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Resumen

El éxito en el desarrollo de raices adventicias (RA) es una limitante importante para la
propagacion de especies lefiosas. La habilidad para formar RA estd muy afectada por
el genotipo. Sin embargo, no se conocen exactamente las causas de esas diferentes
respuestas. Un paso importante para dilucidar los mecanismos moleculares que
regulan la diferenciacion de RA en Acca sellowiana es la identificacion y estudio de
expresion de genes involucrados en la regulacion del proceso. Se seleccionaron dos
genotipos con capacidad de enraizamiento contrastante (R: altay NR: baja); se estudio
la expresion de ciertos genes, la anatomia y los cambios bioquimicos en respuesta al
agregado exogeno de acido indol butirico y el tipo de estaca. Los nuevos meristemas
se desarrollaron por fuera del cambium a los 14 dias, sin formacion de callo; las nuevas
raices emergieron a los 28 dias. Las estacas se comportaron de manera diferente, tanto
su anatomia in vivo como la respuesta bioquimica in vitro. Se encontraron diferencias
anatomicas que pueden explicar la distinta habilidad para desarrollar RA. El genotipo
NR present6é un desarrollo mas temprano de la peridermis. Este tejido podria usarse
como un marcador confiable del cambio de fase para distinguir partes juveniles de
otras maduras que han perdido la capacidad de enraizamiento. Identificamos y
caracterizamos tres genes que estarian regulando el inicio del desarrollo de las RA:
AsPIN1, AsTIR1 y AsSHR. El analisis de su expresion mostro que en el genotipo de
NR AsTIR1 aumenta de manera importante en respuesta al AIB exdgeno enseguida de
su aplicacion. La expresion relativa de AsPIN1 and AsSHR también aumenta, pero 24
horas después. Se discute el significado bioldgico de este patron de expresion génica.
Los resultados obtenidos en el abordaje conjunto de aspectos anatémicos, genéticos y
fisioldgicos en la formacion de raices adventicias permitirdn aumentar la eficiencia de
la seleccion por capacidad de propagacion en las etapas iniciales de la domesticacion
de nuevos cultivos, asi como avanzar en el disefio de manejos y tratamientos para

mejorar la capacidad de enraizamiento de genotipos de interés recalcitrantes.

Palabras clave: domesticacion, juvenilidad, propagacion vegetativa, rizogenesis

adventicia



Anatomical and physiological basis of adventitious root differentiation in Acca

sellowiana (Myrtaceae)

Summary

Successful development of adventitious roots (AR) in cuttings imposes an important
limitation to the propagation of woody plants. The ability to form AR is strongly
affected by genotype. However, we lack an understanding of such different responses.
The identification and expression analysis of genes known to be involved in the
regulation of the process is an important step to elucidate the molecular mechanisms
that regulate AR differentiation in Acca sellowiana cuttings. We selected two
genotypes with contrasting rooting ability; we studied the expression of certain genes
and the anatomical and biochemical effects of exogenous indol-3-butyric acid and type
of cutting in rooting experiments. New meristems developed outside the cambial ring,
without callus formation by day 14 and new adventitious roots emerged by day 28.
Both anatomically in vivo and biochemically in vitro, cuttings behaved differently. We
found anatomical differences that might explain the differences in rooting ability. An
earlier development of a periderm was present in the difficult-to-root genotype. This
tissue could be used as a reliable phase-change marker to distinguish juvenile from
mature plant parts which have lost rooting capacity. We identified and characterized
three genes that might regulate the onset of AR development in A. sellowiana: AsPIN1,
AsSTIR1 and AsSHR. Their expression analysis showed that in the difficult-to-root
genotype AsSTIRL1 increases strongly, shortly after IBA induction treatment. Relative
expression of AsPIN1 and AsSHR also increases 24 hours later. The biological
significance of this gene expression pattern is discussed. The results obtained by an
approach that combines anatomical, genetic and physiological aspects will allow a
better understanding of these mechanisms and will lead to an improvement of selection
efficiency including this trait in the initial steps of the domestication of new cultures
and the design of better practices to improve rooting capacity of recalcitrant genotypes

of interest.

Keywords: domestication, juvenility, vegetative propagation, adventitious rooting



1. Introduccién

1.1. Importancia de la propagacion vegetativa para la domesticacion de especies

frutales nativas

La domesticacion puede definirse como la produccion de nuevas variedades o
genotipos con caracteristicas deseables para el ser humano a través del intercambio de
material genético via sexual o asexual (Harfouche etal., 2012). Es un proceso
evolutivo complejo en el cual el uso de especies vegetales y animales por parte de los
seres humanos lleva a cambios morfoldgicos y fisiologicos que distingue a los taxa
domesticados de sus ancestros silvestres (Purugganan y Fuller, 2009). Los seres
humanos dependemos para nuestra sobrevivencia de unas pocas especies silvestres que
han sido domesticadas. Sin embargo, existen muchas otras especies promisorias
pasibles de ser domesticadas conociendo cudles son las dificultades que previamente
impidieron o relegaron su domesticacion. EI modo de reproduccion es una
caracteristica asociada con la domesticacion que ha cambiado en muchas especies y
ha evolucionado hacia la autofecundacion o la sustitucion de la reproduccion sexual
por la propagacion vegetativa de manera de mantener la identidad genética de los
individuos cultivados (Gepts, 2004; McKey et al., 2010). Este cambio en el sistema de
propagacion tiende a asegurar la reproduccion aun en condiciones desfavorables y
mantiene la identidad genética del material vegetal (Gepts, 2004). Los avances en los
conocimientos de biologia molecular y genémica son elementos fundamentales para
avanzar en la domesticacion de esas especies relegadas, usando técnicas modernas para
superar esas dificultades (Diamond, 2002).

Las especies lefiosas perennes proporcionan un amplio rango de productos
comerciales y se encuentran en distintos estados de domesticacion (Harfouche et al.,
2012). Son predominantemente de polinizacidn abierta, lo que representa una limitante
para su domesticacion, ya que las ganancias en una caracteristica de interés resultantes
de cualquier cruzamiento son, en general, pequefias, debido al amplio rango de
variacion intraespecifica en la progenie que resulta de la polinizacion cruzada.
Asimismo, la larga fase juvenil de muchas especies arbéreas implica que se deba

esperar varios afios antes de poder evaluar, seleccionar y cultivar los frutos (Asaah,



2012). Estas dificultades pueden superarse mediante la clonacion de arboles
individuales con caracteristicas superiores. Se estima que la domesticacion de las
especies frutales comenzo de 3000 a 4000 afios a. C.; originalmente cultivadas a partir
de semillas, el desarrollo y cultivo de estas especies ha evolucionado mediante la
seleccion de clones élite y la posterior fijacién por propagacion vegetativa usando
injertos o estacas (Fuller etal., 2023; Janick, 2005). Las especies frutales nativas
presentan un gran potencial en comparacion con otros frutales comdnmente cultivados.
Sin embargo, en la mayoria de los casos existen pocos estudios sobre su origen,
evolucion y uso en su centro de origen (Nodari et al., 2008). El cultivo, en su mayoria,
se basa en la propagacion vegetativa y subsiguiente mejoramiento por recombinacion
sexual de genotipos élite. La propagacion clonal asegura que los genotipos favorables
pasen a la siguiente generacion del cultivo y ayuda a preservar genotipos muy
heterocigotos que muestren vigor hibrido; ademas, se pueden identificar y propagar
facilmente mutaciones favorables y fijar interacciones no aditivas (Bisognin, 2011).
En las especies lefiosas, de crecimiento lento, la propagacion clonal asegura un
crecimiento inicial mas rapido y una mayor tasa de sobrevivencia que la propagacion
por semillas (McKey etal., 2010). Los cultivos frutales que se pueden propagar
vegetativamente con facilidad se consideran preadaptados para su domesticacion
(Janick, 2005). Entre las primeras especies frutales domesticadas se encuentran la
higuera, el olivo, la bananay la vid, debido a la facilidad que presentan para propagarse
vegetativamente, entre otras caracteristicas (Spiegel-Roy, 1986). Muchos trabajos de
domesticacion de arboles frutales se han enfocado en la seleccion de caracteristicas
deseables de la fruta y su captura por técnicas de propagacion vegetativa (Leakey y
Newton, 1994). Por lo tanto, la propagacion clonal es un aspecto de creciente
importancia para la biologia de la domesticacién de plantas (McKey et al., 2010). De
las diferentes técnicas de propagacion vegetativa conocidas, la propagacion por estacas
es la alternativa mas comdnmente empleada en viveros comerciales por su bajo costo
y por ser una técnica relativamente sencilla, en comparacién, por ejemplo, con los

injertos.



1.2. Rizogénesis adventicia

La formacion de raices adventicias en estacas es un proceso critico que
representa una limitante para la propagacion de diversos cultivos (Druege et al., 2019;
Singh'y Tomar, 2023). En especies lefiosas, la pérdida de la capacidad de formar raices
adventicias esta asociada con la madurez fisiologica y es uno de los principales
factores que limitan el éxito de la propagacion vegetativa de los arboles adultos
seleccionados por su potencial productivo justamente cuando alcanzan la madurez
(Pizarro y Diaz-Sala, 2019). En plantas superiores se distinguen tres tipos de raices:
raices primarias, raices secundarias y raices adventicias. La raiz primaria se forma
durante las etapas tempranas de la embriogénesis y crece por la actividad del
meristema apical de raiz, el cual se divide en dos direcciones y en cuya parte central
se ubica el centro quiescente. La parte externa de este meristema da origen a la cofia o
caliptra, que acttia como sensor de la gravedad y lubrica a las raices creciendo a través
del sustrato; la parte interior estd compuesta por células en activa division, organizadas
en cinco capas concéntricas que daran origen a epidermis, corteza, endodermis,
periciclo y estela (Dolan etal., 1993). Las raices laterales son de origen
posembrionario y, a diferencia de las ramificaciones del tallo en que los meristemas
laterales se forman sobre la superficie del meristema apical, las raices laterales se
inician enddgenamente en el periciclo de la raiz primaria (Péret et al., 2009). Las raices
adventicias (RA) cumplen las mismas funciones que las raices laterales o secundarias,
pero se forman a partir de tejidos aéreos (Bellini et al., 2014). En muchas especies se
originan durante el desarrollo normal de las plantas y también en respuesta a
condiciones de estrés tales como anegamiento o heridas. Las RA inducidas por el corte
al extraer una estaca de la planta madre juegan un rol central para la propagacién de
numerosas especies de importancia, tanto lefiosas como herbaceas (Steffens y
Rasmussen, 2016). Estas RA emergen a partir de un pequefio grupo de células de los
tejidos vasculares o cercanas a ellos (Kidwai et al., 2023), llamadas células iniciales
de raiz (Evert, 2006), que se encuentran en diferentes tejidos del tallo, dependiendo de
la especie, tales como floema, parénquima u otros tipos celulares (Geiss et al., 2009;

Riov et al., 2013; Tarrago et al., 2005). Una caracteristica conservada es que las RA



siempre se desarrollan a partir de células vecinas a los tejidos vasculares (Bellini et al.,
2014; De Klerk et al., 1999; Kidwai et al., 2023). Al cortar una estaca se interrumpe el
suministro de agua, nutrientes y ciertas hormonas como las citoquininas provenientes
de la raiz y, al mismo tiempo, por encima del corte se genera una nueva fosa donde se
acumulan sustancias que normalmente se transportan hacia la raiz, como las auxinas;
se pone en funcionamiento un nuevo programa de desarrollo en determinadas células
de la base de la estaca en respuesta a la herida generada (Druege et al., 2019). El
proceso es desencadenado por numerosos factores tanto endégenos como exdgenos y
los diferentes genotipos varian en sus requisitos y necesidades a lo largo del proceso
de reestablecer un nuevo sistema radical (Di Battista et al., 2019). Dada la importancia
de la propagacion vegetativa en especies lefiosas, y, mas especificamente, las especies
frutales, es de gran relevancia profundizar en el conocimiento del proceso de
formacion de RA a través de una caracterizacion anatdmica, bioquimica y genética,
para poder entender cuales son los patrones fisiologicos que se asocian con la baja

capacidad de enraizamiento de algunos genotipos de interés productivo.
1.3. Etapas del proceso

Generalmente, se reconocen tres etapas en el proceso de desarrollo de raices
adventicias, cada una con requerimientos especificos: induccién, iniciacién vy
expresion (Bellini et al., 2014; De Klerk, 1996; Kevers et al., 1997; Pacurar et al.,
2014; Porfirio et al., 2016) (Figura 1). La fase de induccion comprende un periodo de
tiempo durante el cual ocurren cambios bioquimicos previos a las primeras divisiones
celulares, sin eventos histoldgicos visibles. El tipo de célula que participa en la
desdiferenciacion durante la etapa de induccion es parenquimética, generalmente
floema o parénquima cortical, y puede variar segun las especies (floema, parénquima
u otros tipos celulares) (Riov etal., 2013; Tarragé etal., 2005). Algunos de los
cambios que ocurren durante esta fase incluyen un incremento local en los niveles de
auxina en la base de la estaca, el establecimiento de una nueva fosa para carbohidratos
y un descenso transitorio en la actividad de enzimas peroxidasas. La etapa de iniciacion
se caracteriza por divisiones celulares que conducen a la formacion de un nuevo

meristema de raiz, generalmente asociado con un menor contenido de auxina 'y mayor



actividad peroxidasa. Durante la etapa de expresion, la nueva raiz formada crece a
través de la corteza radical, emerge a través de la epidermis y se establecen las
conexiones vasculares de la nueva raiz con el sistema vascular de la estaca (Aumond
etal., 2017; Bellini et al., 2014; Da Costa et al., 2013; De Almeida et al., 2017; De
Klerk et al., 1999; Stuepp et al., 2017). La duracién del proceso, desde que se extrae
la estaca de la planta madre hasta que se observan los primeros eventos anatomicos, es
extremadamente variable entre especies y también se ve afectada por la época del afio
y el tipo de estaca (Jackson, 1986; Naija et al., 2008). Todas las etapas del proceso de
formacion de nuevas raices adventicias ocurren, en Ultima instancia, en funcién de la
expresion diferencial de genes; por lo tanto, una buena estrategia de investigacion es
la exploracion de los programas de expresion genica que afectan el proceso. El
conocimiento de dicha regulacion serd de utilidad para entender las causas de la
variabilidad en las respuestas encontradas en diferentes materiales vegetales; por
ejemplo, saber si la baja capacidad de enraizamiento es debida a una menor
sensibilidad de los tejidos a las auxinas, pérdida de competencia para diferenciar raices

adventicias u otras causas.

INDUCCION INICIACION EXPRESION

tv c el |tv c el |tv c e

b

Adquisicion Division Elongacién
de competencia celular celular

v

Dias luego del corte

Figural
Etapas del proceso de formacion de raices adventicias; tv: tejidos vasculares, c:

corteza, e: epidermis (adaptado de Hilo, 2017).



1.4. Factores que afectan la formacion de raices adventicias

La formacion de RA es una caracteristica genética cuantitativa regulada por
factores tanto endégenos como ambientales, entre los que se incluyen fitohormonas,
luz, estado nutricional, respuestas asociadas al estrés provocado por el corte y
caracteristicas genéticas. El conocimiento acerca de como los factores endégenos y
ambientales interactGan en la regulacion del proceso es escaso (Bellini et al., 2014;
Garg et al., 2022; Geiss et al., 2009; Kunc et al., 2024; Pop et al., 2011; Porfirio et al.,
2016). A nivel molecular, el conocimiento estd mayoritariamente basado en especies
modelo como Arabidopsis thaliana. Sin embargo, la conservacion de estos
mecanismos en otras especies no estd comprobada (Gonin etal., 2019). Varios
aspectos genéticos y fisiologicos no pueden ser extrapolados a especies arboreas
(Vilasboa et al., 2018) y las estacas de A. thaliana no tienen la estructura tipica usada
para la propagacion de especies lefiosas (Ahkami, 2023; Druege et al., 2019; Singh y
Tomar, 2023). Para poder mejorar las estrategias de propagacion de las especies

lefiosas, es necesario traducir e interpretar el conocimiento basado en especies modelo.

1.4.1. Factores exdgenos en el control del desarrollo de raices adventicias

La formacion de RA es un proceso de desarrollo posembrionario; por lo tanto,
no responde estrictamente a un programa genético predefinido, sino que también es
muy sensible a los estimulos ambientales (Guan etal., 2015). Las condiciones
ambientales afectan el proceso en todas sus etapas, incluyendo desde las condiciones
previas de crecimiento de la planta madre hasta el periodo de establecimiento de las
nuevas plantas luego de enraizadas (Jackson, 1986; Leakey, 2024). La irradiancia,
temperatura, agua y los nutrientes son los principales factores que inciden en el estado
fisiolégico de la planta madre de la cual se van a extraer las estacas (Vilashoa et al.,
2018). La condicion de la planta madre es fundamental para obtener estacas con un
adecuado contenido de sustancias como carbohidratos, auxinas y polifenoles, con roles
clave en el proceso de formacién de RA (Leakey, 2024, Sansberro et al., 2000). Luego
de extraidas las estacas y durante las sucesivas etapas, los factores ambientales también

afectan el proceso de diferenciacion de RA. La nutricion mineral es un factor clave,



con requerimientos especificos que varian segun la especie (Geiss et al., 2009; Hilo,
2017; Vilashoa etal., 2022). La luz y la temperatura durante el proceso también
inciden en la formacion de RA (De Almeidaet al., 2017; Ruedell et al., 2013; Vilasboa
et al., 2018). Es un proceso de desarrollo con un alto nivel de complejidad y multiples

niveles de regulacion.

1.4.2. Factores enddgenos en el control del desarrollo de raices adventicias

Entre los factores enddgenos, las hormonas son los moduladores mas
importantes del desarrollo radical, interactuando entre ellas y con factores ambientales
en redes complejas en que las auxinas tienen un rol central (Altamura et al., 2023;
Bellini, 2024; Bellini et al., 2014; Pacurar et al., 2014). El hecho de que la auxina acido
indolacético (AlA) esté involucrada en los eventos tempranos de la formacion de raices
adventicias esta ampliamente aceptado (Aumond et al., 2017; Blakesley, 1994; Della
Rovere et al., 2013). La diferente capacidad de desarrollar RA en genotipos de facil o
dificil enraizamiento depende principalmente de la regulacién del contenido enddgeno
de auxina en la base de la estaca, asi como de las diferencias en sensibilidad a esta
hormona en esas células (Aloni et al., 2006; Aumond et al., 2017; Di etal., 2015;
Druege etal., 2016, 2019; Guan etal., 2015; Pizarro y Diaz-Sala, 2019). La
concentracion de AlA enddgeno juega un rol central en el control de la iniciacion y
desarrollo de raices adventicias en numerosas especies vegetales (Bellini et al., 2014;
Davies, 2010; De Almeida et al., 2020; Druege et al., 2019; Ford et al., 2001; Gonin
et al., 2019; Keleny Ozkan, 2003; Pacurar et al., 2014; Vilasboa et al., 2018; Wendling
etal., 2015). Se ha sugerido que la acumulacién de AIA en la base de la estaca
autorregula su canalizacion y maximiza su concentracion en determinadas células
blanco que responden con la induccién del programa de formaciéon de RA (Druege
et al., 2019). Los procesos que determinan cudl es la concentracién de auxina en cierto
momento en un determinado tejido son su biosintesis, metabolismo y transporte,
procesos que son regulados por maltiples mecanismos (Han et al., 2009). El transporte
polar de AIA hacia la base de la estaca es determinante para la formacion de RA
(Druege etal., 2016; Negishi etal., 2014; Pacurar et al., 2014). Esta distribucion



diferencial de auxina parece ser sefial suficiente para desencadenar o modificar el
programa de desarrollo de una célula en plantas modelo (Negishi et al., 2014; Ruedell
etal., 2015; Vanneste y Friml, 2009). En genotipos de facil o dificil enraizamiento,
esta acumulacion diferencial de AlA puede ser explicada por una expresion diferente
de genes que regulan la biosintesis y el transporte de AIA (De Almeida et al., 2015;
Druege etal., 2019), asi como una mayor expresion de represores de genes de
respuesta a auxina en las especies de dificil enraizamiento (Ruedell et al., 2015).

Otras hormonas como las citoquininas, etileno y brasinoesteroides interactdan
con las auxinas y participan en la regulacion del proceso con efecto sinérgico o
antagénico dependiendo de la especie (Altamura etal., 2023; Bellini etal., 2014;
Druege et al., 2019; Geiss et al., 2009; Gonin et al., 2019; Riov et al., 2013).

1.4.3. Variabilidad genética para capacidad de enraizamiento

El desarrollo de raices adventicias es una caracteristica genética compleja 'y de
gran plasticidad fenotipica, dado los mdltiples niveles de regulacion que presenta
(Gutierrez etal., 2009). Esa plasticidad se logra por una regulacion compleja y
dindmica que permite integrar sefiales enddgenas y ambientales a través de una
intrincada red de regulacion génica (Vilasboa et al., 2022). La competencia de plantas
adultas para diferenciar raices adventicias es esencial para obtener éxito en la
propagacion vegetativa por estacas y existe gran variacion entre los distintos genotipos
dentro de la misma especie (Bisognin et al., 2018).

El control hormonal es un aspecto clave de la rizogénesis adventicia que difiere
entre tallos enteros y estacas de tallo (Vilasboa et al., 2022) y esté ligado a la expresion
de genes de identidad celular que relacionan el control hormonal con la re-
especificacion celular (Abarca, 2021). En Arabidopsis, la biosintesis local de auxina 'y
su transporte polar dan lugar a concentraciones maximas de esta hormona en las
células que daran origen al nuevo primordio de raiz. Este aumento de la concentracion
de auxina se ha comprobado también en otras especies estudiadas y se sugiere que es
un prerrequisito para el desarrollo de raices adventicias y una caracteristica conservada
en todas las especies vegetales (Garg et al., 2022). Se logra a través de un balance entre

las vias metabolicas de biosintesis, transporte, percepcion, sefializacion e inactivacion



de la hormona y se conocen varios de los genes que participan de dichas vias de
regulacion en diversas especies. TRYPTOPHAN AMINOTRANSFERASA (TAA1) y
YUCCA son dos genes que regulan la biosintesis de auxina; en el transporte polar
participa la familia de proteinas AUX1/LAX, que regula el ingreso de la hormona a la
célula y miembros de la familia PIN que regulan su eflujo. Una vez en la célula, la
percepcion de la hormona es mediada por la proteina F-box TIR1, la cual regula genes
de respuesta a auxina. Otra proteina receptora es ABP1, vinculada a respuestas
tempranas de crecimiento celular, necesario para el desarrollo del nuevo primordio de
raiz (De Almeida et al., 2015).

A su vez, el cambio de fase vegetativa a reproductiva esta bajo regulacién
epigenética y también existen componentes claves en la via de sefializacion de auxinas
durante la rizogénesis adventicia bajo control epigenético de la expresion génica
(Abarca, 2021). La pérdida de capacidad de enraizamiento asociada con la pérdida de
juvenilidad en especies lefiosas ha sido atribuida, en parte, a un aumento en la
expresion de ARABIDOPSIS RESPONSE REGULATIOR (ARR1), que afecta de
manera negativa la homeostasis de auxina (Ayala et al., 2022). En especies forestales,
se ha comprobado la participacion de miembros de las familias de genes Gibberellic
Acid Insensitive (GAI), Repressor of GAl y SCR (GRAS) en la pérdida de capacidad
de enraizamiento asociada con la madurez (Abarca et al., 2014; Sanchez et al., 2007,
Vielbaet al., 2016). En Arabidopsis y Eucalyptus nitens, el aumento en la sefializacion
de citoquininas mediado por ABERRANT LATERAL ROOT FORMATION4 (ALF4) es
otro posible candidato para el control epigenético de la RA en relacidn con la transicion
a fase madura (Abarca, 2021; Ayala et al., 2022).

La expresion de estos y otros genes que participan en la regulacion del proceso
a su vez esta afectada por las condiciones ambientales de crecimiento de la planta
madre (intensidad y calidad luminica, temperatura, etc.), ademas de las condiciones
durante el propio proceso de enraizamiento. Esta complejidad de la regulacion es lo
que determina que puedan existir diferencias muy notorias en capacidad de

enraizamiento entre genotipos, incluso dentro de una misma especie.



1.5. Limitantes asociadas a la madurez de la planta

El envejecimiento es un factor limitante para la formacion de raices adventicias.
La duracion de la fase juvenil se relaciona inversamente con la eficiencia de
mejoramiento y la seleccion de cultivares mejorados (Hackett, 1987). Los cambios
fenotipicos que sufren las plantas durante el desarrollo como parte del proceso
ontogénico se conocen como cambio de fase 0 maduracion, y cambiar el programa de
desarrollo de células adultas para regenerar nuevos Organos como las RA es
particularmente dificil en especies lefiosas (Diaz-Sala, 2014; Faria et al., 2023). Si bien
la transicion hacia la floracion es un indicador de madurez, otros cambios fenotipicos,
como la forma de hoja, filotaxia, etc., ocurren durante la transicion de la fase juvenil a
madura. La pérdida de competencia para enraizar es uno de los cambios de mayor
importancia econdémica que limita la propagacion clonal de genotipos élite en arboles
frutales (Bellini et al., 2014; Poethig, 2010; Riov et al., 2013). Durante el cambio de
fase ocurren modificaciones celulares y bioquimicas que reconfiguran vias
moleculares y conducen a la inhibicion de la iniciacion de RA en tejidos maduros
(Vilasboa et al., 2018). Particularmente en especies lefiosas, la pérdida de capacidad
para diferenciar raices adventicias de tipos celulares similares esta asociada con la edad
y madurez fisioldgica de la planta madre, que son barreras para la propagacion
vegetativa por medio de estacas (Aumond et al., 2017; Pizarro y Diaz-Sala, 2019). Los
mecanismos por los cuales células completamente diferenciadas se desdiferencian y
dan origen a raices adventicias se desconocen (Abarca et al., 2014) y se sabe muy poco
acerca de las modificaciones celulares y bioquimicas que ocurren durante el cambio
de fase y como esos eventos reconfiguran algunas vias moleculares que inhiben la
formacion de raices adventicias en tejidos maduros (Bellini et al., 2014). EI cambio
(switch) en el destino de las células implica cambios muy importantes en el patrén de
expresion genica. Que las células sean 0 no competentes, en Ultima instancia, es
funcién de la expresién diferencial de genes que afectan la sensibilidad y las distintas
fases del desarrollo de un nuevo meristema de raiz; el estudio de la expresidn de genes
que afectan el enraizamiento es un buen abordaje para entender la diferente regulacion

en materiales de facil o dificil enraizamiento (Hutchison et al., 1999). Las redes
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génicas que regulan el proceso de diferenciacion de raices adventicias pueden cumplir
distintas funciones en diferentes etapas del desarrollo y en estados particulares del
desarrollo de una célula; conocer las modificaciones celulares y biogquimicas y la
dindmica temporal de estas redes y como se modifican durante el cambio de fase
ayudara a explicar la diferente capacidad de enraizamiento que presentan distintos
materiales vegetales (Bellini et al., 2014; De Lucas y Brady, 2013; Diaz-Sala, 2014;
Druege et al., 2019; Kunc et al., 2024).

1.6. Marcadores de enraizamento

Para poder mejorar los procedimientos de propagacion, es fundamental conocer
los eventos morfoldgicos, bioquimicos y moleculares asociados con cada una de las
etapas del proceso de formacion de raices adventicias. Estas etapas se pueden
caracterizar identificando marcadores de enraizamiento, es decir, pardmetros que
muestren suficiente coincidencia con cierto estado fisiolégico, de desarrollo o
genético. Estos marcadores pueden resultar Gtiles para identificar el principio y fin de
cada una de las fases, establecer cudl es la fase en que los materiales recalcitrantes se
inhiben, predecir el éxito de un tratamiento de enraizamiento y entender los

mecanismos de la formacién de raices adventicias (De Klerk, 1996).

1.6.1. Estudios anatdmicos

Las raices adventicias emergen a partir de un pequefio grupo de células
denominadas iniciales de raiz, capaces de desdiferenciarse y volverse meristematicas.
Estas células se ubican en distintos tejidos, dependiendo de la especie, aunque siempre
son células vecinas o cercanas a los tejidos vasculares (Geiss et al., 2009). En varias
especies esto sucede a partir de tejidos indiferenciados como el cambium o células de
parénquima asociadas a tejidos diferenciados, como floema o parénquima cortical, que
se desdiferencian por efecto de las auxinas (Baltierra et al., 2004) y también se citan
como sitio de origen de las RA (Naija et al., 2008; Syros et al., 2004; Tarrago et al.,
2005).
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1.6.2. Marcadores biogquimicos

En los genotipos de dificil enraizamiento, la iniciacion de RA puede ser
inducida mediante la aplicacion de auxina exdgena. Estudios bioquimicos muestran
que el &cido indol butirico (AIB) exogeno induce cambios en el metabolismo de
enzimas, carbohidratos y proteinas (De Almeida et al., 2020; EImongy et al., 2018).
Luego de la aplicacion exdgena de auxinas, se ha reportado un aumento en los niveles
de carbohidratos solubles en la zona de enraizamiento de estacas de tallo (Agullo-
Antdn etal., 2014; Elmongy et al., 2018; Goel et al., 2018). Durante la etapa de
iniciacion, se observan divisiones celulares que conducen a la formacion de un nuevo
meristema de raiz; durante esta fase, en Eucalyptus se ha identificado un aumento en
el nimero de proteinas que refleja estos importantes cambios a nivel celular (De
Almeida et al., 2020). El contenido de proteina aumenta de manera significativa a lo
largo del proceso de enraizamiento en respuesta al AIB exdgeno; los maximos niveles,
en general, estan relacionados a un aumento en los niveles de sintesis de enzimas
durante la iniciacion del proceso de regeneracion de raices (Elmongy et al., 2018;
Husen y Pal, 2007).

La degradacién oxidativa del AIA, entre otros compuestos organicos, es
catalizada por enzimas peroxidasas (Ljung et al., 2002). Cambios en la actividad de
estas enzimas o en algunas de sus isoformas son usados como marcador bioquimico
de las sucesivas fases del proceso de enraizamiento (Gaspar et al., 1992; Hatzilazarou
et al., 2006; Heloir et al., 1996; Masmoudi et al., 1999; McDonald y Wynne, 2003;
Metaxas et al., 2004; Rout et al., 2000; Schwambach et al., 2008). Estas enzimas
muestran un minimo de actividad durante la primera fase de la rizogénesis adventicia
(fase de induccidn) y un maximo en la segunda fase (fase de iniciacion), precediendo
los primeros signos visibles de la diferenciacion de raices (Gaspar etal., 1992).
Aunque varios autores han observado una correlacion positiva entre actividad
peroxidasa durante la fase de iniciaciéon y la rizogénesis (Metaxas et al., 2004), en
algunas especies como Populus tremula (Pythoud y Buchala, 1989), Castanea sativa
x C. crenata (Gongalves et al., 1998) y Quercus sp. (San-José et al., 1992) no se ha

podido correlacionar claramente la actividad peroxidasa con el proceso de rizogénesis.
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En Arabidopsis se sabe que la enzima DIOXYGENASE FOR AUXIN
OXIDATION (DAO1), inducida por Jasmonatos, juega un papel importante en la
degradacion de algunos conjugados de auxinas durante la RA, actuando como un
modulador rapido de la disponibilidad de AIA luego del dafio mecanico (Lakehal et al.,
2019; Muller, Karel et al., 2021). La interaccion entre los jasmonatos y las auxinas es
compleja y dependiendo del proceso regulado y del estado de desarrollo de los tejidos
pueden tener una interaccién sinérgica o antagdnica (Lakehal & Bellini, 2019).
Estudiar el rol de esta enzima en la regulacion de la homeostasis de las auxinas durante
el proceso de desarrollo de RA puede aportar informacion adicional valiosa para la

mejor comprension de esta compleja red de regulacion.

1.6.3. Genes involucrados en el control de la formaciéon de RA

Los avances mas importantes acerca de los mecanismos genéticos y moleculares
que regulan la diferenciacion de RA se basan en estudios de plantas mutantes de A.
thaliana y, en menor grado, otras especies herbaceas como arroz y maiz (Ahkami,
2023; Altamura et al., 2023; Kunc et al., 2024). Varios mutantes afectados en diversas
vias de transduccion u homeostasis hormonal también se ven afectados en la capacidad
de diferenciar RA (Bellini etal., 2014). EI genoma secuenciado de Arabidopsis
constituye una rica fuente de informacion para estudios comparativos del desarrollo
de raices en otras plantas y los genes identificados pueden servir de base para el estudio
de genes candidatos relacionados con la capacidad de enraizamiento en especies
lefiosas (Benfey et al., 2010; Geiss et al., 2009).

Las auxinas controlan la morfogénesis y el crecimiento direccional a nivel de
Organos Yy tejidos a través de multiples respuestas y son el principal grupo hormonal
involucrado en la diferenciacion de RA. Estas respuestas involucran una
reprogramacion de la expresién génica mediada por el receptor nuclear TRANSPORT
INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX (TIR1/AFB) (Dharmasiri
etal., 2005; Kepinski y Leyser, 2005; Pan etal., 2015). Terrile et al. (2012)
demostraron que el 6xido nitrico (NO) estimula la expresion de genes regulados por

auxinas promoviendo la interaccion entre TIR1/AFB y AUX/AIA. En Eucalyptus
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grandis se encontrd una correlacion positiva entre los niveles de expresion del gen
NIA, que participa en la biosintesis de NO, y la diferenciacion de RA (Abu-Abied
etal., 2014). El transporte activo de auxinas, célula a célula, tiene un fuerte efecto
sobre los procesos de desarrollo, incluida la diferenciacion de raices. Este transporte a
corta distancia genera un gradiente de auxinas, mediado por proteinas carrier de eflujo
PIN-FORMED (PIN), carriers de influyjo AUXIN1 (AUX1)/LIKE AUX1 (LAX) y
una subfamilia de transportadores ATP-BINDING CASSETTE, denominado
transporte polar de auxinas (Gonin et al., 2019; Vieten et al., 2007).

Las auxinas también regulan el centro quiescente y la actividad del meristema
radical a través de genes PLETHORA (PLT), considerados reguladores master del
desarrollo de la raiz primaria, y genes SHORT-ROOT (SHR) y SCARECROW (SCR)
que especifican al centro quiescente actuando en paralelo con PLT. Las proteinas SCR
y SHR son factores de transcripcion de la familia GRAS (proteinas especificas de
plantas e importantes componentes regulatorios en diferentes procesos celulares),
necesarias para la actividad del centro quiescente y el correcto patron de diferenciacion
de tejidos a partir del meristema apical de raiz (Helariutta et al., 2000; Lee et al., 2013;
Long y Benfey, 2006; Petricka y Benfey, 2008). La expresion de genes SCARECROW-
LIKE (SCR-LIKE) aumenta de manera significativa en respuesta al agregado de auxina
exdgena en estacas competentes de especies lefiosas taxonémicamente muy distantes
como Pinus radiata y Castanea sativa (Sanchez et al., 2007). Este incremento se
corresponde con la fase de reorganizacion celular, previo al reinicio de la mitosis y la
formacion de un nuevo meristema, sugiriendo que los genes SCR-LIKE juegan un
papel importante en la adquisicion de competencia. En Arabidopsis, SCARECROW
(SCR) es un factor de transcripcion putativo, requerido para las divisiones celulares
asimétricas que dan origen a la endodermis y la corteza de la raiz, asi como para
mantener la identidad del centro quiescente (Geiss et al., 2009). SHORT ROOT (SHR)
es otro factor de transcripcion de la familia GRAS, requerido para la division
asimetrica de las células iniciales responsables de la diferenciacion de la endodermis
y el cértex, participando en una via de sefializacién radial e interactuando con SCR

(Helariutta et al., 2000). En Populus, Xuan et al. (2014) aislaron y caracterizaron tres
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genes que codifican proteinas SHR y uno para SCR, implicados en el desarrollo de

raices adventicias.
1.7. Acca sellowiana

Acca sellowiana es un arbusto frutal nativo de Uruguay y Brasil en proceso de
domesticacion, con alto potencial econdémico y alimenticio (Dos Santos et al., 2009;
Ferreira, 2019; Dos Santos et al., 2007). La domesticacion de Acca sellowiana, una
especie frutal cuya polinizacién es predominantemente cruzada, esta limitada por las
pequefias ganancias genéticas resultantes de los cruzamientos para cualquier
caracteristica de interés, como proporcion de pulpa, color, etc., debido al amplio rango
de variacion intraespecifica de la progenie. Ademas, la presencia de periodos juveniles
prolongados significa que se debe esperar varios afios para poder evaluar, seleccionar
y cultivar los frutos. Estas limitantes pueden superarse mediante la multiplicacion
vegetativa de arboles individuales, para lo cual es imprescindible revertir las limitantes
para formar raices adventicias asociadas con el cambio de fase. EI conocimiento de las
bases anatémicas Yy fisioldgicas del proceso, asi como su regulacion a nivel génico son
fundamentales para profundizar en el entendimiento de esas limitantes.

El interés despertado por este cultivo en otros paises se debe a su adaptabilidad
a un amplio rango de condiciones climaticas y cualidades organolépticas de los frutos,
aptos para el consumo en fresco y como productos elaborados. La especie presenta una
buena resistencia a heladas y precocidad productiva. Sus hojas y frutos son ricos en
compuestos con actividad antioxidante, antimicrobiana y propiedades farmacoldgicas
(Bontempo et al., 2007; Mosbah et al., 2018; Raikar et al., 2023; Tortora et al., 2019;
Vuotto et al., 2000). EI fruto contiene gran proporcion de yodo (3 mg/100 g pulpa),
vitamina C (851,28 mg/100 g de pulpa) (Fischer, 2020) y calcio (72 mg/100 g de pulpa)
(Leterme et al., 2006). Entre los diversos componentes bioactivos presentes en los
frutos y su farmacologia se destacan la actividad anticancerigena, antimicrobiana,
antiinflamatoria y antioxidante. El elevado nivel de compuestos fendlicos en el fruto
le otorga excelentes propiedades y un gran potencial comercial como base de
compuestos nutracéuticos (Weston, 2010). Su conservacion puede durar hasta un mes

sin que se pierda su caracteristico sabor y aroma (Azam et al., 1981). Sin embargo, los

15



métodos de propagacion vegetativa son relativamente dificultosos para guayabo del
pais en comparacién con otras especies frutales (Thorp y Bieleski, 2005); la facilidad
de propagacion normalmente no se incluye en los programas de seleccion (Citadin
etal., 2022; Sanchez-Mora et al., 2020) y esto representa una limitante importante para
el desarrollo del cultivo. Estudios anatdmicos en estacas de A. sellowiana cultivar
Unique mostraron diferenciacion de meristemas adventicios en las zonas de union del
cambium con los radios parenquimaticos de la médula, a los veinte dias de ser cortadas.
Asimismo, la ocurrencia de raices se vio afectada de manera negativa por la presencia
de un anillo de esclerénquima rodeando al floema, que podria estar actuando como una
barrera fisica para el crecimiento y emergencia de la nueva raiz (Zhang et al., 2009).
La disponibilidad del genoma de E. grandis brinda la posibilidad de realizar estudios
bioinformaticos usando una especie lefiosa taxondmicamente emparentada con A.

sellowiana (Grattapaglia et al., 2012; Myburg et al., 2014).

1.7.1. Antecedentes internacionales

En su lugar de origen, la especie ha estado histéricamente sometida a la
influencia antropogénica, con cierto grado de domesticacion incipiente de algunas
poblaciones in situ, lo que ha dado como resultado mayor tamafio de fruto y
productividad. Con base en la clasificacion propuesta por Clement, puede considerarse
como una especie incipientemente domesticada (Clement, 1999). Sin embargo, en
otros paises como Nueva Zelanda y Colombia se han desarrollado cultivares
patentados y se cultiva ampliamente (Bogoni et al., 2018; Moretto et al., 2022; Niella
et al., 2018; Thorp y Bieleski, 2005). Los frutos alcanzan un gran tamafio, de hasta 240
g, lo que representa una importante mejora con relacion a los materiales silvestres de
Uruguay y Brasil, de 25 a 60 g de peso promedio (Cunda Sisto, 2006). Colombia es el
mayor exportador de la fruta fresca y Nueva Zelanda, donde la produccion alcanza las
ochocientas toneladas anuales, es el mayor productor de subproductos elaborados a
partir de la especie (Moretto et al., 2022; Zhu, 2018). En Brasil, la investigacion acerca
de esta especie es realizada en Santa Catarina, por la Empresa de Investigacion
Agropecuaria y Extension Rural (EPAGRI) y la Universidad Federal de Santa Catarina
(UFSC) y en Rio Grande del Sur en EMBRAPA de clima templado (CPAACT).

16



Actualmente cuentan con cuatro cultivares, SCS 411-Alcéntara y SCS 412-Helena,
SCS 414-Mattos y SCS 415-Nonante, obtenidos en el programa de mejoramiento de
la especie. Estos cultivares son autofértiles, se complementan en términos de
maduracion y presentan buena resistencia a las principales enfermedades que afectan
a la especie en ese pais (Epagri, s. f.). Brasil cuenta, ademas, con un banco de
germoplasma de Acca sellowiana en la estacion experimental de San Joaquin
(EPAGRI) en el estado de Santa Catarina.

Las técnicas evaluadas incluyen la realizacion de injertos, acodos, estacas,
micropropagacion y estudios de embriogénesis somatica. Las plantas de guayabo
injertadas presentan el inconveniente de producir numerosos rebrotes del pie, lo cual
puede generar problemas de manejo una vez establecido el huerto. Se han evaluado
otras Myrtaceas como portainjerto, pero no presentaron suficiente afinidad para ser
usadas con guayabo (Oltramari et al., 2000). El acodo de cepa, utilizado para la
produccion comercial de portainjertos de manzana, membrillo y pera, se ha evaluado
en plantas de guayabo del pais de dos afios, con un resultado promedio de 6,6 mudas
enraizadas por cepa, pero es una técnica costosa (Fachinello y Nachtigal, 1992). El
estaquillado se destaca como método mas eficiente, con tasas de prendimiento de entre
4y 76 % en Nueva Zelanda. Los principales factores que afectan la tasa de
enraizamiento son el genotipo y los efectos negativos de la oxidacion fendlica. En
Brasil reportan porcentajes de enraizamiento muy bajos (entre 0 y 6,2 %) para los
cultivares desarrollados en ese pais (Cangahuala-Inocente etal., 2004). La
embriogénesis somatica fue descrita para guayabo en Brasil (Canhoto y Cruz, 1996) y
se utiliza como modelo de estudio del proceso de embriogénesis en ANGIOSPERMAS
lefiosas (Dos Santos et al., 2007; Guerra et al., 2001). Las distintas fases del proceso
fueron caracterizadas mediante analisis morfohistolégicos e histoquimicos; pero los
protocolos desarrollados parten de embriones cigéticos, como explanto, y, por lo tanto,
no garantizan la fidelidad clonal (Cangahuala-Inocente et al., 2004). Estos resultados
comprometen la posibilidad de multiplicar efectivamente materiales de élite

seleccionados, ya sea para su evaluacion como para su difusion en el sector productivo.
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1.7.2. Antecedentes nacionales

El sector fruticola busca permanentemente alternativas productivas a las
especies tradicionales en cultivo, como forma de mejorar la ecuacién de rentabilidad.
El guayabo del pais despierta interés en los productores por el valor econémico que
pueden alcanzar sus frutos y por la rusticidad de las plantas, lo que permite manejos
agronomicos amigables con el ambiente. La existencia en nuestro pais de una
importante tradicion productora y exportadora de fruta fresca constituye una ventaja
sobre la que se pueden desarrollar corrientes exportadoras de nuevos frutos. En este
sentido, los principales estudios en su region de origen se relacionan con la colecta,
caracterizacion fenotipica, mejoramiento, propagacion, uso y conservacion (Nodari et
al., 2008).

Para la utilizacion de especies nativas, resulta muy importante el agregado de
valor mediante investigaciones sobre su calidad, la promocién de mercados y sobre
todo iniciar programas de domesticacion que permitan comenzar su cultivo. Se
requieren importantes apoyos continuados para la caracterizacion evaluacion, asi
como estudios de sistemas reproductivos, fisiologia de semillas y métodos de
propagacion, aspectos basicos imprescindibles para su cultivo (Berreta et al., 2010).

El programa de Seleccion de Frutas Nativas (Facultad de Agronomia-Udelar,
INIA y Direccion General Forestal-MGAP) tiene como uno de sus principales
objetivos el desarrollo de cultivares de Acca sellowiana que permitan alcanzar
produccion comercial. En este marco, en los ultimos afios se han desarrollado varios
proyectos de investigacion que abarcan diferentes aspectos de interés para el desarrollo
de este cultivo y que incluyen trabajos de prospeccion de la diversidad de la especie
en estado silvestre y variedades locales, caracterizacion de la diversidad genética
mediante caracteres morfofenolégicos y moleculares, evaluacion del valor agronémico
y el potencial comercial de plantas seleccionadas, técnicas de propagacion vegetativa
convencional y comportamiento in vitro de la especie (Cunda Sisto, 2006; Franklin,
2009; Puppo Mackinnon et al., 2014; Quezada et al., 2014; Rivas et al., 2024; Ross y
Grasso, 2010; Silveira et al., 2016; Vignale y Bisio, 2005).
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Entre los principales resultados de este programa se conformaron jardines de
introduccién y evaluacion de materiales, se generaron las primeras progenies hibridas
por cruzamientos dirigidos entre parentales superiores y se registraron las primeras
selecciones en Uruguay (INIA Fagro Islefia, INIA Fagro Cerrillana, INIA Fagro
Artillera e INIA Fagro Armonia), que se caracterizan principalmente por su sabor,
productividad, estabilidad en la produccion y tamafio de fruto; recientemente se
comenzd a incorporar la capacidad de propagacion vegetativa (Dini y Speroni, 2024;
Facultad de Agronomia e INIA, 2024). Los porcentajes de enraizamiento de estacas
obtenidos han sido muy variables (entre 3 y 60 %) en funcion del genotipo y el uso de
fitohormonas (Cabrera et al., 2010). En funcién de las bajas tasas de éxito obtenidas
con las técnicas convencionales, se han evaluado alternativas de cultivo in vitro, que
incluyen la micropropagacién y la embriogénesis somatica (Guerra et al., 2012; Ross
y Grasso, 2010).

Uno de los eslabones en esta cadena de trabajos dirigida a valorizar los frutos
nativos es la creacion de un vivero con plantas de guayabo en el sur del pais. El vivero
se desarrolla en un establecimiento particular, enmarcado en las actividades que realiza
la Asociacion de Fomento y de Defensa Agraria de Juanico. La iniciativa se concreto
a través de un proyecto denominado Ambiente y sociedad: estudio de las frutas nativas
como alternativa para productores familiares, que fue apoyado financieramente por
el Programa de Pequefias Donaciones del Fondo para el Medio Ambiente Mundial, de
Naciones Unidas. El objetivo general del proyecto en el que participan técnicos de
INIA y Udelar es «proporcionar elementos para mejorar las condiciones de vida de
productores familiares en aspectos sociales, econémicos, ambientales y culturales,
mediante la utilizacion de flora autéctona (frutales nativos) como alternativa
productiva sostenible» (Uruguay. Conexién tecnoldgica, 2009). Los métodos de
propagacion vegetativa de guayabo del pais presentan dificultades, ya que existe una
gran variabilidad en la capacidad de enraizamiento de los distintos materiales, siendo
este uno de los principales factores que impiden la difusion del cultivo de esta especie
frutal nativa en nuestro pais.

Para poder mejorar las estrategias de propagacién de Acca sellowiana, es

fundamental conocer mejor el proceso de diferenciacidn de raices adventicias para
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poder identificar elementos que permitan explicar la gran variabilidad que se encuentra
entre los distintos genotipos. Este conocimiento es esencial para la domesticacion
racional de esta especie, de la cual se cuenta con informacion escasa. Segin Zhang
et al. (2009), la baja capacidad de enraizamiento en algunos genotipos de A. sellowiana
esta asociada con la presencia de fibras floematicas, que impiden el crecimiento de los
meristemas neoformados. Los bajos niveles de enraizamiento se han relacionado con
la presencia de esclerénquima o fibras perifloematicas en varias especies, incluyendo
Quercus macrocarpa, Juglans nigra (Amissah etal., 2008) y varias especies de
Eucalyptus (Bryant y Trueman, 2015; Goulart et al., 2014). Por otro lado, el desarrollo
de tejidos que potencialmente pueden representar barreras fisicas puede estar asociado
al cambio de fase y, por lo tanto, la pérdida de competencia de las células para
diferenciar un nuevo meristema de raiz. En muchas especies, tanto de angiospermas
como gimnospermas, la capacidad de formar raices adventicias estd fuertemente
afectada por el cambio de fase de juvenil a maduro; en las especies lefiosas, la anatomia
del tallo difiere de manera importante en plantas con diferente estado de madurez
fisiolégica (Husen y Pal, 2006; Wendling et al., 2014). EI cambio de fase se puede
observar anatdbmicamente por la presencia de tejidos tales como el felema hacia el

interior de las fibras floematicas (Beakbane, 1961).

1.7.3. Propagacion vegetativa en Acca sellowiana

Los métodos de propagacion vegetativa son relativamente dificultosos para Acca
sellowiana en comparacion con otras especies frutales. Se han evaluado técnicas de
acodo, injerto, estaquillado y micropropagacion, con resultados muy variables. La
propagacion por estacas se destaca como el método mas eficiente. Sin embargo, los
porcentajes de enraizamiento son sumamente variables en funcion del genotipo y el
uso de fitohormonas, y la capacidad de rizogénesis no es un caracter que generalmente
se incluya al momento de la seleccién de genotipos en el programa de mejoramiento.
Debido a las bajas tasas de enraizamiento y la variabilidad que presenta esta
caracteristica, se han evaluado multiples tratamientos para promover la formacion de
raices adventicias. Ademas del uso més habitual de auxinas, se ha evaluado el uso de

antioxidantes (Da Silva et al., 2022), bacterias promotoras del crecimiento vegetal
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(Chaparro y Pulido, 2024), basqueda de marcadores moleculares para caracteristicas
genéticas que mejoren la propagacion vegetativa (Bini etal., 2024), asi como
diferentes condiciones de cultivo de la planta madre que inciden en el éxito de la RA
(Niella et al., 2018).

Los cultivos comerciales existentes en nuestro pais son pocos y provienen todos
de semilla. Por ser una especie alégama, las poblaciones naturales presentan gran
variabilidad para la mayoria de las caracteristicas morfologicas. La heterogeneidad de
los frutos disminuye la rentabilidad de su produccion. Atendiendo a la necesidad de
productores y viveristas de trabajar con variedades homogéneas, es necesario contar
con un sistema de clonacion del material seleccionado. La propagacion vegetativa,
como Unica forma de asegurar la reproduccion fiel de la planta madre, deberia tener
un protagonismo mayor al momento de definir los objetivos del mejoramiento y la
seleccion de genotipos (Bisognin et al. 2018). Para poder mejorar las estrategias de
propagacion de Acca sellowiana, es necesario traducir e interpretar el conocimiento
basado en especies modelo para el caso de esta especie frutal. Esto permitira
implementar estrategias de manejo que potencien el proceso para alcanzar niveles de

enraizamiento compatibles con la produccion comercial.
1.8. Hipotesis

La diferenciacion de raices adventicias en materiales de propagacion vegetativa
de Acca sellowiana presenta gran variabilidad entre genotipos, que puede ser
consecuencia de la pérdida de juvenilidad en los materiales de dificil enraizamiento;
estas diferencias pueden ser detectadas a nivel histolégico.

Los materiales de dificil enraizamiento mejoran su capacidad de diferenciar
raices adventicias con la aplicacién de AIB exdgeno. Este actia modificando los
niveles de expresion de genes involucrados en la percepcion y homeostasis de las
auxinas durante las primeras etapas del proceso en que algunas células adquieren

competencia para diferenciar un nuevo meristema radical.
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1.9. Objetivos

1.9.1. Objetivo general

Estudiar las bases anatomicas y fisioldgicas del proceso de diferenciacion de
raices adventicias en materiales de guayabo del pais para generar informacion que
ayude a interpretar el comportamiento de las especies lefiosas cuando se propagan
vegetativamente y sirvan de base para ajustar metodologias de propagacién mas

eficientes.

1.9.2. Objetivos especificos

Evaluar la variabilidad en la capacidad de enraizamiento de los materiales de
guayabo del pais preseleccionados en el Programa de Seleccidn de Frutas Nativas con
Potencial Comercial, en respuesta a tratamientos hormonales.

Estudiar los cambios anatémicos y bioguimicos a lo largo del proceso de
diferenciacion de raices adventicias en materiales contrastantes, en respuesta al
agregado exdgeno de auxinas que permitan identificar cuales pueden ser las limitantes
para la diferenciacion de RA.

Identificar genes de respuesta a auxinas en especies modelo, validarlos en A.
sellowiana y estudiar su expresion en tiempo real en genotipos contrastantes para

poder explicar la diferente capacidad de rizogénesis adventicia.
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Enraizamiento in vitro de microestacas de Acca sellowiana
Resumen

Acca sellowiana, conocida como guayabo del pais, es un arbol frutal nativo de
la familia Myrtaceae, nativa de Uruguay Yy el sureste de Brasil. Presenta un excelente
potencial agronémico y comercial, alto valor nutricional, y es adecuado tanto para su
consumo en fresco como para la elaboracion de productos manufacturados. En el
programa de mejoramiento de la especie en Uruguay se han seleccionado varios
genotipos con caracteristicas destacadas. Sin embargo, el bajo nivel de éxito logrado
hasta ahora con la propagacion vegetativa de esos materiales representa un limitante
importante para la produccién comercial en nuestro pais. Se ha considerado la
micropropagacion como una alternativa para la produccion de plantas de buena
calidad, libres de patdgenos. El enraizamiento de estacas y microestacas de especies
lefiosas es fuertemente dependiente del genotipo de la planta madre, y la habilidad para
enraizar se pierde rapidamente a medida que estas envejecen. El objetivo de este
trabajo fue evaluar diferentes alternativas para mejorar la capacidad de enraizamiento
in vitro de los materiales seleccionados. Las plantas madre fueron cultivadas en
inverndculo y usadas como fuente de explantos para la micropropagacion. Los
explantos se establecieron in vitro en Woody Plant Medium (WPM; Lloyd y McCown,
1981) sin reguladores de crecimiento, siguiendo el protocolo desarrollado en nuestro
laboratorio para la especie. La maxima tasa de multiplicacion se obtuvo con ribosido
de zeatina 2,85 uM. Se evaluaron distintas alternativas de enraizamiento con dos
materiales vegetales que se diferenciaban en su capacidad de enraizamiento. Se usé
medio WPM, suplementado con acido indol butirico (AIB) 10 uM, nitroprusiato de
sodio (SNP) 100 uM, floroglucinol (PG) 1 mM o la combinacion de AIB 10 uM con
PG 1 mM. El material de bajo enraizamiento respondi6o al AIB (60 % de
enraizamiento). Sin embargo, ni el PG ni el SNP tuvieron un efecto positivo en el

enraizamiento de las microestacas.

Palabras clave: feijoa, micropropagacion, floroglucinol, ¢xido nitrico, raices

adventicias
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In vitro rooting of Acca sellowiana microshoots

5. Ross!, E. Pechi’, G. Speroni?, B. Vignale®, P, Speranza’, A. Castillo® and D, Cabrera®

Famulad de Agronomia = Universidad de la Repiblica, Montewideo, Uruguay; #Insttuto Maciomal de
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Abstract

Acca sellowiana, known as ‘Guayabo del Pais' or ‘Pineapple gnava' is a small
evergreen ornamental fruit tree of the family Myrtaceas, native to Urngunay and sonth-
eastern Brazil. It has excellent agronomical and commercial potential, igh nutritional
valoe, and is adeguate for fresh consumption as well as the elaboration of
manufartured products. Several genotypes with outstanding fruit size and flavor have
been selected in the Ereeding Program for this species in Urngonay. However, the low
sneocess achieved so far with coonventional vegetative propagation of selected materials
iz an important lmitation for commercial prodoction in our country.
Micropropagation has been considered as an alternative for the production of high
quality, pathogen-free plant material. Rooting of cuttings and microcottings of woody
species is strongly dependent on the genotype of the donor plant and the ability to root
iz rapidly lost with ageing of the mother plant. The objectve of the present smdy was
to evalnate different alternatives to improve rooting ability of selected materials, in
vitro. Selected mother plants were cultivated in a greenhouse and nsed as source of
explants for micropropagation. Explants were establizhed in vitro on Woody Plant
Medium (WFPM: Lloyd & McCown, 1981) devoid of plant growth regulators, according
to a protocol previowsly developed in our laboratory for this species. Maximom
multiplication rate was achieved with 2.85 pM Zeatin riboside. We evaluated different
rooting alternatives with two selected plant materials differing in rooting ability. WPM
was used as basal medinm, supplemented with 10 pM Indole Butiric Acid (IBA), 100 pM
Sodium Nitroprusside [S5MNFP), 1 mM Phloroglucinagl (PG), or the combination of 10 pM
IBEA and 1 mM PG. The material that rooted poorly responded to IBA (60% roodng).
However, neither PG nor SNF had a positive effect on rooting of microcuttings.

Keywords: Feijoa, micropropagation, phloreglucinol, nitric oxide, adventitions roots

INTRODUCTION

Seweral genotypes of Acca sefllowiana (Berg.) Burret with outstanding fruit size
and flavour have been selected in the Breeding Program for this species in Urnguay. Although
A sellowigna is relatively easy to propagate from seeds, the quality of fruits obtained from
seed-propagated irees is highly variable from one seedling tree to the next (Thorp and
Bieleskd, 2005]). Clonal propagation allows rapid fizxation of superior genotypes prior to their
intreduction inte production or breeding programs. Adventitions reotng is an essential step
in the vegetative propagation of economically important horticnltural and woody species
(Geiss et al, 2009). However, the low suecess achieved so far with conventional vegetative
propagation methods of selected materials, such as grafing and cutting, is an important
limitation for commercial production of this froit tree In our country. Therefore,
micropropagation has been considered as an alternative for the production of high guality,
pathogen-free plant material.
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[f the basic biology of root formation was better understood, we would be in a better
position to more easily manipulate adventitious root formation in commercially important
species and genotypes that are currently recalcitrant to efficient artificial indoction of
adventiions reots (Emst, 1994), Development of adventitious roots is a complex process,
affected by multiple factors including phytohormones, mineral nutritden, light, associated
siress responses such as wounding, genetic characteristics, and their interactions. Rooting of
cuttings and microcuttings of woody species is strongly dependent on the genotype of the
donor plant and the ability to root is rapidly lost with ageing of the mother plant. Auxin is the
hormone commonly used to promote adventitfious rooting in different species. However, the
pattern of auxin action is stll poorly understood and interactions of different types and at
different levels are suggested. In some species, phenclic compounds such as ferulic acid and
phloroglucinel (PG) have been shown te enhance adventitions rooting, but in other cases, they
inhibit this developmental process, Their role seems to depend on its nature and the plant
species. These compounds might act as anticxddants, inhibiting awsin oxdation and, thus,
allowing the formation of adventitions roots (Geiss et al, 2009]. Nitric oxide [N is known to
play a crucial role in root development (Stohr and Stremlan, 2006), Recent evidence suggests
that this molecule mediates several auxin dependent processes during root growth and
development, acting downstream in the auxdn signalling pathway (Simontacchi et al, 2013).
NO released from sodiuvm nitreprusside (SNP) increases the formation of lateral reots during
normal development [Correa-Aragunde et al, 2004; Gao and Yang, 2011), In Excalypius
grandis, Abu-Abied et al. (2012) found a peositive correlation between NO production and
adventiions reoting, suggesting a role for this compound in promeoting rocting of both
juvenile and mature cuttings. Most plant species require very specific protocols that target
specific genotypes, tissues, or organs, and the search for suitable alternatives to current
protocols is one of the main driving forces in plant tissue culture research (Teixeira da Silva
et al, 2013). One way of improving different aspects of organogenesis would be to includs
new growth-promoting substances, such as those evaluated in this study; keeping in mind the
strong effect that genotype has on the expected developmental response.

[n vitro rooting of A. sellowigno using [BA and activated charceal has been reported
[(Guerra et al. 2013, PG has been shown to reduce hyperhydricity, promote shoot lignification
and induce somatic embryogenesis of A sellowiong in vitro [Teixeira da Silva et al, 2013).
However, the role of this phenolic compound has not been evaluated in relaton to
adwventitions rooting of this species, or other species of the Myrtaceae family. In the past few
years, significant work has been done on O as a signalling molecule in a variety of plant
developmental processes, suggesting a role in adventitions reoting of several species. The
present paper reports the results of adding [BA, phloroglucinel (alone or together with [BA).
or sodium nitroprusside to the rooting media, and their effect on the differentiation of
adventitions roots of selected materials, in vitro.

MATERIALS AND METHODS

Plant material and general procedures

Mother plants supplied by the Breeding Programme for this species (Facultad de
Asronomia - INIA) were cultivated in the greenhouse and treated pericdically with fungicide
(Benlatedd, 2g.L") in order to obtain vigorous pathogen-free explants to intreduce in vitro.
Two genotypes, with contrasting ex vitre rooting ability were chosen for this study: C74 [4)
and 27-1 [B) with 0% and less than 20% rooting respectively. Sprouts used as

&
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source of explants were thoroughly washed with a commercial detergent under running tap
water; nodal segments (1 - 1.5 cm long) were surface disinfected with 2% NaOCl for 15 min
and washed three times with distilled water. Citric acid (0.1 g.L-¥) was added in the third wash
to help prevent tissue cxidation. Explants were inocnlated in test tnbes containing 15 ml of
growth regulators-free basal mediom and subeultured to fresh medium every 20 days.

Culture media

WPM ([Llowd & Me Cown, 1981) basal mediom was wsed in all experiments,
supplemented with M5 vitamins [Murashige and Skoog, 1962). pH was adjusted to 5.80 before
autoclaving at 1212 for 20 minutes. Nodal segments were introduced on basal medium
supplemented with 0.5 gL polyvinilpirrolidone (FVF), without hormones.

Media wused for muldplicaton of microshoots contained either 176 pM
bezylamnopurine (BAF), 9.8 uM 2-isopentenyladencsine [2iF) or 2.7 pM Zeatin (Z)

Media for inducton of adventitions reots contained either [BA, phloroglucinol [alone
or together with [BA), or sodium nitroprusside as NO donor, added to the bazal medium.
Footing treatments were as follows:

WPM + M5 vitamins [used as control]
WPM + MS vitamins + [BA [9.8 pM)

WPM + M5 vitamins + PG (1 mM)

WPM + MS vitamins + SNP (100 uM)

WPM + M5 vitamins + [BA (9.8 uM) + PG (1 mM)

When [BA was added to the rootng media (reatments 1 and 5), explants were
submliured on auwxin-fres media after seven days in culiure.

LA SR O

Growth conditions

All culiures were incubated m a growth chamber, at 25 £ 22, provided with a
photon fhox of 30 pmol.m-2,51 and a 16-h photoperiod.

Rooting was evaluated as percent rooted microecuttings, number of roots per
microcutting and root length, after thirty days on recting medium.

Experimental design and statistical analysis

Diata were analysed statisdeally by analysis of variance (ANOVA) and means were
separated by least significant difference (L3D), with a confidence level of P = (.05, using Info-
Statl statistical software. The multiplication experiment was a 2 x 4 factorial design with five
replicates, where the factors were two genotypes (C74 and 27-1) and four proliferation media
[BAF, 2iP, Z, and a control). The rooting experiment was a 2 x 5 factorial design, with three
replicates, where the factors were the same two genotypes and five rooting treatments ([BA,
PG, SNP, IBA+PG, and a control).
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RESULTS AND DISCUSSION

Proliferation rate of both genotypes in response to 1.76 pM BAP, 9.8 pM 2iF or 2.7 pM
Z iz shown in Figure 1. Both BAP and 2iP were less effective at inducing proliferation of shoots
than Z. Howewver, the number of buds per explant obtained when zeatin was added to the
medinm was inferior to that cbtained for this species using liquid medium in bioreactors
(Ross and Grasso, 2010). Liquid proliferation medium has several advantages over semi- solid
media, such as optimal nutrient and plant growth regulators supply, or loss of apical
dominance and better growth of axillary buds. Nevertheless, handling of cultures can be
difficunlt and contamination will quickly develop and disperse in liguid medium and is likely
to lead to significant contamination losses (Preil, 2005].
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Fig. 1. Effect of cytokinins (BA: benzyladenine, ZiF: 2 isopentenyladenine, Z: zeatin)) on
shoot proliferation rate of two A sellowiana genotypes [A and B).

[n vwitre reoting of the two genotypes evaluated was significantly different, similar to
rooting of conventional cuttings (Table 1), Genotype C74 had the highest rooting response
[65.3%), regardless of rooting treatment, whereas 27-1, which rooted poorly by conventional
cuttings, reached 65% rooting in vitro, when [BA was added to the medium [Table 2.

Table 1. Effects of genotype on rooting (%) and number of roots per explant, of A sellowiana
microshoeots after a month of reoting treatment.

Genotype Rooting (%) N2 roots per explant
27-1 29.0a 1.29a

C74 65.3b 2030b

L5D means separation [P=0,05)
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The addition of 9.8 pM [BA to the culture medium was the only treatment that had a
positive effect on recting of genotype 27-1. Endogenous or exogenously applied auxin plays a
central role at each step of the adventiious root formation. [BEA is used commercially
worldwide to root cuttings from many plant species, but despite its crucial role in this
developmental process the pattern of [BA action is still poorly understoed (Geiss et al, 2009].
Lack of understanding of the modes of action, specifically signal transduction, of identified
plant hormeones is & serious limitation to manipulate plant organogenesis (Emst, 1994) A
synergistic effect of PG when added to the rooting media tegether with [EA has been reported.
This effect has been especially noted in several apple cultvars (Machakova et al, 2008), The
results of our rooting experiment did not show a symergistic effect of PG and IBA for this
species at the concentrations evaluated.

Table 2, Effect of rooting treatment on roeting (%)) and number of roots per explant of A
sellowiana genotypes C7 4 and 27-1 after a month of reoting treatment.

Rooting Rooting (%) NZ roots per explant

treatment C74 271 CT4 271
Comnirol 70.0a 26.7a 2680 2.13b
PG 70.0a 00 a 140a 0.00 a
SNP E67a 20.0a 1.BD &b 127 ab
[EA + PG 66.7 a 333ab 2.16ab 147 ab
[BA 63.3a 65.0 b 2.09ab LE57 ab

PiG: Phloreglucinol, SNP: sedium nitroprusside, [BA: indol butyric acid
L5D means separation (P=0.05) within column

HNeither of the genotypes had a pesitive response to PG Genotype 27-1 did not root at
all in the presence of PG, and C74 did not differ from the control in the induction of
adventitbions roots (3£). Medium containing PG had a negative effect on the number of roots
per rooted explant (Table 2], and roots were shorter (data not shown). According to George
[1993), PG has occasionally been found to have inhibitory effects, when explants are exposed
to this compound for long periods. The results of the experiment show that when PG was
added to the medium together with IBA for seven days and then subcultured to plant growth
regulators free medium, root differentiation was not inhibited in genotype 27-1, and number
of roots per explant did net differ significantly from the control in neither genotype.

These results confirm that [BA has a significant role in the differentiation of roots of
genotypes of 4 sellowiang otherwise recaleitrant to rooting. However, more efforts are
needed to ehucidate the pattern of auxin action and possible interactions along the signalling
pathway. The identification of anatomical and biechemical markers of adventitions root
formation, and rooting associated genes are currently under study with these and other
selected genotypes of 4. sellowiana.

i

ARE Lol Harsioras 1155
\’ ¥l International Symposium on Production and Establishment of Micropropagated Plants
ISHS



543
Ross, 5., and Grasso, B (2010}, In vitro propagation of "Guayabo del pais™[Acca sellowiana
[Berz.) Burret). Fruit Weg Cereal 5c Biotech 4, 83-87,

Simontacchi, M., Garcia-Mata, C., Bartoli, C.G, Santa-Maria, G.E, and Lamattina, L. [2013)
Nitric cedide a5 a key component in hormone-regulated processes. Flant Cell Rep. 22, 853- 866,

Stohr, T, and Stremlau, 5. (2006). Formation and possible roles of nitric codde in plant reots.
]. Exp. Bot. 57, 463-470.

Teixeira da Silva, .4, Dobrénszid, |, and Ross, 5. (2013). Phloroglucinol in plant tissue culture.
Vitr. Cell. Dev, Biol. - Flant 49, 1-16.

Thorp, G. and Bieleskd, B. [2008). Fetjoas: Ongins, Cultivation and Uses. (HortResearch, New
Zealand), pp.B7.

HHE Bala Hamiselioras 155
\’ ¥l International Symposium on Production and Establishment of Micropropagated Plants
I5HS

29



3. Anatomia de estacas de tallo y respuestas bioquimicas asociadas con la

competencia para diferencias raices adventicias en Acca sellowiana (Myrtaceae)

Resumen

Mensaje clave: La evidencia anatomica sugiere que las diferencias en
capacidad de formar raices adventicias entre materiales de Acca sellowiana se
explican por un cambio de fase mas temprano en los genotipos de dificil
enraizamiento.

El éxito en el desarrollo de raices adventicias (RA) en estacas impone una
limitante importante a la propagacién de varias especies lefiosas; la habilidad para
formar RA esta fuertemente afectada por el genotipo. Sin embargo, no se conocen
exactamente cuales son las diferencias entre los genotipos que pueden explicar esas
distintas respuestas. En este trabajo, estudiamos el efecto del &cido indolbutirico y el
tipo de estaca en la anatomia y respuestas bioquimicas de las estacas en dos genotipos
con capacidad de enraizamiento contrastante. Los nuevos meristemas se desarrollaron
por fuera del anillo de cAmbium, sin formacion de callo a los catorce dias, y las nuevas
RA crecieron a través de la corteza y emergieron a los veintiocho dias. Las estacas de
los dos genotipos se comportaron de manera diferente tanto in vivo como in vitro.
Encontramos diferencias anatomicas entre los genotipos que podrian explicar las
diferencias en habilidad de enraizamiento. En el genotipo de dificil enraizamiento se
vio un desarrollo mas temprano de la peridermis. Este tejido dérmico secundario
podria ser usado como un marcador confiable del cambio de fase para distinguir las
porciones de tallo juveniles de las maduras, que perdieron la capacidad de formar RA.

Palabras clave: acido indolbutirico (AIB), cambio de fase, enraizamiento, anatomia de

estacas de tallo, propagacion vegetativa
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Abstract

Key Message Anatomical evid ences sugpest that differences in rooting ahility among Acce sellowiana materials are
explained by earlier phase change in difficult to root genotypes.

Abstract Sucoessful development of adventitious roots (AR ) in cuttings imposes an important limitation to the propags-
tion of woody plants and in some species, the ability to form AR is stromgly affeced by genotype. However, we lack an
understanding of the differences among genotypes underlying such different responses in various species. We examined
the anatomical and biochemical effects of exopenous indol-3-butyric acid and type of cutting in rooting ex periments of two
Acea sellowiana penotypes with confrasting rooting ability. Mew meristems developed outside the cambial ring, without
callus formation by day fourtesn and new adventitious roots grew through the cortex emerging by day 23, Both anatomically
i vivo and biochemically i vitmo, cuttings from the diffent genotypes behaved differenthy. We found anatomical differ
ences hetwesn the senoty pes that mightex plain the differences in rooting ability. An earlier development of 2 periderm was
present in the difficult-to-root genotype. This secondary dermal tisswe could he used as a mliable phase-change marker to
distingoish juvenile from mature plant parts which have lost rooting capacity.

Keywords [ndol-3-butyric acid TBA) - Phase change - Rooting - Stem-cutting anatomy - Viegetative propagation

Introduction

Propagation by stem cuttings, which reliezs on adventitions
roats (AR) formed in response to wounding is the most
widaly used method of vegetative propagation around the
worki and plays a central mele in asexual propagation of
fomest and fruit crops (Steffens and Rasmussen 20016) The
sucoess of breeding programmes of woody plants depends
on the availability of a cost effective methiod for ve petative
propagation. However, the ability to form AR is variahle
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among genotypes and in some cases it remains the most
important limitation for the commercial propagation of elite
genotypes. For this reason, a betier understanding of the
AR differentiation process is needed toexplain the great
variahility found amongst genotypes and to design 3 strat-
egy to overcome it. This is the case of Acca sellowiana, 2
fruit species native 10 Urugoay and Brazil with ootstanding
organobeptic traits (Fischer X803; Thorp and Bisleski 20405
‘but litthe backzround information zvailable.

In wild plants of A sellowisna, the ability to indwce
adventitious roots is sirongly affecied by genotype (Fischer
20613; Cabrera et al. 2010; Ross et al. 20017). Adventitiows
Tods @merge from groups of cells named root indtials (Evert
e}, These cells can be found in different tissmes of the
sem depending on the species (Geiss et al. 3004 inclod-
ing phicem, parenchy ma, or other cell types {Tarrago et al.
2005 Rioy et al. 201 3). The process is migeened by numer
ous factors both endogenous and exogenows, and different
gemity pes vary in their requisiies and neads along the pro-
cess of re-establishing a root system (I Battista et al. 2009).
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Thme successive phases are wsually recognimed in the
physiological pathway keading to AR, each with specific
mquirements: induction, initiation and expression (Pacurar
et al. A0 [4). The induction phase comprises 8 period of tims
with no visible histological events during which biochemi-
cal changes occur prior to the Arst cell divisions. During
thiz phase, several events take place at the base of the cut-
ting including 2 local incresse in auxin kevels, the estehlish-
ment of 3 sink for carbohy drates and transient changes in
the activity of several enz ymes (de Klerk et al. 1094 Amna
et al. N603; Porfirio et al. 201 &a). Consequently, although
oo visible histological events can be observed, hiochemical
merkers can be used to characterive this period in 2 particu-
lar species of penotype and establish its onsst and duration.

Im difficult to root genoty pes, AR initiation may be trig-
zered by the application of exogenous auxins. Biochami-
cal studies indicate that exogenous [BA mdeces changes
i the metabolism of enzymes, carboly draies and proteins
(Elmongy et al. 2008; de Almeida et al. 20200, Increased
levels of total solubde carbohydrates in the rooting o of
sEm cultings after exogenous application of auxin have heaen
mported (A gullé-Anton et al. 20014; Elmongy et al. 20 1E;
Gozl et al. X018). Particalarly in A. sellewizng, THA has
been found to promaote in vitro rooting (Gueerra et al. 7012;
Rosset al. 20170, During the imitiation phasa, cell divisions
kzading to the formation of 2 pew oot meristem can be
ohserved. A higher mumber of proteins has bean identified
i Encalyprus during this phase that reflect these important
cellular changes (de Almeida et al. 2020). Protein content
mcreases significantly along the rooting process in respomnss
toexopenous [B A, and the maximum levels have generally
been related to increased synthesis of emzymatic prokeins
during the imitiation of the mot regeneration process (Hussan
and Pal 2007; Elmongy et al. 2018). The expression phasea
imvolves the growth of AR through the cortex and owt of
the epidermis, and the establishment of vascular conmec-
tions of the mew root with the sem cutting (da Costa et al.
2013} According to Zhang (2000, poor rooting ability of
A, sellowigna cultings is associated with the presence of
phloem tibres, which prevent growth of the newly formed
merisiem. Poor rooting has been related to the presence of
scherenchyma or periphloematic tibres in & varety of spe-
cazs incloding (uercus macrocarpa (A missah et al. H0E),
Juglons nigra (Stevens and Pijut 2017) and several species
of Fuealyprus (Goulart et al. 2014; Bryant and Trueman
2015). On the other hand, the development of tisswes that
may poientizlly represent physical barriers, may be associ-
ated to phase change, and themfore loss of cell compeence
to form 2 pew AR merisiem altogether. In mamy plant spe-
cizs, both Angiosperms and Gymnosparms the ability to
farm AR is strongly affected by juvenile to matun: phase
change; stem anatomy differs markedly in woody plants at
differznt maturational stapes (Husen and Pal X506; Wendling
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et al. 200 4). Phase changes may be observed anatomically
by the presenoe of tisswes such as phallem to the inper side
of the phloem fibres (Beakbana 1961).

To understand the causes of poor rooting in wikd A. sell-
owigna genotypes, we studied emporal changes in carbo-
hydrate and protein kevels in response to [BA during AR
formation in cuttings 2nd microcuttings of two genotypes
with conirasting rocting ahility. We examined the sbtem anat-
oy at the base of the cuttings in both easy-to-root (R and
difficuli-to-root (MR} genoby pes using microscopic methods,
throughout the AR process and in cuttings with different
numbers of nodes to e lake moting ability with maturational
slape.

Materials and methods
Plant material

Trials wemre performed wsing selecied wild genotypes of A.
sellovwigna with contrasting rooting ability, previously iden-
tified as B {easy-to-root) and NR (difficuli-to-root) (Ross
et al. 201 7). Four-year-old mother plants were cultumed in
the greenhouse, under natural Gizht conditions, withowt beat-
ing. Average temperature and humidity during the growing
season were 28 "C and 60%, respectively, obtained from
data registered with RHT10 datalogger (EXTECH Instro-
ments). Fungicide (Benlate®, (.2%) and Phostrogen @
[NPE(MpO03-503): 14-10-27 (2.5-7 5)] wene applied peri-
odically to promaote pathopen-fres vigorous sprout growth.
Bizcause all observations were destructive, separate experi-
ments were established to analyze the response ol BA, ana-
tomical evolution in multinodal cuttings znd biochemical
charactereations.

Ini witra culture

An experiment was established to evaluate biochemi-
cal differences between R znd MR genotypes and their
responsz to exogenous [BA. To facilitate the analysis
and obtain the amount of plant material required, this
experiment was carriad oot in vitro. Apical microshoots
without leaves were established in vitro on semi-solid
Wioody Plant basal medium (WPM) (Lloyd and Mol own
1GED), supplemented with M3 vitamins (Murashige and
Skoog 1962), 0.44 pM BAP (&-benzylaminopurine;
Sigma B3408, Sigma-Aldrich, 5t Lowis MO, USA)
and 0054 pM NAA (]1-naphtzlenacetic acid; Sigma
Ml&4D, Sigma-Aldrich, 5t. Louis MO, USA), as previ-
ously reported (Ross and Grasso 2010}, Multiplication
medium was supplemented with 0.8 pM 2P (6-y.y-
Dimethylzllylamine purine; Sigma DT7674, Sigma-
Aldrich, 5t. Lowis M, USA). Two reoting conditions
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weare compared: [BA 9.8 pM (Sigma [5386, Sigma-
Addrich, 5t. Lowis MO, USA) added to the rooting induc-
tion madia and mediz without TBA ; explants from both
conditions were subcultured on auxin-free media afer 7
days. Conditions in the growth chamber were 25 £3 *C,
30 pmol photons m~> 5" and 16-h photoperiod. The
in vitro rooting experiment was 2 2x 2 factorial design
with five replicates, where the factors were two geno-
fypes (R and NR} and two IBA levels (0 and 9.8 pbd).

Biochemical tests

Soduble carbohydrates wene determined colorimetrically
using the anthrome method (Yemm and Willis 1954).
Fresh samples (3.10 g) wem collected wezkly from the
basal portion of microcuttings after ransfer t© auxin-iree
medium, ground with mortar and pestle and extracted with
1 mL ethanol (30% viv). After cenirifugation for 10 min at
Sa0ihe, SO0 pl. of the ethanolic supernatant was diluied in
2.5 mL anthrone (Sigma31 9899, Sigms-Aldrich, 5t. Louis
M, USA) and incubated at 100 *C for 10 min. After cool-
mg, 50 pl of sample was diluted in 950 pl. anthrone and
ahsorbance was read at 625 nm in 2 Shimadzw spectro-
photometer using a5 blank ethanol diluted in anthropes
at the same concentration. The calibration curve was
obtained from dilutions pre pared from a glucose solotion
(0.24 mM}. Analyses were carmied oot in triplicate, with
five cuttings per hiclogical replicate, and valoes e xpressad
a5 mean + standard error.

Protein determination was carried oot in samples col-
lecied weekly after transter (o auxin-free medium from the
baszal portion (1 cm) of microshoots, and ground with mor-
tar and pestle in liguid nitrogen. Ex traction was done with
buffer contaming 50 mM sodium acetate (Sigma32406,
Sigma-Aldrich), 2.0 mM ethylendizmine-tetra-acetic acid
(EDTA) (SigmaEDs, Sigms Aldrich), 1.0 mM mangne-
sium chioride {SigmaM8266, Sigma-Aldrich) and 1.0'mM
phenymethylsulfonyl fluoride (PMSF) (SigmaP 7626,
Sigma-Aldrich) at pH 5.5. After cenirifugation (20 min
at 10 (kg and 4 *C), the supernatant was used as crude
extract for quantiication of total protein. Analyses were
carried owt in triplicate, with five cottings per bislogical
replicate, znd values expressad as mean + standard error.

Prodein concentration was determined according to the
method by Bradford (197&), using bovine serum albu-
min (B5A ) (SizmaA 2153, Sigma-Aldrich) as a standard
Homogenate (30 pl)y was thorooghly mixed with 1 mL
Copomassie Brilliant Blse stain reactant and absorbance
was read at 595 nm wsing 2 Shimadzu spectrophotome-
ter. To obtain the standard curve, absorbance at 595 nm
was plotked versus known protein concentration of BSA
solution.

Anatomical analysis and response to exogenous IBA

Two different ex periments wen camied out using semi-hand-
winod cuttings of the two genofypes umder evaluation B and
NE. In experiment 1, we emphasized the evalustion of root-
ing mesponse and the basic anatomical differences between
the R and MR penotypes and in response toexogenoos [BA
application. In experiment 2, we emphaszed the evaloation
of the anatomical differences between the penotypes along
more mature nodes and its response o exogenoos [BA. Cut-
tinzs for bath experiments wene collected from the basal
branches of geenhouse-grown mother plants once the cur-
ment szason”s growth had stopped (February—March, south-
ermn hemisphenz) following Thorp and Biekeski {2005). Aver
age temperature in the greenhowse at the time of harvest was
TR.05 "C and relative humidity 38 07%. Toedec: waier loss
through transpiration, 21 but the top two lkeaves half-mimmed
were emawved (Fig. 1). Cuttings wem placed on 2 propags-
tion hed with bottom he ating and overbead mist (A phos SRL
manufaciumers), using perlie & rooting substraie, under nat-
ural light conditions. Subsirate lemperaiue was maintained
at 27 +1 *C and air relative homidity at 90 + 5% wsing an
intermittent mist system throughouot the rooting ex perimant.

In experiment |, only apical uninodal cuttings wemne
usad (Fig. 12)in a 2x 2 factorial design with three repli-
cates, whene the factors werne two genotypes (R and NR)
and two [BA levels (0 and 12.3 mM). IBA was applied
by dipping the base of the each cutting for 5 5 in 20 mi
of 3 mon-sterile solution of 12.3 mM [BA (Sigma [5386,
Sigma-Abdrich) to induce rooting. Ten cuttings were used
for each biclogical replicate. Rooting (%), number of roots
per explant and length {cm) of roods were recorded weekly
for 5 weeks. Samples for siem anatomy observations werne
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Fg. 1 Type of spical cultings of Acca seflowiana med for in vive
rooting experiments. & Uninodal ostting; b teoonodes cutting: ©
thme-nodes cofting. Nodes are indicaied as M1, N2 and N3. Scale bar
in centimetres
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collected weakly for 4 weeks, trimming the basal portion
(0.5 cm length) of three cuttings per factor combination
(penotype = [BA level). Samples were axed in 2 forma-
lin-acetic acid-ethanol T0% (FAA 5:5-00) solution, dehy-
drated through a series of graded ethanol baths and then
miiltrated and embeddad in paraffin blocks (DA mbrogio
de Argleso 1986). Serial sections 10-12 pm thick weme
cut using 3 rotary microtome (Skee Medical, Cut 4062,
dried. stained with safranin-fzst green (Johansem 194400
and finally mounted on microscope slides with Canada
balsam mounting medium (Sigma C 1795, Sigma-Aldrich).
To estzhlish the boundary between the corex and the stele,
wi usad stem hand sections {12 pm-thick) and employed
two ditferent approaches: localzation of the starch sheath
using Logol reagent (D°Ambrogio de Arglleso 1986) and
datection of callose to identify the phloem, mounting the
hand sactions in & drop of high-pH solotion of aniline blues
(5ipma®52%0, Sipma-Aldrich) (Zarlavsky 3014

Im experiment 2, samples wene harvested from cuttings
with different sizes: the apical merisiem plus one. bvo or
thres nodbes (Fig. la—c) arranged in 2 2= 2% 3 factorial
desizn with three replicates, where the factors wene two
genotypes (R and MR ). two [BA levels (0 and 12.3 mM)
and three sizes of cuttings named M1, M2 and N3 (one,
two or three nodes below the apex . mspectively ). Thnee
cuttings werne wad foreach biclogical replicatz. [BA was
appdied as in experiment 1.

Samples were collected weekly for siem anatomy obsar-
vaticms at each node level and processed in the same way
35 described above. An exploratory analysis was done in
branches of both genotypes, R and NR up to node six.
For detzction of lignified tisswes, histochemical staining
af lignin with phlorogiecinol/HC (5igmaP3502, Sigma-
Aldrich} was performed on hand sections, 12 pm-thick
(I Ambrogio de Argleso |08&). Number, width and con-
tinuity of periphlozmatic lignitied rings wene recorded in
photozraphs of transversal section (Electronic supplemen-
tary material 1}. The pap distance between nbre strands
wis wsad to calculate the percentage gap, later comelated
with the percentage of rooding CAmissah et al. 2008),
according to the equeation:

Length of fibre fme paps

SiGap = 1
Gap Lemgth of the circumifierential arc *

A MNikon E1() light microscope was used for obsar-
vation of the samples. Salected cross-sections wene pho-
tozraphed with Dino Eye 2.0 digital camera and Dino
Capture 1.5.27 A (Ekectronic Corp.) software. Samples
mounted in aniline bloe were observed in an epifluomes-
ence microscope (Labotec, exciting 330380, dichroism
400 and cwt-off 4200 and photographs were taken using

Scopelmage 9.0 sofwarne.
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Statistical analysis

[rata were analysed statistically by analysis of varianoe
{AMOYA) and means were compared by Tukey s test, with
a contudence kevel of p <005, using Infostat® statistical
softwame. Arcsine transformation was applied to msponse
idats hefomr analysis.

Results

Response to |BA

The mesults of AMOVYA from experiment | showed a sig-
niticant affect of exogenous [BA, genotype and inieraction
gemotype x reatment {p * U001 (Electronic supple mentary
material 1). Exogenous [BA (12.3 mM) improved rooting
of uninodal cuttings from experiment | in both genotypes
(R and MR but the effect was stronger in the NR genotype
(Tukay. p<= 005) (Fig. 7). Rooting of Bt genotype increased
from 58 8% (withowt TBA) to 68 3% (with [BA). When [BA
was adided to the N penotype, mating increasad from 1.67
to 56.2%. This valee is not different from that of the R geno-
type without TBA (Tukey, p< 0005) (Fig. 2a). The MR peno-
bype had fewer roots per rooted explant (Fiz. 2b). but neither
Toot nomber nor oot length was significantly affectad by
[BA within each genotype (Fig. b, c). Rool emergence was
nat obszrved earlier than 28 days regardiess of genotype,
and neither of them formed callus at the base of the cuttings.

Biochemical markers of AR

For biochemichal analysis, materials were multiplied
in vitro. Rooting of R and MR genotypes in msponse o [BA
in vitro was not different from uninodal cuttings (Tulkey,
p< 0U05). Rooting of NR genotype increased from less than
563% when [BA was added to the rooting medium while R
genotype rooting was 7 1% and 63%, with and withowt TBA
mespectively (Table 1)

We found a significant effect of exogenous [BA on bath
carbolydrate and protein kevels (p = 000000 ) but there was mo
significant effect of genotype and the ineraction genotype
* treatment was significant only for protein levels (Eec-
tromic supplementary material 23 Carbobydrate (CHO)
leve 15 increased from day O to day 7 in both genoty pes and
treatments, and decreased pradually from day 7 omwards.
A in ireatment significandly increased carbohydrate levels
in both genotypes but no signiticant differences were found
between B and MR genotypes (Tukey, p < 0.035) (Fig. 3a).
The maximum level of protein was detected at day 14 in
baoth genotypes and meatments. From day 14 omwards pro-
tein comient &t the hase of the cuttings decreased gradually.
The NR genotype without [BA had the max imam content of
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Fig.2 Efed of 1BA {123 mM) on: & rooting perentage; b oot
nurmier per rooted explant; ¢ roat kength; of o genotypes of Acce
swlicmadona uninodal cutings with contresting roating shility, experi-
ment 1. K {easy-to-roat); NE (difioali-to-root). Data are preented =
mean + SE. Diftemnt letters indicale agmificant differences hetween
penaty pesftreatrment combimations (Tukey, @ <003)

prodein and was the only condition {combination genotype =
meatment) that differed significantly (Tukey, p< 0005). The
addition of exopenous [BA indoced a significant decrease n
probzin content, which reached levels similar to the R geno-
gype. Um the other hand, protein conent in the R penotype

Table 1 In vitre rooling of o penotypes of Acca sollowiaes with
oontrasting rooting asbility in respomse to 9.5 pM 1EA

Genotype IEA (pM) Roating (%)
E a 6305+ 310
9% TL0+3.50
MNE 0 345+ 1B
9E G266+ 386

[Data are presentad = mean +sd
R e my-to-root, MR dithcult-bo-root

i h
am L
= A &

Fg.2 a Scluble carbobydmte confent; b prokein content; throagh-
out adventitious root dewe lopment in umnodal cultings of Acca sl
wwisne genobypes (B: easy-tooroot and NE: dificult-to-root) with
or without TBA (9.8 mM). Asterisks indicate wher significant dif-
erences betoren genohypes and estments wem foond (Tokey,
o 005D Diata ame peesented ax mean + SE

was not affected by the presence of exogenous [B A in melz-
tion to the control {Fig. 3bj.

Anatomical studies of stem cuttings

Im the uninodal cottings, a uniseriate epidermis covers the
siem surface of both genotypes and a cortical parenchyma
is found below it {Fig. 4a, b). An internal cortical starch
sheath, detected by the presence of amyloplasts inside the
cells with Lugod staining, surmounds the stebe ring (Fig. dc).
ascular secondary prowth is already present at this kevel of
the cuttings. Xykem is continuos with intraxylary phicem
and surrounds the central parenchymous pith (Fig. £a).

£ Sprimger
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Fig.4 Micrographs showing
stem anatomy 2 the base of
Acca sellowiana uninodal sem
cuttings (cross sections) from
experiment | of the R (easy-to-
root) genctype on day 0. a Pun.
oramic view with safranin.fas
green staiming: b detail of tissue
location showing phloem fibees
with safranin.fas2 green stain.
ing (black arrowhead):. ¢ detil
showing starch-sheath (black
wrows) with lugol staining: d

> showing epifiucnes-
cence of callose staining with
mniline biwe, black arrowhead
points 22 phloem hbmes. cp corti-
cal parenchyma, «p epidermis,
pde imernal philoem, ph phloem,
p pith, ve vascalar cambium,
x xylem. Scale bars in panela
100 prm; in panels b-d 50 ym

The internal and external phloem was evidenced by callose
detection using aniline bive fluorescence of phloem cellu-
lar elements (Fig. 4d). An external discontinuous ring of
phloem tibres is present in both materials adjacent to the
cortical starch sheath (Fig. 4a. b). No evidence of preformed
root primordium was detected and uninodal cuttings of both
2enotypes had a similar anatomical structure at their bases.

For the first 2 weeks of rooting experiment |, we found
no evidence of anatomical modifications. Although safranin-
fast green staining did not show a clear contrast. mitotic
figures were first observed in groups of cells within the oater
secondary phloem by day 14 (Fig. 5a). Root primordia grew
through the cortex (Fig. 5b) and emerged through the e pider-
mis 28 days after cutting establishment (Fig. 5¢). AR forma-
tion was direct, without callus formation in both genotypes.

Anatomical differences between genoty pes were observed
in multinodal cuttings below the second node. All cross-
sections showed the same basic anatomical structure and
roating behaviour described above, and both genotypes
had a discontinuous ring of phloem nibres (Fig. 6a. b). AR
imitials were also observed as in the previous experiment
only innodes 1 and 2. In the NR genotype, we observed the

) springer

differentiation of 2 multistratified tisswe with initially thin-
walled cells arising by the second node below the apical
meristem of the cutting (Fig. 6b, d, white arrowheads). This
tisswe differentiated from a cell layer located immediately
below the phloem tibres. The cells of this layer presenid
slightly thicker walls than the other phloematic cells and
were bigger in the NR genotype than in the R genotype
(Fig. 6d). The multistratitied tissue formed varied from one
to six continuous layers of tangentially fattened cells with-
out intercellular spaces throughout the cross-section. The
number of layers increased towards the third node (Fig. 6d,
1) and the outermost layers showed thickened cell walls. To
explore the progress of this ring towards more basal nodes,
we analysed cross-sections at nodes 4-6 (Fig. 6g, h), and
tound evidence that this multiseriate tissue forms a periderm
(internal ring of lignined tissue) which was always present
in the NR genotype but sekdom appeared in the R genotype.

To compare the position and development of these tissues
between R and NR genoty pes, we used stem cross sections
stained with phloroglucino¥HCI for 2 better visualization of
lignified tissues (Electronic supplementary material 3). Sta-
tistical analysis of the data obtzined after image processing
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Fig.5 Light micrographs show-
ing stem anatomy af the base
of Acca sellowians uninodal
stem cuttings (cross sections)
of the R genotype {easy-to-
root), o different stapes during
ton from experiment 1.a Day
14, neoformation of a root
meristemn cutside the cambial
ring: b day 21, roct primordium
elongating through the corex
(black arrowheads point = the

phicem Sbres); ¢ day 28, AR
emerging. <p cortical paren-
chyma, gk phloem, r roce, rp
root primondiem, w vascular
camivium, x xylkem. Scale bars in
pancl a 30 um; in panels b and
< 100 ym

showed that the principal effect of genotype was significant
on the number of rings of lignined tissues and width of the
inernal ring (p*“0.0001); exogenous [BA affected the width
of the intenal ring and the proportion of fibre-free gaps of
the external ring; wiith of internal ring was also affecied by
node. The inkeraction genotype x node was signiticant for
the three variables. (Electronic supplementary makerial £).
Depending on the node, the difierent genotypes (R and NR)
had signiticantly different number of rings with lignined
cells (Fig. 7a) and width of the inernal ring (Fig. 7b). but
no diffierences were detectied on the proportion of fbre-free
2aps of the external ring (Fig. 7¢). Addition of exogenous
IBA affected the internal ring width (Fig. 7b) and the pro-
portion of tibre-free gaps of the external ring in the first two
nodes of the R genotype (Fig. 7¢) (Tukey, p<0.05). These
differences were first detected 2 weeks after [BA treatment.

Discussion

Our msults show that the R and NR genotypes of A_ sell-
owiana show anatomical differences in vivo and different
biochemical responses to [BA in vitro, possibly relaed to
their different rooting ability. In spie of these differences,
exogenous [BA was efiective to improve the performance of
difficult-to-root genoty pes which reached levels similar to
those of the R genotype without exogenous [BA. Although
separate experiments were established to record different
characteristics, the differential response to exogenous IBA
of R and NR genotypes was maintained both in vitro and

in vivo. We had previously obtained a very similar root-
ing response to [BA for the same R and NR genotypes in a
similar in vitroexperiment (Ross et al. 2017). The duration
of the whole differentiation process did not differ between
R and NR genotypes, and no roots were visible in either
genotype earlier than 28 days in vivo similar to our previous
results in vitro. Zhang et al. (2009) cbserved new meristem
formation by day 20 and reported that it took 30 days for A.
sellowiana ToOts to emerge from cuttings. Similar durations
of the whole process of AR formation has been mpored in
saveral species of Fucalyrpus (Baltierra et al. 2004: Bry-
ant and Trueman 2015). In E. grandis, Abu-Abied (2012)
achieved maximum rooting 35 days after IBA treatment.

In msponse to wounding, 2 new sink for CHOs is estab-
lished, providing the structural elements as well as the
energy resources neaded for development (Kazlowski 1992;
Druege et al. 2016). However, the demands for energy and
carbon skeletons to support rooting vary between species
and depend on the type of cutting (Haissig 1986) and it has
been suggestad that rooting can be related to individweal CHO
pools rather than total content in cuttings (Druege 2%)9).In
our experiments, the content of CHOs of both genotypes
in vitro evolved and responded similarly to exogenous IBA
and reached its maximum levels 7 days after cutting estab-
lishment. This increase in CHO levels in A. sellowiana cut-
tings was the first evidence of metabolic changes following
wounding that we detected. Exogenous auxin treatments
have been found to increase total soluble sugar levels in
several species (Steffens and Rasmussen 2016) which in
turn modulake gene expression (Rolland et al. 2002; Gibson
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aFig. & Repm=zntative light micrographs of stem-culfing cross-sac-

tores on day O and at different nodes below the apical bed, of fwo
genatypes of Acow sellowiona with contresting rooting shility trom
experiment I B {sasy-to-root) and NE (dithcult-to-root). s B geno-
tvpe, Node 1; b NE genotype, Node 1;¢ B genotype, Node 7d MR
genatype, Node 1 e R genotype, Node 3; 1 NR genotype, Node 3; g
E genotype, Mode ¢ h NE penciype, Mode 6. Black arroecheads point
& the ring of phioem fibres. While amoecheads point 2 the initial
development of the periderm. «p cortical parenchyma, «p epidermis,
e periderm, gk phloem, v veecular cambiam, x aylem. Scale bars
50 prm

DR05; Greiss et al. 2000; Roedell et al. 2003; De Almeida
et al. J017; Wojtania et . A0 19). In ourexperiments, cut-
tings exposed to exosenous [BA showed the highest ewels
of CHOs, irmespective of penotype. However, the specific
robe of CHOs in AR formation is controversial and their
specific role in the process is not complztely clear (Druege
NG Indbeed, ewen CHO depletion induced by darkness
may cause an increase in ssluble nitogen metabolites that
can accelerate AR formation (Ferche et al. 7019). Themfore,
the contiznt of CHOs per se, cannot explain the different abil-
ity to fiorm adventitious roots of the R and MR genotypes.
In E. globwlus cuttings, excised from donor plants befon
and afier they had lost rooting capacity, the concentration of
soluble CHs did not show significant differences {Aumond
et al. 2017 Therefore, it is more likely that the increas:
CHis that we observed is 2 conseguence of wounding and
phiysical isolation from the mother plant after excision of
the cuttings which leads to the accumulation of substances
otherwise transported dowowands.

Protein contents showed a very different response sug-
gesting that the nature of the changes indocad by [BA wem
different on both genotypes. The increase in the bevels of
proteins by day 14 most likely refects metabolic changes
that occur in reponse to wounding which are penerally
m®lated to the induction phase of AR formztion (da Costa
et al. 201 3). This increase was similar in 2l the material that
was expected to form AR, ie., cuttings of the R genotype
and the MR genotype with [BA. After cutting excision, pro-
fzins belonzing to several different hiological pathways are
up of down regulated. In Encalypius, most of the proteins
udentified werne relaied to oxidation—reduction processes
followed by protzins imvodved in energy metabolism (de
Almeida et al. 20200, Protein content in the NR genotype.
on the other hand, was higher to that of the B genotype dur-
g the second and third weeks; however, it decreased to
leve Is similar to those in the B genotype with [BA e stment.
Wi did mot investigate the identity of the protzins sccumu-
lated ineach type of cutting in vitro and we cannol confimm
whether the same or different penes wene responsibie for
protein accumulation in the B and NE cuttings. However,
our results show that internal factors in the untreated cut-
tings of the MR, genotype are responsible for their different

biochemical msponse, and that this further increass in pro-
teins symthesized in response o woanding is then not relzied
Lo processes associaied o moting =t kast in vilro.

Cuttings of 4. sellowizna of the bwo genotypes with con-
trasting rooting ability and taken from the same position
from meother plants with the same chronological age, differed
anatoamically . A multisratitied tissee that deve loped bebween
the phinem and the discontinuouws ring of phicem fibres was
obsarved in uninodal cuttings of the MR penotype buat not in
the B genotype. This tissue presented one to several inmer
continuous layers of thin-walled prismatic cells and sv
eral ouier thick-walled prismatic cells compactly arranged,
lacking imtercellular spaces. This pattern cormesponds with
periderm development during secondary stiem growth of
several woody specees, which may form near the epidermis
or deeper inbo the cortex up to the ooter secondary phicem
(Metcalfe and Chalk 1950; Evert 20a). A pericycle gener
ally incloding a sub-contimeous ring of obres is 3 dizgnostic
featum of the Myrtacess stem (Metcalfe and Chalk 1950)
amdd it is coincident with the origin of the periderm found in
our anatomical study. Recent imvestigations in other species
of the Myrtacess family have shown similar resulis elating
meduced rooting capacity and vigour of cuttings with sbzm
anatomy (Abu-Abied et 21, 2012; Goulart et al. 20014; Bryant
and Troeman 201 5; Wendling et al. 2015)_

For A. sellowiana, poor AR formation has been attributed
to the presence of fibre cells in the phioem of siem cuttings
that afiect the metabolic activity of the new root meriskem
and machanically prevent growth of the root primordia
(Zhang et al. 2009). Coincidently, we could not find any
indication of root merisiem formation inoany of the cottings
where this periderm was present (data not shown). How-
ever, the proportion of obre-free zaps of the exiemal ring
in uminodal cuttings of both genody pes was not signifcantly
different. The main difierence was the earfier development of
a periderm in the MR genotype and how its width increased
from the apex towards the lower nodes and in responss o
exoganons [BA. Except for this earlier presence of a peri-
dizrm, both types of cottings were anatomically similar.
According to these results, it is unlikely that this tissue rep-
mesents 3 physical barrier to AR development. The lack of
AR in thiz genotype seems o be the shsence of merisbzm
formation itself, a5 obsarved for several recalcitrant fruit
species (A ltamura 19660, The development of this tissee by
the second node, accompanied by loss of mooting capacity
may indicate that the MR genotype actually undergoes an
earlier phase change, from juvenile to matume.

The developmental programme of AR diferentiation has
heen inversely linked to the xylogenesis prozramms in sav-
eral forest speckas such as pine (Abarca et al. 2004, paach
el free (e A dmzida et al. 012} and chestnut (Vielba ot al.
201 &) 1t is 2 conseguence of an alieration in auxim homeo-
slasis associabed with phase change that megatively affects
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Fig. 7 Cherscteristics of lgmined tissue afer 28 days of incubation,
ut different nodes (1, 2 and 3 from the =pex ), in two penatypes of
Avea sellwians culings with contreding rooting ability: B (easy-
t-mot) and MR (ditiosth-tooroot), with or withost exogenous TRA
(12.3 mM) from experiment I. a Mean number of rings: b width
of infemnal ring; © fibe-free gaps of extemal ring. Thidy-six sem
oroes-gections, cormespanding 1o 12 cuttings, were svsmined for each
combination of genotype-trestment-node. Variables = presenied =
e + SE

AR (Rasmussen et al. 2014). Consaquently, high doses of
[B A may inhibit rooting of cuttings by promoting liznitica-
tion and secondary growith (Wendling et al. 2015). In A.
setlowigna, cuttings of the MR genotype with onty one node
mspondad to exogenous [BA improving AR differentistion
from less than 105 to more than 30%. However, from the
second node downwards AR merisiems failed to form, and
mstead the sppearance and width of 2 periderm tissoe was
promaded by [BA . In Eucalypius, the difference in rooting
capacify among species was relaied to differences in the
metabolism of auxins (Fett-Mebo et al. 2001). This appar-
ently conradictory efiect of [BA can be understood as a
change in sensitivity and response to [BA associated with

ﬂ Springer

phase change. Also associated with phase change is the pat-
tern of protein synthesis. Major changes in protein expres-
sion accompany phase-change in E. grandiy; the expression
of about S up and down regolated penes was significantly
different in juvenile and matore cuttings and multiple fran-
scTipis relzied to different regulabory processes. had different
expeEssion between juvenile and mature cottings in response
b exogenous auxin (Abu-Abied et al. X012, 2004). The dit-
ferenoe in the patiern of protein ex pression observed in vitro
and lack of AR formation of the unimeated MR genotype bath
in vivo and in vitro is then probably due to its eardier phase
change which can be partially everied by exogenous [BA n
thi first node when tissoes ane still Esponsive.

Conclusions

In our study, we found no evidence of preformed root
meristems in A. reillowiana cuttings of the wild penotypes
used. [nstead, AR meristems developed de novo outside
the cambial ring. Exogenous spplication of [BA wasefiec-
tive in promoting rooting rates compatible with commer
cizl propagation in uninodal cuttings. Anatomy of stem
cuttings differed betwean genoty pes. However, we found
these differnoes to be mome likely a consaguence of phase
change, from juvenile to mate, and loss of rooting ahility
of the MR genotype, associated with zn earlier develop-
ment of the periderm.
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4. Validacion y analisis de expresidon de genes candidatos para rizogénesis

adventicia en microestacas de Acca sellowiana (Myrtaceae)

Resumen

Acca sellowiana (Myrtaceae) es una especie multipropésito con frutos
comestibles y valor ornamental, nativa de Uruguay y el sureste de Brasil. En Uruguay,
la domesticacion de la especie es incipiente, aunque en otros paises se cultiva
ampliamente. Es un arbusto perenne de polinizacién cruzada por pajaros y abejas. Por
este motivo, es necesario desarrollar estrategias de propagacion vegetativa como por
ejemplo el empleo de ,estacas de tallo, como forma de reproducir los genotipos
destacados para su conservacion y uso en programas de mejoramiento. La formacién
de raices adventicias (RA) en estacas esta regulada por factores ambientales y
enddgenos. Entre las fitohormonas, el acido indolbutirico (AIB) es la auxina exégena
mas usada para mejorar el enraizamiento de estacas. La mayor parte de los estudios
moleculares acerca de la formacion de RA utilizan especies modelo; sin embargo, la
conservacion de esos mecanismos en otras especies ha sido poco estudiada y los
efectos de los distintos factores y sus interacciones en A. sellowiana son poco
conocidos. La identificacion y analisis de la expresion de genes que se sabe que estan
involucrados en la regulacion del proceso es un paso importante para dilucidar los
mecanismos moleculares que regulan la diferenciacion de RA en estacas de A.
sellowiana. En este trabajo, comparamos dos genotipos con capacidad de
enraizamiento contrastante e identificamos y caracterizamos tres genes que podrian
regular el inicio del proceso de desarrollo de RA en A. sellowiana: AsPIN1, AsTIR1 y
AsSHR. El anélisis de su expresion mostrd que en el genotipo de dificil enraizamiento
AsTIR1 aumenta de manera significativa en respuesta al AIB exdgeno, enseguida del
tratamiento de induccion. La expresion relativa de ASPIN1 y AsSHR también aumenta,
24 h después. Se discute el significado bioldgico de este patron de expresion génica.

Palabras clave: raices adventicias, acido indolbutirico, propagacion vegetativa,
transporte polar
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Abstract

Acca sellowiana (My riaceas) is a multipurpose species with edible fruits and omamental valve, native to Unoguay and south-
emn Brazil. Domestication of the species in Uroguay is incipient although in other countries, it is widely cultivated. [t is an
evergreen out-crossing shrub, pollinated by birds and bees. For this reason, it is necessary to develop vegetative propagation
strategies such as stem cuttings o eproduce outstanding genotypes for conservation or breeding programs. Adventitious root
(AR formation in cuttings is regulated by environmental and endogenous factors. Among phy tohormones, indole-butyric
acid (IBA) is the most widely exogenous auxin used to improve rooting of cuttings. Most studies on AR formation at the
mokecular kevel use model species; however, the conservation of these mechanisms in non-model plants has been litthe studied,
consequently the effects of different factors and their interactions in A, sellowiana are not well understood. The identification
and expression analysis of genes known to be involved in the regulation of the process is an important siep to elucidate the
molecular mechanisms that regulate AR differentiation in A. sellowiana cuttings. In this study, we compared two genotypes
with contrasting rooting ability, and we identified and characterized three genes that might regulate the onset of AR develop-
ment in A, sellowiana: AsPIN I AsTIRT and AsSHR. Theirexpression analysis showed that in the difficuli-to-root genoty pe,
AsTIRI increases strongly in response to exogenous [BA, shortly after induction treatment. Relative expression of AsPIN S
and AsSHR also increases 24 h later. The biological significance of this gene expression pattern is discussed.

Keywords Adventitious rooting - Indole-butyric acid (IBA) - Vegetative propagation - Polar transport

Introduction

Acca sellowiana (Berg.) Burret is an evergreen shrub of the
My rtaceas family which is cultivated for its fruits and is also
valued as an ormamental plant for its flowers and foliage.
Extracts taken from fruits and leaves contain antioxidant,
antimicrobial, and pharmacological activities (Vuotto et al.
2000; Bonempo et al. 2007; Mosbah et al. 2018; Tortora
et al. 20190, Domestication and breeding of this species
depend on the ability of clic plant materials to be propa-
gated. However, adventitious root differentiation of cuttings
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varies between 0 and B0% depending on the genoty pe set
evaluated (Franzon et al. 2004; Guerraet al. 2012; Ross et al.
2017; Miella et al. 201 8), and it is difficult to provide nurser-
ies with mother plants of selected materials and particulardy
difficult-to-root genotypes.

It was hypothesized that these differences in AR forma-
tion among A. sellowiana genotypes are due to an earlier
phase change in the difficult-to-root genotypes which can
caplain the loss of compeicnce to form adventitious roots
(Ross et al. 2021). In woody plants, the ability of cultings
to form adventitious roots declines with the age of donor
plants (Wendling et al. 201 4a; Aumond et al. 2017) and
has been inversely linked with the xylogenesis program (de
Almeida etal. 2012; Abarcaet al. 2014; Vielba et al. 2016).
Some genes of the GRAS family, such as SCR and SHR,
are imvolved in the maturation-mrelated decline of adventi-
tious rooting (Pizarro and Diaz-Sala 2019). This might be
explained by the different functions that the same gene regu-
latory network may play at different developmental stages
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of a cell type (De Lucas and Brady 2013). The lower root-
ing capacity associated with ageing of donor plants is little
understood in woody plants (Aumond et al. 20 17). A natomy
of stemn cuttings in difficult-to-root genotypes of A sellowi-
ama shows an earlier development of the periderm associ-
ated with loss of competence to form adventitious roots
(Ross et al. 2021). It is known that competence to form AR
declines with phase change as a result of changes in auxin
homeostasis (R asmussen et al. 2014). The different rooting
performance observed in genotypes with different rooting
ahility is mainly due to the mgulation of endogenous active
auxin accumulation in the AR source tissues after cutting
excision, as well as differences in auxin sensitivity (Guan
etal. 2015; Druege etal. 2016, 2019). This differential dis-
tribution of auxin seems to be a sufficient signal to trigger or
maodify the developmental program of a cell in model plants
(Vanneste and Friml 2009; Negishi et al. 201 1; Ruedell et al.
2013) although the mechanism has not been characterized in
A. sellowiana specificalby.

The fact that IAA is involved in the carly events of AR
formation has been well established (B lakesley 1994; Della
Rovere et al. 2013) and the concentration of endogenous
[AA is considered to play & central role in the control of AR
initiation and development in various plant species (Ford
et al. 2001 Kelen and Ozkan 2003: Davies 30 10; Bellini
et al. 2014; Pacurar et al. 2014; Wendling et al. 201 5; Vilas-
boa et al. 30 18; Gonin et al. 2019; Druege et al. 2019; de
Almeida et al. 2030). The concentration of auxin in spe-
cific tissues is controlled by its biosynthesis, metabolism,
and transport, and these processes are regulated by multi-
ple mechanisms (Han et al. 2009). The differential accu-
mulation of endogenous [AA in easy and difficult-to-root
genotypes might be explained by the different ex pression
of IAA biosynthesis and transport genes (de Almeida et al.
2015; Druege et al. 2019) as well as higher expression of
mpressors of auxin-responsive genes in hard to root species
(Ruedell et al. 2015). AR formation depends on the early
accumulation of IAA at the base of the cutting, via polar
transport (Megishi et al. 2014; Pacurar et al. 2014; Druege
et al. 2016). Quantification of indole 3 acetic acid (IAA) i=
not extensively used in AR studies because of its low con-
centration in tissues and the interigenee of other compounds
in the analysis (Stuepp et al. 2016).

An alternative strategy to understand AR formation
would be to identify and study the expression of genes
involved in auxin homeostasis and root meristem patiern-
ing in the excised tissues of cuttings. Sensitivity to auxin is
determined by the presence and affinity of auxin receptors.
The auxin receptor TRANSPORT INHIRITOR RESFONSE
I (TIR ) and its homologous gene PagFRLS increased their
expmssion 2 few hours after auxin treatment (de Almeida
et al. 2015; Shu et al. 2019). Once auxin sensitivity is estab-
lished. other genes in the auxin response network which act

4] Springes

downstream in the AR signaling pathway are bound to acti-
vake (Teabe et al. 2006; Pierre-Jerome et al. 201 3; Wachsman
et al. 2015). Changes in gene expression are detected during
the first hours after cutting excision in response to the stress
caused by wounding mainly during the first 24 h (Druege
et al. 2016).

Sewveral genes are induced by exogenous auxin during
the process of AR formation (Lodwig-Miiller 2000; Guan
et al. 2015; Druege et al. 3019). Auxin-induced AR forma-
tion in cuttings involves transcription factors of the GRAS
family, particularly in the context of maturation of woody
plants (Druege et al. 2016). Root meristemn patterning and
stemn cell specification in esponse to auxin eguire of the
GRAS family transcription factors such as SHORTROOT
(SHE) (Blilou et al. 2003). These ame also involved in the
maturation-related decline of adventitious root formation
in distantly related forest species, and the switch between
the developmental programs of xylogenesis and AR forma-
tion in A. thaliana (Xuan et al. 2014; Abarca et al. 2014;
Stevens et al. 2018; Pizarro and Diaz-Sala 2019). In other
specics, these genes are upregulated during AR formation
and null mutants exhibit redueced AR formation (Druege
et al. 2019). The expression of the auxin efflux carrier gene
PINFORMED | (PIN{) increases in response 1o exogenous
auxin; short auxin treatments activate the transcription of
PIN genes in different tissues regulating its own distribution
(Vanneste and Friml 20049; Fett-Neto etal. 2011).

AR formation in Acca sellowiuna cuttings is strongly
affected by genotype. Among several treatments used to
induce rooting, difficult-to-root genotypes (NR) respond
only to exogenous [BA and reach rooting levels similar to
the easy-to-root genoty pes (R) without exogenous hormone
(Ross et al. 2017). Our hypothesis is that exogenous [BA
improves AR formation in NR cuttings of A. sellowiana by
modifying the expression of genes involved in suxin percep-
tion and homeostasiz during the first stages of the process,
leading to the acquisition of competence of some cells to
form AR. In order to contribute to the understanding of AR
formation and the causes of intraspecific variability specifi-
cally in A. sellowiana, the purpose of our study was to iden-
tify some of those genes in model species, validate them in
A. sellowiana and study their expression patiem in responss
to exogenous [BA . In order to provide evidence that sup-
ports this interpretation of the differences among genotype,
we selected a few but critical genes that have been shown
to be involved in auxin homeostasis (PN TIRT) and root
meristem patterning (SHE) in E. grandis and A. thaliana, to
study their expression in micro-cuttings of two A. sellowiana
genotypes with contrasting rooting ability.
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Materlals and methods
Plant material and culture conditions

Maother plants of A. sellowiana were provided by a local
breeding program of the species (INIA-Facultad de
Agronomia-MGAP; Unuguay). Two selected genotypes with
contrasting rooting ability were grown in the greenhouse
under controlled conditions, and treated periodically with
fungicide (Benlae®, 0.2%) and Phostrogen® [NPE(Mg03-
S03): 14-10-27 (2.5-7.5)]. Genoty pes were identified as B
{zasy-to-root) and NR (difficult-to-root), according to their
rooting performance ex vitre (more than 60% and bess than
0% rooting, respectively ). To minimize the phenoty pic dif-
ferences in growth hahit that might exist betwesn genotypes,
sprouts wene collected from the basal branches of 4-vearold,
vigorous healthy plants, in the same position in the branch.
Apical segments (1.5-210 cm long) were surface-disinfected
with 2% NaOCl for |5 min, washed three times with distilled
water and introduced in vitro on WPM medium (Lloyd and
MoCown 1980) supplemented with M3 vitamins (Murashige
and Skoog 1962). Rooting of micro-cuttings was induced
by adding [BA (9.8 uM) to the culture medium as previ-
ously described (Ross et al. 2017). Micro-shoots without
[BA treatment were used as control. Cultunes wen: incubaed
at 25+ 2 °C, provided with a photon flux of 30 pmol ms!
and 16:8-h photoperiod.

Bioinformatics analysis and primer design
of candidate genes and reference genes

Three candidate genes and three reference genes wene cho-
sen for further gene expression analysis. Candidate genes
were selected based on literature for other species, in which
they are known to be involved in auxin transport (PINT),

auxin perception (T/R{), and root patterning (SHR). Refer-
ence genes wene chosen among genes previously validated
for their use during adventitious rooting in Eucalvptus glob-
wlug (EF2, HZE, URT) (de Almeida et al. 2010). The primers
used for eferenoe genes were those validated for E. globulws
by the Almeida et al. (2010), shown in Table 1.

For primer design, sequences of the three candidate genes
inA. thaliana were taken from the GenBank database of the
National Center for Biotechnological Information (NCBI)
(httpfwww.nebinlm nih.gov/genbank/) and Plant Tran-
scription Factor Database (PlantTFDB) http:/V plantifdb.
gao-lab.org’). A sequence similarity search within £ gran-
diz genome was performed by BLAST analysis using the
Phytorome |2 platform (hitps: phy tozome. jgi.doe. gov/pe/
portal html). The predicted amino acid ssquences were com-
pared and conserved amino acids are colomed by the Jalview
multiple alignment editor (Clamp et al. 2004).

Conserved regions were obtained by the alignment of the
encoding sequences of both species (A. thaligna and E. gran-
dis), using BioEdit® Sequence Alignment Editor softwane
(Hall 1999). Primers were designed from these conserved
regions using Primer3Plus (hitps:/fprimer3plus.com) and
sequenced at Macrogen Inc. (Seoul, Komea). If differences in
the sequences of both species were observed, the designed
primers were biased towards the sequence corresponding
to E. grandiz. Two pairs of specific primers were designed
for each candidate gene of interest (PIN S, TIRY, and SHE)
based on the sequence alignment of conserved regions of the
homologous genes in A. thaliana and E. grandis (Table 2).

Amplification and sequence analysis of candidate
genes in A, sellowiana

To confirm whether the primers showed homology with
genomic regions of A. sellowiana, genomic DNA was
extracted from leaves of both genotypes of A. sellowiana,

Table1 Primer sequences for

Ge bl Forward pri 3 Reve 537
reference genes (de Almeida ne sy orward primer (5'-37 et primer i
atal. 200 EFz GOGTTOOC TCAGTGTGTCTT GOTCATCTGCTOC TTCAAGT

UBI AGAAGGAATCGACOCTOCAC CCTTGACGITGTCAATGETG

H28 GAAGAAGOGGGTGAAGAAGA GOOGAGTTTCTOGAAGATGT
Table2 Primer sequences for Ge bl Forward 5_3n Ry - T
the genes of interest desipned e sy primer { e pritmer (-3
gsmg PrimeriPlus software. 1-PING OCTCATGGTOCAGATOGTC COAGTATATCTCAGCATTGGTTAGG
d;"'s? F'“’“t:’; ;’;‘g':;&’f 2-PiING ACGGGGTOGGACTTCTAC TATACGAGGGCAGAGTAGACG
,-,,Em‘g LPING . SHE and TIR! 1-5HE AAGACTTGC TOCTTCGAGTOCA TOGGTCTTAACCGTCGGAAA

2-5HE GOTGGOCTOCTACTTOCTC GOCTOGCAAATTTCTOCAT

1-TIRS TCTTTTAAGAATTTTAAGGGTTCTTGT  AGCAATOCCAAAATOCAGA

2TIR! ADGOGAGCTGAGAGTGTTIC GATOGCATTGTCTCCAGCTT

&) Springer
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using the cetyl-tri-methy -ammonium bromide (CTAB)
method (Doyle and Doyle 1937). DNA samples of E.
grandis and A. thaligna were included as positive con-
trols, using the same method. DNA quantity and quality
wene assessed by electrophoresis in agarose gel (0.8%) and
spectrophotometry with a NanoDrop ND-1000 (Thermo
Scicntific®).

PCR amplification was performed in a 20-pl reaction
containing: | % rzaction buffer with 2-mM MgCl,, I-mM
dNTPs, 0.3 pM of each primer, 100-ng emplate DNA, and
0.5 U Tag DNA polymerase (Thermo Scientific®). The
PCR program was as follows: 94 °C for 5 min. followed
by 33 cycles of 94°C for 30 s, 52-38 °C for 30 =, and
T2°C for 40 s, using a Gene Touch Thermal Cycler (Bioer
Technology &).

Amplification products wene resolved by electropho-
resis in an agarose gel (2%), stained with ethidium bro-

mide and visualized under UV illumination. The size of

the amplification products was estimated with | kb ladder
{Thermo Scientific™) as molecular weight marker. Unigue
amplification products and their mspective primens wens
sequenced at Macrogen Inc. (Seoul, Korea) and edited
using FinchTV software (Geospiza Inc @), Once edited,
the final sequences wemr analyzed using BLAST Chutpsy/
blast.nchi.nlm.nih.gov/Blast.cgi) and the UniProt database

{https:/fwww uniprot.org/). The sequences obtained
were deposited to GenBank with accession numbers
MZ130946-MZ 13095,

Design of specific primers for qRT-PCR

Specific primers for gRT-PCR of target and reference
genes were designed using Primer3Plus (Tables 3 and 4).
Mom: than one pair of primers for each gene of interest and
reference gene was designed in order to obtain combina-
tions with similar amplification efficiency for expression
analysis. Target sequence size was confirmed on genomic
DMNA of A. sellowiana by PCR in 20-pl reactions con-
taining: 100-ng genomic DNA, 1 x reaction buffer with
2-mM MgCl; |-mM dNTPs, 0.5 pM of each primer, and
0.5 U Tag DNA polymerase (Thermao Scientific®). The
PCR program was as follows: 94 °C for | min, followed
by 35 cycles of 94 °C for 30 5, 34 °C for 30 s, and 72 °C for
40 s, using a Gene Touch Thermal Cycler (Bioer Technol-
ogy B). Amplification products were resolved in agarose
gels (2%) with | x TBE buffer solution and stained with
ethidium bromide. The size of amplification products was
estimated with | kb ladder (Thermo Scientific™) as molec-
ular weight marker and visualized under UV illumination.

Table3 Primer sequences of

{arget genes usad in gPCR Gene symbil  Forward primer (5'-37 Reverse primer (537 f;':.;
mnalyses in A. sellowiang (b}
AziPINija)f  CTCTGATGCTTTTOCTGITOG TTGGATGGAGACGATGGALC a4
AziPINI(b) CTGATGCTTTTOCTGTTOGAG GACTTGGATGOAGADGATGG 95
As2PINIja)2  CTTOCACTTCATCTCCTOCAAL  AAGAGGGTAATGGACCAGIOG 140
As2PINI(b) CTTOCACTTCATCTCCTOCAALD  AGGGTAATGGEADC AGTOGAG 146
As25HR{a) CAGGGCTTGCTTAGTOGTATG TGGAACTTGAGCADCATCTIC 115
As25HR(E) AAGATGETGCTCAAGTIOCAG  CAATACGTGTTIGCTGATGTOG 130
As2TIRIfa) CATTGAADCACGTTGTCCTG CTTGCACTGTTGRACAATGG T8
As=2TiRi{b) CCATTGTOCAACAGTGCAAG GOCACAGAAAGCATCTCAAG 114
I:EE:EP:ET: fsgudﬁnmq]gcmﬁ‘. Gene symbd  Forward primer (5-37 Reverse primer {3'-3") s;!:lz-e
mnalyses in A. sellowiang byl
H28 ja) AAGAAGDGGETGAAGAAGAG COAAGATGETCGTTGATGAAGE 132
HIB (k) AAGAGOGTGGAGADGTACAAG  OGAAGATGTCGTTEATGAAGT 117
EF2 {a) TGATGTCCGATOC TTCTGG TICAAGOCCTIOCTCTTACG Ta
EFz2(b) CAGTGTGTCTTOGATC ACTGG TICAAGOCCTIOCTCTTACG 1k
LB fal TCCOCTTGITTICTIOGTC TC OCTTGACGTTGTCAATGGTG m
LB (k) CCTTOCCCTTGTTICTIOG CCTTGACGTTGTCAATGGTG 114
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RNA isolation and cDNA synthesis

Samples were collecied 12 and 36 h after rooting induction
trzatment with [BA. Total RNA was extracted from bottom
Sects. (10 mm) of three micro-cuttings per replicate. fur-
ther purified using Qiagen R MNeasy Plant Mini Kit (Qiagen,
Hilden, Germany ) and treated with B Nase-free DXNase (Inv-
itrogen, Carlsbad, USA) to eliminate residual DXNA. follow-
ing the manufacturer’s instructions. RNA concentration was
determined using a Nanolrop spectrophotometer ND-1000
(Thermo Scientific@). Micro-cuttings used for RNA extrac-
tion were discarded, so different repetitions wene used for the
rooting experiment.

Synthesis of cDNA was performed from | pg total
REMNA to the final 12 pl reaction mixture using MMLV-RT/
55 reverse transcriptase according to the manufacturer’s
instructions (Invitrogen, Carlshad, USA). We ested differmmt
cDNA dilutions (I/5, 1710, /25, 1/50, 17100) to determine
the best concentration to be used. The optimum dilution was
chosen with a quantification cycle (Cq) between 18 and 22
cycles for all samples. A standard curve was generated for
cach gene of interest using a fivefold dilution series, which
was used to calculate primer efficiencies.

Gene expression analysis in micro-cuttings

The relative expression levels of TIRS, PIN{, and SHR ot
the base of micro-cuttings wene determined by quantitative
mreverse transcription-PCR (RT-gPCR). The resulting data
wem analyzed by the Comparative Ct method (Livak and
Schmittgen 2001). Results are presented as fold change in
expression according to Egs. | and 2.

Foldchange = 27346 (n

AACT = [iCt gere of interest — CF internal control)
trecied sample — (C pene of interest — I infernel controf)

urireged confrod]

(2)

First, the expression of these three genes in both geno-
types without addition of exogenous auxin was compared to
their expression in the B genotype at the beginning. We then
compared the effect of exogenous [BA on the expression of
the same genes, in both genotypes (R and NR) 12 and 36 b
afer the induction treatment.

PCR reactions were carried out using Maxima SYBR
Creen/ROX gPCR Master Mix (2x) (Thermo Scientific) in
a Line-Gene K Fluorescence Quantitative PCR Detection
System (Bioer Technology) as follows: 5 min pre-denaturing
at 95 "C, followed by 40 cycles of 93 °C for 15 s, 60 °C for
20 s, and 72 °C for 15 s. Three biological and two techni-
cal mplicates of each sample were done. To confirm the

specificity of each PCR reaction. a heat dissociation curve
(melting curve) was performed, from 60 “C o 90 °C, follow-
ing the final PCR cycle. To study changes in gene expression
at the onset of AR development, samples were harvested at
two time points (12 and 36 h afier excision).

The reference genes (RGs) used as internal control wene
Histone H2H and Elongation factor EF2, reported as ref-
emence genes for qPCR during in vitro adventitious root-
ing of Eucalyptus globulus (de Almeida et al. 2010} and
validated for A. sellowiana. To check that the expression
of these RGs was not influenced by the conditions of the
experiment, the effect of genotype, experimental treat-
ment, and time of sampling on their ex pression was vali-
dated by onc-way ANOVA (p=001) using 2*%, where
ACt (Crsample — Cteal) (Schmitigen and Zakrajsek 2000).
Experimental data were analyzed by the Comparative Ct
method (Livak and Schmitigen 2001), using the grometric
mean of the ROs for normalization of the genes of inerest
expression (Vandesompele et al. 2002).

Experimental design and statistical analysis

The rooting experiment had a factorial design (23 2) with
five replicates, where the factors were two genotypes (R and
MR and two levels of IBA (0 and 9.8 pM).

The gene expression experiment had a factorial design
(2% 2% 2 with two genotypes (R and NR ), two levels of [BA
(0 and 9.8 pM) and two time points post treatment (12 and
36 h.). Foreach combination of factors, three biological and
two technical replicates were performed.

[Dhata were analyzed statistically by analysis of variance
(AMNOVA) and means wene compared by Tukey s test, with a
confidence level of p < 0,03, using Infostat® statistical soft-
ware. Arcsine transformation was applied to response data
befom: analysis. Data in figures are given as means + SE.

Results

Adventitious root differentiation in response
to exogenous auxin (IBA)

The effect of exogenous [BA on AR formation was observed
after four weeks. In vitro rooting of NE micro-cottings
improved significantly (standard error 2,89, degmees of free-
dom 3) when exogenous IBA (9.8 pM) was added to the
induction media (p<0.0001). Rooting percentage increased
2.4-fold when compared to the control treatment in the
absence of auxin (Fig. 1a) although the number of roots per
explant was not significantly different (p=0.4104) {standard
ermor .25, degrees of freedom 3) (Fig. 1b). No differences
were detected in rooting percentage or root number of the
R genotype after the addition of exogenous [BA (Fig. la
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Fg.1 Rooting performance in vitro of A. sellowiana genotypes with
contrasting rooting ability, in response to exogenous [BA (9.8 pM)._R:
easy-to-root genotype; NR: difficult-to-root genotype. a Rooting per-
centage; b Root number per rooted explant. Bars represent the mean
values = SE

and b). New adventitious roots developed at the base of the
micro-cuttings without callus formation in all cases (Fig. 2).

Amplification of target sequences in A. sellowiana

Unique amplification products of the expected size were
obtained for the three genes of interest: TIR/, SHR, and
PINI. SHR and TIR! amplified with only one pair of the
specific primers that we designed (Fig. 3a and b). PIN/
amplified effectively with both pairs of specific primers
designed. The resulting sequences (325 bp and 430 bp) par-
tially overlapped and were assembled into a unigue sequence
(Fig. 3c). The three sequences obtained showed high identity
with their homologous genes in E. grandis (>90%) and A.
thaliana (> 75%), according to NCBI and Uniprot databases
respectively (Table 5).

The reference genes chosen for this study resulted in
unique amplification products of the expected size in A.
sellowiana: EF2, H2B, and UBI. The resulting sequences
showed high identity with their homologous genes in E.
grandis (>90%) and A. thaliana (> 69%), according to
NCBI and Uniprot databases respectively (Tabke 5, Fig. 4).
The predicted amino acidic sequences also showed high

@ Springer

NR control

R control R IBA

Fig.2 Examples of root formation in samples of both studied geno-
types with and without exogenous IBA. R: easy-to-rool genotype:
NR: difficalt-to-root genotype

identity with the corresponding proteins in Eucalyptus and
A. thaliana (Table 6).

Primers for qPCR

Two pairs of specific primers for gRT-PCR for the genes
of interest TIRI, SHR and the reference gene H2B were
designed (shown in Fig. 2). However, for the gene of
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AsSHR

QG L LS RMTUDANGETRSYHRAMLLAASDYEKTHRST FPFE STHRLK
1 CAGGGCTTGCTTAGTCGTA CGAGCGGAGCTAMCCGTGCCTTGT TGGCCGCGTCAGACAAGACCOGCTCCTTCOAGTCCACCCGGANGA
X .!'.'.___'
HVLK!’OZVSP"T?!‘GI!VACNGAIK!AL&GES‘KLH
101 CCCGTGRACCACCT TOGGOCATG TOGOCTGCARC GLCGC M TCATGRAGHOCCT TGAGGGOGAGAGCAAGTTGCA
ASSHR qh2

1 VDI S NTUYCTOQOWPTLLEA ADALATRTDETU®PHRLBRILTT
TCAGCAACACGTATT GCACCCAG TGGOCANCOCTGC TCOAGGCTCTRGCAANCCOMGACGGALGAGACGC CCCACCTOOGGE TCACCACT

201 CAT

ASHR QR
VVASEKANGGANGANGSGVYVYAGYQKVMEXETILIGSRMNMETEKTENA\

TOAAAGAAAT TOGGAGCCGGATOGAGAAATTTGCGA

01

R
401 GGCAA

AsTIR1

LY E QG LV SV S EGCTPIKLZO OQSVILYFCRAOQMSNGAALYVT
I TTAACAGAGCAGGGCCTCOTGTCAG TG T CTOAGGGT TGO CCANGCTTCAGTCAGT TTTGTACT TCTGCUGCCAGATGTCTAATGCAGOCTTAGTTACCA

I ARNRPNMTRERLCTEIIEPRCPDYTLTULTETPLDTGTESG
101 tmmmmummmﬂamwmfm

: Al VQQCKDLQRL SLSGLLTDRTVYTFETYTEIOGTYAIEKTI KH?! L
201 AGCCATTGTCCAMCAGTGCAANGGATCT CCAGCGTCTCTCTC TATCAGGTC TTCTAANCCGACCGOG TG TTTGAGTACATAGGGAC TTATGOCAAGAAGCTT
ASTIR1 QR AsTIRY gF2 ASTIRY gRZ+—
¥ £ M L SV AFAGDSDLGLMNMNVLSEGECDSLRXLETLIRDRCSC

301 GAGATGCT T T TG TGGOATTOGCTGGAGACAGTGAL TTGGGACTGCACCA TG TGCTATCGGGETCOGACAGTCTTAGAMM T TAGAGATCOGAGAC TGOC

P FGDKALLAZANAMAMEKLTETHMNRS
101 CETTTGRCGACAAGGCGCTTTTGRCCAATGCTGCAAAGCTGRAGATAATGCGATCAA

AsPIN1

HY AV ILAYGSVYRN¥RIFTPDPOQCES GINRKRFEFVALTFA
1 CACGTGGCTGTGATCCTGOCCTACGOCTCCGTCCGATUGTGOCGAATCTTCACCCOGGACCAGTGCTCCAGCATCAACCGCTTOGTCGCCCTCTTCGCCG

VP LLESEF ANF 1T S8 3 KNP F N MW NNLRFLAADTSELOKLLTILDL
101 TCCCCCTCOTCTCCTTOCACTTCATCTCCTCCAACAMCCCTTT TAACATGAACCTCCGOT TCCTCGUCGC TRACT COCTCCAGANGCTCCTCATCCTCNT

AL A LW S RLS RRGSLDW S ITLFSILATULPNTILUVMNG
201 COCCCTCGCCCTCTGATCOOGOCTCTOCCGCCUCEGCTCCCTCOACTOATCCATTACCCTCTTCTCOC TCGCCACOCT CCCCAMC ACCCTOGTCATIGGE
——

I PL LRGMYGGPY 8GDLMV QI VVLQQCTI I ¥NYTULNMNLTP
3101 ATCCCCeTOC TOCGOGGCATGTACSGOCCCTAC TCLOGTGACC TCATGETCCAGATCG TCGTCCTCCAGT GCATCATC TGGTACACTCTGATOCTTT TOC
——————

L FEY RAMAMERTLIL!I S NOQFPGAAAAS TV STITQVD P DV VY S

401 TCTTCGAGTACCGCGOOGOGORAACCCTCATCTCCAACCAGTTCCCTGOOGCCGCOGCCGCGTCCATCOTCTCCATCCAAGTCGACCC TGACGTCGTCTC
— AsPINI_gF1 PN g e—————

L DG S RQPLETEM ALEUVGSDGIKTILZRVYVTVRLSESSEASHRISESD
501 CCTAGATGGL TCCOGGCAGCOCCTCRAGACCGAGGCTCAGGTTGGCAGOGACGGCAAGCTCLGLL TCACCOTCCGCCTCT CCAGCGOL TCGUGGTOGGAL

VFX PAAWL S PRPS NLTNAETYS
601 GTCTTCAAGCCGRGOGGCATGRCTCTOCCCALGGCCETCGAACCTAACCAATCCTGAGATATACTCG

FAg.3 Nuckotide and deduced amino acid sequences of AsSHR, AsTIRI, and AsPINI cDNA from Aceca sellowiana. Two pairs of primers
designad on these sequences for gPCR are indicated by horizontzl arrows for each gene of interest

interest PIN/ and the reference genes EF2 and UBI, we  and amplicons of the expected size for cach gene were
were able to design only one forward and two reverse  obtained.

primers or two forward and one reverse primer for each

(Tables 3 and 4). These primers were confirmed by

conventional PCR using A. sellowiana genomic DNA,
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Tables Size of the cDNA seguences obtzined in A. sellowiana for

with their homologous genes in E. grandis and A. thaliana according

the genes of interest (AsPINJ, AsSHR, and AsTIR/) and merence  to NCBI and Uniprot databases
genes (AsEF2, AsH2B, and AsUBD, and the corresponding identity
Gene symbol Size (bp) NCBI identity (%)  NCBI rekerence number Uniprot identity (%)  Uniprotreler  Domain
with E. grandis with A. thaliana ence number
AsPINI 672 04 XM_010035442.1 76.4 QOCeBE-1 Transmembrane
AsSHR 426 2] XM_010029789.1 753 QOSZF? GRAS
AsTIR1 521 95 XM_010039868.1 848 Q57000-1 AMN
AsEF2 135 % XM_010062544.1 9 QOASRI
AsH2B 152 97 XM_010043098.1 94 QOsI%
AsUBI 129 98 XR_726060.1 85 Q42009

a)

T T S
T3A A T) BNEEE, SRS FNE

LT A LR Y O Y e, b AL A | S T 7

b)

]

Fg.4 Alignment of the amino acid sequences of a AsPINI, b AsTIRI and ¢ AsSHR with homologous sequences from E. grandis and A. thali-
ana, using Jalview. Most conserved mgions are indicated with yeliow bars below the alignment. A consensus sequence is shown in the last line

Table6 Identity of the amino Facal = = St —

. £ A fypeas (Uniprot % identity (aa) A. thatiana (Uniprot % sdentity (az)
acid sequences obtained in A. relerence number) refeence number)
sellowiana for the genes of
221'1:‘”0\;{"”: AsSHR. and AsPINI ADAOSODOYO a5 QUCEBR 77

reference genes A
(ASEF?2, AH2B, mxd ASUBN), AsSHR ADAOSYALME 91 QISZFT 65
with their homologous genes AsTIR AOAOSOAS49 a7 Q57000 9]
in E. grandis and A. thaliana AsEF2 ADAOS9BNBS &l Q9ASR1 70
according to Uniprot database AsH2B ADAOSOAF S0 96 Q95196 94
AsUBI ADAOS9DDHY m Q42009 77

Analysis of gene expression in micro-cuttings

Relative expression at the onset of AR induction was
measured in micro-cuttings of A. sellowiana by RT-qPCR
using the geometric mean of two reference genes (H2B
and EF2). AsTIRI, AsPIN !, and AsSHR transcripts were
induced in response to exogenous auxin in the difficult-
to-root genotype during the carly steps of AR forma-
tion. First, we examined the expression of these genes in

&) springer

both genotypes (R and NR) without IBA, relative to their
expression in the R genotype without IBA 12 h after the
onset of the experiment. When no exogenous [BA was
added to the medium, the expression of these three genes
was lower in the NR genotype than in the R genotype
(p<0.0001) throughout the period under study (Fig. 3).
Without the addition of exogenous IBA, the R genotype
showed an increase in the expression of the three genes
36 h after the beginning of the experiment (p< 0.0001).
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Ag.5 Expmssion of AsTIRT, AsSHE and A=PIN | without exogenoas
[BA in the R and MR genotypes of A. sellowiana micro-cutlings nela-
tive to their expression 12 h after the beginning of the experiment.
R: easy-to-root genotype; NR: difficalt-to-root genotype. Data were
anatyzed by the Comparative Ct method (22455 using the geometric
mean of the reference penes (H2H and EF2). Bars represnt the mean
relative expression+ 5E of thme independent biological meplicates
=nd two techmical eplicaes

In the NE genotype. on the other hand, AsTIR and AsPIN
also increased their expression (p< 0.0001) but in a much
lower magnitude. Data were analyzed by the Comparative
Ct method (272254 ysing the geometric mean of the mof-
erence genes (H2R and EFZ). The coefficient of variation
betwesn technical replicates was < | for the three genes
of interest. AACH= [[l‘.": gette of inferes — CF imrernal confrol)
NR penctype — (2 pene of interest — O infernal control)Rpenciype|
Mext, we compared the expression of these genes between
trzated (0.98 uM IBA) and untreated (0 pM IBA) samples
and found that the behavior of the B and NR genoty pes was
clearly different in response to the evogenous auxin. The
mlative expression of TIRS, SHR, and PINY increased in

Fg.6 Relative expression of AsTIRI, AsSHE and AsPING in
meated (.98 pM IBA) vs. unireated (0 pm [BA) samples of
wo genotypes of A. sellowiams  micre-curiings with  contrast-
ing moting ability, 12 and 36 h afler induction trestment with
[BA (9.8 pM). R: easy-lo-root genotype, NR: diffical-to-root
genotype. Dala were analymed by the Comparative Ot method
(2-88C5) ysing the geometric mean of the meference genes (H2B
and EF2). Bars mrepmsent the mean relative expression+SE of
three independent hiological mplicaes and two echmical mepli-
caies. AACH - |[D geas af interess — Crissernal cowsraf) sample with[FA
—(Cr pese af interess — Crinterna cosmof) sawple withou 1RA |

response to [BA, but a much greater msponse was observed
in the NR genotype in the treated vs untreated samples.
An increase in the expression of the auxin receptor TIR S
was induced 12 h after the treatment with exogenous [BA
{(p=00111), while the expression of the auxin efflux carrier
PIN{ and the transcription factor SHE increased in the NR
genotype 36 h after teatment with exogenous [BA relative
to their expression in the untreated sample (p=0.01357 and
00189 respectively) (Fig. 6). The relative expression of TIR
and SHR increased in the R genoty pe in response o [BA but
toa kesser extent (p=0.0453 and 0.0 189 respectively ), while

) Springer
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changes in relative expression of PIN{ was not significant
(p=0.1218).

Discussion

When a well-curated genome of the species under study is
not available, the genome of a related species can be used
as reference; however, the exact sequence and the genomic
location of the genes of interest are unknown. Amplification
and sequence comparison can provide evidence to hypoth-
esize that the transcripts that are being quantified are homaol-
ogous to the genes reported in mode] species. In this study,
we successfully amplified regions of genes which have been
shown to be involved at different stages during the onset
of AR formation based on published genomes of model
species. We showed that the genomic sequences obtained
from A. sellowiana are consistent with the target genes and
observed a pattern of expression that can be interpreted in
the light of the current general understanding of AR forma-
tion and previously published by potheses about intraspecific
variahility in A. sellowiana for this trait.

Unigue amplification products of the expected size wene
obtained for three genes of interest: TIRYS, SHE, and PINY.
Sequence analysis of the obtained PCR fragments showed
that they presented high sequence similarity with the candi-
date genes PINT, SHR, and TIRI. For the three genes, iden-
tity with E. grandis and with A thaliana was high (more
than 90%: and 70% mespectively). Furthermome, the protein
sequences resulting from the translation of the isolaed gene
fragments present, although partially, domains characteristic
of the PIN1, SHR, and TIR] protins. AsPIN| sequence
includes part of a transmembrane domain, a domain present
in PINI from Arabidopsis (Galweiler et al., 1998), while
AsSHR stquence contains a significant portion of the GRAS
domain (Pysh et al. 1999; Helariutta et al. 2000). When ana-
vzing the msults in AsTIR |, the isolated fragment presents
a partial AMN domain, which corresponds to 4 complete
LERs (Leucine-Rich Repeats). This AMN domain contains
I6 LER= in A. thaliana. Although the length of the isolated
fragment did not include the FBox domain, which is the
other descriptive feature for the TIR ! gene (Ruegger et al.,
1998), the isolated fragment shows 93% and 84.6% identity
with the homologous fragments of E. grandis and A. thali-
ana respectively. According to these results, TIRS, PINT,
and SHE genes are present in the A sellowiana genome, and
their sequences show a similarity of mone than 920% with the
mspective E. grandis genes in the region of the gene that
was isolated.

Owur expression analysis indicates that AsTIRY, A=sPINT,
and AsSHR have different levels of expression in B and NR
genotypes when there is no hormonal treatment. The kevel
of expression of these three genes in the difficult-to-root

&) Springes

genotype 36 h after the beginning of the experiment was
always lower than in the easy-to-root genotype. AsTIRS,
AsPINT, and AsSHR transcripts are induced in response to
exogenous [BA in stem cuttings of difficult-to-root geno-
types of A, sellowigna, during the early steps of AR forma-
tion. The B genotype already had a high expression without
IBA, so the msponse to exogenous auxin is not as strong
as the increase in relative expression of these genes in the
MR genotype. This mesult is in agreement with the rooting
behavior itself; the B genotype roots well without the addi-
tion of [BA while the NR genotype significantly improves
rooting levels when the exogenous auxin is added to the
culture media. This may be explained by the presence of an
endogenous higher level of auxin in the R genoty pe. Among
various conditions previously evaluated to induce rooting,
exogenous [BA was the only treatment that improved the
AR capacity of this genotype to levels that are similar to the
easy-to-root genotype (Ross et al. 2017). However, the R
genoty pe does not improve rooting in Esponse 0 cXogenous
IBA, and the expression of these genes remains stable. Our
data show that the expression of these genes was already
much higher in the untreated B genotype, and the addition
of exogenous [BA had a very small effiect on this genotype.
In the difficult-to-root genoty pe, on the other hand, the rels
tive expression of AsTIR ! increases strongly in response to
exogenous [BA, shortly after the induction treatment. In
Populus, the expression of PagFBL I (homolog of TIRI in
Arehidopsis) was similar to the distribution pattern of auxin
during AR formation, with a high expression in the cambium
and secondary phloem during the induction and initiation
phases that decreased in the emerging primordia (Sho et al.
20190, Although our expression analysis was not focused on
specific tissues, neo-formation of adventitions root meris-
tems in A, sellowiana takes place outside the cambial ring of
the stem, in the secondary phloem (Ross et al. 20210, Thus,
it is possible that the increase in the expression of AsTIR S
that we found is concentrated in this tissue and it would be
interesting to explore how the expression varies in differ-
ent tissues of the stem cutting. The mlative expression of
AsPINT and AsSHR also increases, but 24 h later. The effect
of IBA as a rooting agent for difficult-to-root materials of
this species can thus be related to the increase in expression
of at least these genes. These findings are congruent with
our previouws results and support our hy pothesis of an carlier
phase change from juvenik: to mature of the NE genotype of
A. sellowigng. We found that loss of competence to form AR
was associated with an carlier phase change, evidenced by
the differentiation of a periderm in the NR genotype (Ross
etal. 2021

As plants age, theme is a lower expression of the main
auxin moeptor (TIR 1) that explains the loss of sensitivity
to auxin (Aumond et al. 2017). The improvement of rooting
ability of the NR genotype of A. sellowiana when exogenous
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IBA was added may have resulted from the increased
expression of the auxin eceptor AsTIRYS . This increase in
the sensibility to auxin may have led to a further modifica-
tion in the expression of other genes that act downstream
auxin perception and that play essential robes in the rooting
of cuttings. Among many other genes involved in AR dif-
ferentiation, the increase in relative expression of AsPINS
and AsSHE in NR genotype is congruent with the observed
improvement of rooting ability after exogenous IBA treat-
ment. As a consequence of the concerted action of these
genes which showed higher ex pression in response to IBA,
the NR genotype improved the rooting performance, reach-
ing levels similar to the B genotype with or without exog-
enous [BA. Similar changes in gene expression in response
to exogenous auxin have been reporied in other species of
Myrtacese (Fett-Neto et al. 2011; de Almeida et al. 2015).
The mlative amount of mENA of SHE and other transcrip-
tion factors of the GEAS family has been observed to be sig-
nificantly reduced in adult tissues that have lost the capacity
to develop AR. The expression of SHR during AR formation
iz affected by age, auxin level and developmental stage of the
cells (Abarca et al. 2014). In Arabidopsis, the same cells that
am reactivated by auxin to differentiate AR5, are also able
to initizke xylogenesis, with SHR among other transcription
factors controlling the switch betwesn the programs (Ricci
et al. 2016).

The kind of changes in gene expression that we observed
in the different genotypes nesembles those ohserved in dif-
ferent stages during AR development in other species of the
My rtacese family. Studies in other species of the Myraceas
with poor AR development also show lower expression of
auxin receptors. Loss of AR ability in £, glabulns micro-cut-
tings has been explained by a combination of lower expres-
sion of auxin receptors (TIR S, ABPI') and higher ex pression
level for awin repressors ([AA 12, TPL, ARRT). Furthermon:,
the expression of genes related to auxin symhesis (TAAS,
¥UC3) and transport (PIN{, AUX ) was found to diverge
hetween stages of development and auxin treatment (Vilas-
boaetal. 2018).

Although the regulatory gens network that controls AR
formation in A. sellowiana or its specific differences from
better known species is far from being completely under-
stood, we found evidence that supports the hypothesis that
earlier phase change underlies the reduced competence to
differentiate new roots in the NE genotypes. Several tech-
niques have been used to delay maturation of juvenile plants
or reverse the physiological status of adult plants in other
species (Wendling et al. 2014b; Benedini et al. 201 3; Stuepp
et al. 2016; Bisognin et al. 2017, 2018); among these, epi-
cormic shoots induced by pruning, coppicing, or girdling
of adult trees could be evaluated as a source of rejuve-
nated material for stem cuttings of the NE genotypes of A.
sellowiana.

Conclusions

We identified and characterized three genes that are induced
by [BA and are likely related to AR development in A. sell-
owiana micro-cuttings: AsPINS, AsTIR{, and AsSHR. The
resulis of the expression anabysis showed that in the difficult-
to-root genotype, AsTIR [ increases strongly in response to
exogenous [BA, shortly after induction treatment improv-
ing sensibility to auxin of the cells. Relative ex pression of
AsPINI and AsSHR also increases, but 24 h later.

These results indicate that AsTIRS, AsPIN{, and AsSHR
transcripts are induced during the early steps of AR forma-
tion in response to exogenous [BA in siem cuttings of the
difficult-to-root genotype of A. sellowiana, improving AR
formation. This behavior is similar to that of matune tissues
studied in other species.

Cur results show that cloning of A. sellowiana by stem
cuttings requires physiologically juvenile or rejuvenated
material and that different genoty pes may require different
treatments Lo produce competent cutlings.
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5. Discusion

La domesticacion de cultivos frutales ha estado acompafiada de un aumento en
la perennialidad y un incremento en la capacidad de propagacion vegetativa de los
materiales domesticados con respecto al germoplasma silvestre (Gaut et al., 2015).
Esta posibilidad de seleccionar genotipos con alta capacidad de propagacion a través
del método propio de cada cultivo (estacas, injertos, etc.) debe basarse en la existencia
de variabilidad genética para esta caracteristica en el germoplasma. Si bien existe
suficiente evidencia de que hay variabilidad para esta caracteristica, la base genética'y
sus relaciones con la expresion fenotipica de la capacidad para enraizar de los
diferentes genotipos no resultan claras. A través de las respuestas diferenciales
observadas a varios niveles entre materiales con capacidad de enraizamiento
contrastante en Acca sellowiana, pusimos en evidencia relaciones entre mecanismos a
nivel hormonal, morfoldgico y genético que permiten establecer hipotesis sobre la base

genética de la variabilidad natural (Figura, 2).
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Figura 2. Etapas del proceso de formacion de raices adventicias, indicando la
duracion de las tres fases (Induccién, Iniciacion y Expansion), los principales
cambios metabdlicos y anatdmicos asociados a cada una de ellas y los niveles de
expresion de los genes estudiados en la etapa de Induccion. CHO: carbohidratos,
PROT: proteinas, AlA: &cido indolacético, AIB: &cido indolbutirico. AsTIRL,

AsPIN1 y AsSHR: genes estudiados en Acca sellowiana.

Las diferencias encontradas en los distintos niveles de estudio abordados
permiten interpretar y explicar la diferente capacidad de diferenciar RA de los
genotipos estudiados. Si bien se encontrd un efecto promotor de RA cuando se aplico
AIB exo0geno, esta respuesta parece estar mas relacionada con el estado de desarrollo
en que se encuentran los tejidos en la base de las estacas. Las estacas del genotipo NR
presentaban un grado mayor de madurez fisioldgica, evidenciado por la presencia de
una peridermis en claro desarrollo a partir del primer nudo, probablemente asociado
con la pérdida de competencia de esos tejidos para diferenciar RA. Investigaciones
realizadas en otras especies de la familia Myrtaceae muestran resultados similares,
relacionando la capacidad de enraizamiento y vigor reducido de las estacas con la
anatomia del tallo (Abu-Abied et al., 2012; Bryant y Trueman, 2015; Goulart et al.,
2014; Wendling etal., 2015). Los genes que se estudiaron en este trabajo se
seleccionaron a partir de genes vinculados al enraizamiento en Arabidopsis thaliana
(por ser la especie modelo més estudiada) y Eucalyptus grandis (por ser una especie
lefiosa con el genoma secuenciado, de la misma familia que A. sellowiana). En este
genotipo, el AIB indujo, en primer lugar, la expresion relativa del receptor de auxinas
TIR1 a las 12 h de cortadas las estacas y, a posteriori, de otros genes vinculados al
metabolismo de las auxinas y formacién de raices. Es decir, el primer efecto de la
hormona tiene que ver con la adquisicion o aumento de la competencia, para luego
poder expresar el programa de desarrollo que conduce a la formacién de RA. En el
genotipo R, en cambio, que a nivel anatdmico mostrd caracteristicas mas juveniles, los
tejidos en la base de la estaca mostraron competencia desde el inicio. Los genes
estudiados tuvieron una alta expresion relativa independientemente del agregado de

auxina exogena. Estos tejidos, al encontrarse en una etapa de desarrollo juvenil,
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muestran una mayor competencia para responder al estimulo hormonal e iniciar el
programa de formacion de RA. Los distintos materiales (R y NR) interpretan de
manera diferente la sefial hormonal porque se encuentran en distintos programas del
desarrollo al momento del corte. Esto deja en evidencia que, si bien la regulacion del
proceso ocurre a nivel genético, estaria mas relacionado con la pérdida de juvenilidad
del material que con el proceso de RA en si mismo.

Asociado con esto, el contenido de proteinas también mostr6 una respuesta muy
diferente, lo cual respalda que la naturaleza de los cambios inducidos por el AIB
exogeno fue diferente en ambos genotipos. El incremento en proteinas observado a los
catorce dias probablemente refleja cambios metabdlicos que ocurren en respuesta a la
herida, los cuales en general se relacionan con la fase de induccion del proceso de
formacion de RA (Da Costa et al., 2013). Este incremento fue similar en todos los
materiales en que se esperaba que se formaran RA, es decir, el genotipo R y el genotipo
NR con AIB, el cual, de acuerdo con nuestra hipotesis, adquiri6 competencia en
respuesta a la hormona. La identidad de las proteinas acumuladas no fue estudiada y
no podemos confirmar si los mismos o diferentes genes explican la acumulacion de
proteinas en las estacas de los genotipos estudiados. Sin embargo, nuestros resultados
muestran que en las estacas control del genotipo NR hay factores end6genos que son
responsables de la diferente respuesta bioquimica y que ese incremento posterior en
las proteinas sintetizadas en respuesta a la herida no estaria, entonces, vinculado a
procesos relacionados con el enraizamiento, al menos in vitro. La diferencia en el
patron de expresion de proteinas observado in vitro y la ausencia de formacién de RA
en el genotipo NR sin auxina exdgena tanto in vivo como in vitro probablemente se
deba al cambio de fase méas temprano, el cual puede ser parcialmente revertido con
AIB exdgeno, cuando los tejidos aln responden por encontrarse en un estado mas
juvenil.

En Acca sellowiana, la pobre formacion de RA ha sido atribuida a la presencia
de fibras floematicas en las estacas de tallo, que afectan la actividad metabdlica del
meristema de raiz neoformado e impiden mecanicamente el crecimiento del primordio
de raiz (Zhang et al., 2009). En los genotipos evaluados, no pudimos encontrar ninguna

indicacion de neoformacion de meristemas en ninguna de las estacas en que esta
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peridermis estaba presente. De acuerdo con estos resultados, es improbable que este
tejido represente una barrera fisica para el desarrollo de RA. Es mas probable que la
ausencia de RA en el genotipo NR se deba a la no formacion del meristema, ya que las
células no son competentes. El desarrollo de este tejido, acompafado por la pérdida de
capacidad de enraizamiento, podria estar indicando que el genotipo NR sufre un
cambio de fase juvenil a maduro mas temprano.

La diferenciacion de RA como programa de desarrollo se ha relacionado
inversamente con el programa de xilogénesis en varias especies forestales como pino
(Abarca et al., 2014), palmera datilera (De Almeida et al., 2012) y castafio (Vielba
et al., 2016). Es resultado de una alteracion de la homeostasis de auxinas asociado con
el cambio de fase que afecta negativamente el desarrollo de RA (Rasmussen et al.,
2014). En consecuencia, altas dosis de AIB pueden inhibir el enraizamiento de estacas
y promover el crecimiento secundario y la lignificacion (Wendling et al., 2015). En
Acca sellowiana, estacas del genotipo NR con un solo nudo respondieron al AIB
exogeno y mejoraron la diferenciacion de RA. Sin embargo, a partir del segundo nudo
hacia los nudos inferiores no se observd neoformacion de meristemas de raiz y, en
cambio, la presencia y espesor de la peridermis se vio promovido por el AlIB. Este
efecto aparentemente contradictorio del AIB puede entenderse como un cambio en la
sensibilidad y respuesta al AIB asociados con el cambio de fase. El patron de sintesis
de proteinas también se asocia con el cambio de fase.

A medida que las plantas envejecen, hay una menor expresion del principal
receptor de auxinas (TIR1) (Aumond etal., 2017). La mejora en la capacidad de
enraizamiento del genotipo NR de A. sellowiana cuando se agrega AIB exdgeno puede
ser el resultado de un incremento en la expresion del receptor de auxina AsTIR1. Este
aumento de la sensibilidad a su vez pudo haber conducido a modificaciones en la
expresion de otros genes que actlan corriente debajo de la percepcién de auxinas y
que juegan roles esenciales en el enraizamiento de estacas. Entre muchos otros genes
involucrados en la diferenciacion de RA, el aumento en la expresion relativa de
AsPIN1 y AsSHR en el genotipo NR es congruente con la mejor capacidad de
enraizamiento observada con el tratamiento de AIB exdgeno. Como consecuencia de

la accion concertada de estos genes que incrementan su expresion en respuesta al AlB,
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el genotipo NR mejord su respuesta en enraizamiento y alcanzd niveles similares al
genotipo R con o sin AIB ex6geno (Ross et al., 2024). En otras especies de Myrtaceae
se han observado cambios similares en la expresion génica en respuesta a las auxinas
exogenas (De Almeida et al., 2015; Fett-Neto et al., 2011).

Si bien la red génica que controla la formacion de RA en Acca sellowiana o las
diferencias especificas con especies mas conocidas esta lejos de ser entendida en su
totalidad, encontramos evidencia que apoya nuestra hipotesis de que un cambio de fase
mas temprano reduce la competencia para diferenciar nuevas RA en los genotipos NR.
Estas hipotesis deberan ser generalizadas y los mecanismos subyacentes especificos
de la especie que estudiamos y generales para otras especies lefiosas podran ser mejor
comprendidos. La comprension de estos mecanismos permitira aumentar la eficiencia
de la seleccion por capacidad de propagacion en las etapas iniciales de la
domesticacion de nuevos cultivos, asi como avanzar en el disefio de manejos y
tratamientos para mejorar la capacidad de enraizamiento de genotipos de interés
recalcitrantes. Las condiciones de crecimiento de las plantas madre de manera de
mantener la juvenilidad o inducirla como se hace en otras especies lefiosas
recalcitrantes y al mismo tiempo manejar las condiciones de temperatura, ambiente
nutricional y calidad luminica en que dichas plantas crecen son condiciones
determinantes de la respuesta que van a tener las estacas, independientemente de los

tratamientos especificos de enraizamiento que puedan aplicarse.
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6. Conclusiones

En este estudio no se encontraron evidencias de meristemas de raiz preformados
en las estacas de Acca sellowiana de los genotipos utilizados. Los meristemas de RA
se desarrollaron de novo por fuera del anillo cambial. La aplicacion de AIB exogeno
promovio de manera efectiva tasas de enraizamiento compatibles con la propagacién
comercial en estacas uninodales. La anatomia de las estacas de tallo difirid entre
genotipos. Sin embargo, se encontrd que esas diferencias probablemente son
consecuencia del cambio de fase de juvenil a maduro y la pérdida de competencia del
genotipo NR, asociado con un desarrollo méas temprano de la peridermis.

Identificamos y caracterizamos tres genes que son inducidos por AIB y
probables reguladores del desarrollo de RA en microestacas de Acca sellowiana:
AsPIN1, AsTIR1 and AsSHR. Los resultados del analisis de su expresion muestran que
en el genotipo de dificil enraizamiento ASTIR1 aumenta fuertemente en respuesta al
AIB exogeno poco despueés del tratamiento de induccion y mejora la sensibilidad de
las células a las auxinas. La expresion relativa de AsPIN1 y AsSHR también aumenta,
pero 24 h mas tarde. Estos resultados indican que los transcriptos de AsTIR1, AsPIN1
y AsSHR se inducen durante las etapas tempranas del proceso de formacion de RA en
respuesta al AIB exdgeno en estacas de tallo de los genotipos de Acca sellowiana de
dificil enraizamiento y aumenta la capacidad de formacion de RA. Este
comportamiento es similar al de tejidos maduros estudiados en otras especies.

Nuestros resultados muestran que para clonar materiales de Acca sellowiana
mediante el empleo de estacas de tallo, se requiere material juvenil o rejuvenecido y
que diferentes genotipos pueden requerir diferentes tratamientos para proporcionar
estacas competentes. Una estrategia posible seria el establecimiento de minijardines
emulando las técnicas de manejo de plantas madre en especies forestales para la
obtencion de miniestacas con caracteristicas juveniles.

El trabajo realizado permitié desarrollar estrategias para profundizar en el
conocimiento del proceso de rizogénesis adventicia a distintos niveles de estudio,

extrapolables a otras especies lefiosas en las que las técnicas de propagacion vegetativa
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sean una opcion productiva a nivel de viveros, asi como en programas de mejoramiento

genético, ya que estas permiten obtener una mayor ganancia genética.
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