana. Sin embargo, aún son escasos los estudios del proceso 

de aclimatación, etapa fundamental para el desarrollo exitoso de un protocolo completo de 

micropropagación (Angelini et al., 2016). Manjusha y Sathyanarayana (2010) evaluaron la inmersión 

de brotes de S. rebaudiana en soluciones a diferentes concentraciones de BAP en la etapa de 

aclimatación y observaron que el uso de 3 mg·L-1 resultó en un mayor número de brotes, aumentaron 

otros parámetros de crecimiento promedio y el porcentaje de supervivencia 75.80%, 25.29% más 

que el testigo, que fue 60.50%. Mayores niveles de supervivencia (92%) se obtuvieron en nuestro 

estudio en brotes de S. rebaudiana cv. Morita II cultivados sobre el sustrato formulado por turba y 

zeolita 1: 1 (v: v) (Tabla III.3). 

En nuestra investigación, se estudió la influencia que podría tener el tránsito de las plantas 

cultivadas en condiciones foto-mixotróficas (in vitro) a condiciones foto-autotróficas (etapa de 

aclimatación ex vitro) sobre la expresión génica relativa de las principales enzimas de la vía 

metabólica, así como en la producción de esteviósido y rebaudiósido A. Para lograr una mayor 

producción de SGs in vitro, varios autores han estudiado cómo aumentar los niveles de expresión 

génica de las principales enzimas de la vía metabólica de los SG, mediante el uso de elicitores 



104 

osmóticos como NaCl y manitol en ambientes in vitro (Ghaheri et al., 2019). Observaron que el 

tratamiento de control mostró los niveles de expresión más altos con respecto al aumento de las 

concentraciones de NaCl. Por otro lado, los estudios sobre el efecto de diferentes concentraciones 

de manitol favorecieron, en algunos casos, el aumento diferencial de genes como SrUGT74G1, 

mientras que la expresión de otros como SrUGT76G1 no difirió significativamente (Azzam et al., 

2021).  

En nuestro estudio la expresión génica relativa de SrKAH13, SrUGT74G1 y SrUGT76G1 fueron 

similares a las obtenidas por estos autores en el tratamiento control, resultado relacionado con el 

hecho de que en nuestro protocolo no se utilizaron elicitores para provocar la sobreexpresión de 

genes o producción de SG en condiciones in vitro. En cuanto al contenido de esteviósido y 

rebaudiósido A, los porcentajes reportados por estos trabajos son inexactos. En nuestro trabajo, los 

brotes de S. rebaudiana cultivados durante la etapa de enraizamiento in vitro durante 30 días 

mostraron bajos niveles de expresión génica y bajos contenidos de esteviósido y rebaudiósido A. 

De acuerdo con el contenido de esteviósido y rebaudiósido A, se observó una diferencia 

significativa entre las plantas ex vitro (cultivadas en la mezcla de sustrato turba más zeolita) en 

comparación con las plantas en la fase de enraizamiento in vitro. En la mayoría de los sistemas de 

propagación in vitro, el flujo de fotones fotosintéticos típico es alrededor de 40 μmolm-2s-1, diez 

veces más bajo que los niveles de luz en ambientes ex vitro. En un entorno de menor energía, que 

incluye menor capacidad de síntesis de ATP y menor poder reductor (NADPH), se reduce la 

acumulación de biomasa. La baja capacidad de fijación de carbono tiende a reflejarse durante la 

aclimatación, con una probabilidad adicional de fotoinhibición cuando los mecanismos de foto-

protección están subdesarrollados. (Singh et al., 2017; Neto et al., 2020). 

Como novedad, en nuestro estudio observamos que, al comparar plantas cultivadas durante 30 

días en la etapa de enraizamiento en medio MS con plantas cultivadas por el mismo tiempo en una 

mezcla de sustrato de turba y zeolita durante la etapa de aclimatación, se produjo un cambio 

considerable con respecto a la expresión relativa de los genes SrKAH13 y SrUGT76G1, siendo 
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significativo el incremento 30 días después de estar en aclimatación (Fig. III.6). Por otro lado, aunque 

se observó una diferencia significativa en la expresión de SrUGT74G1 entre plantas in vitro y ex vitro, 

la expresión de este fue el más bajo. El aumento en la expresión relativa de los genes SrKAH13, 

SrUGT74G1 y SrUGT76G1 y la producción de esteviósido y rebaudiósido A, comparadas con plantas 

cultivadas in vitro durante el enraizamiento, indica que las plantas producen un alto contenido de 

estos compuestos en un corto período de tiempo al pasar a condiciones foto-autotróficas. 

Finalmente, hemos cuantificado el contenido de esteviósido y rebaudiósido A en plantas de S. 

rebaudiana cv. Morita II, propagadas in vitro por tres métodos diferentes (medio semi-sólido; medio 

líquido y BIT). Encontramos un cambio notable en la abundancia relativa de esteviósido y 

rebaudiósido A en plantas cultivadas durante 21 días en BIT en comparación con los métodos de 

micropropagación semisólido y líquido (Fig. IV.2). 

Se ha informado anteriormente que las condiciones ambientales en BIT® tienen una influencia 

crucial en el crecimiento de las plantas, la fisiología y el metabolismo del carbono en las hojas de 

plátano (Aragón et al. 2014), debido a la renovación continua de la atmósfera que rodea a las 

plántulas, lo que favorece la nutrición foto-autotrófica, crecimiento y producción de metabolitos 

especializados. En nuestro estudio, los BIT presentaron mejores resultados en cuanto a 

alargamiento de la planta, número de hojas y casi todos los rasgos morfológicos evaluados y también 

una mayor producción de SGs. Estos sistemas permiten un que el espacio entre los explantes y la 

parte superior del contenedor sea mayor en comparación con los otros métodos de cultivo evaluados, 

lo que facilita una mayor disponibilidad de gases y espacio para el alargamiento de los explantes, y 

así también promover una mayor actividad metabólica beneficiándose la producción de esteviósido 

y rebaudiósido A. Además, los sistemas de inmersión evaluados permitirán escalar y, por tanto, 

obtener un mayor número de plantas en comparación con el sistema convencional semisólido o 

líquido. 
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VI. CONCLUSIONES GENERALES 

1. Al comparar los niveles de transcripción de los genes estudiados (SrKA13H, SrUGT74G1 y 

SrUGT76G1) entre cultivares, todos presentaron niveles más altos de expresión en el cultivar 

Morita II que en el cultivar Criolla. La producción de rebaudiósido A fue 9,69 veces mayor en 

el cultivar Morita II, que acumuló 3,4 veces menos esteviósido, que el cultivar Criolla. 

2. Los niveles de transcripción de los genes SrKA13H, SrUGT74G1 y SrUGT76G1 en el cultivar 

Morita II, aumentaron a mayores intensidades lumínicas, favoreciendo la producción de 

esteviol glicósidos. 

3. Se encontró que la mezcla de sustratos turba más zeolita favoreció todos los parámetros 

fisiológicos estudiados, así como la mayor producción de esteviósido y rebaudiósido A. 

Durante la transición de vitroplantas de condiciones mixo-tróficas (enraizamiento in vitro) a 

condiciones foto-autotróficas (aclimatación ex vitro), los niveles de transcripción génica de 

SrKA13H, SrUGT74G1 y SrUGT76G1 y la producción de diterpenos glicosilados aumentaron 

significativamente en plantas de S. rebaudiana (cv. Morita II). 

4. Al comparar tres métodos de cultivo (medio semisólido, medio líquido y biorreactores de 

inmersión temporal) en términos de biomasa y producción de glucósidos de esteviol, se 

registraron los mayores indicadores de calidad morfológica y el mayor contenido de esteviol 

glicósidos en brotes cultivados en biorreactores de inmersión temporal, demostrándose que 

este sistema de cultivo in vitro es un método eficiente para la obtención de metabolitos 

especializados con alto poder edulcorante como el rebaudiósido A y el esteviósido. 
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