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RESUMEN

El desarrollo post-embrionario de las plantas es flexible y en la raiz le permite la
adaptacion a condiciones adversas, como la distribucion heterogénea de nutrientes y la
presencia de compuestos toxicos. El cromo (V1) [Cr(VI)] inhibe el crecimiento de la raiz
primaria y promueve la formacion de raices laterales y adventicias en Arabidopsis
thaliana, procesos que son dependientes de la sefializacion por auxinas y en particular
del represor SOLITARY ROOT/INDOLE-3 ACETIC ACID 14 (SLR1/IAAl14). Para
profundizar en el conocimiento sobre los mecanismos celulares y genéticos que
modulan los programas de desarrollo en la raiz en respuesta al estrés por Cr(VI), en
este trabajo se analizé la participacion de SLR1/IAA14 y la disponibilidad de una
fuente de carbono en dichos procesos. A través de un sistema de exposicion eventual
de la raiz al Cr(VI) se logré conocer la secuencia de eventos celulares y moleculares
implicados en la inhibicion de la raiz primaria durante la percepcion de Cr(VI). Es
notorio que el tamafio y longevidad de las células de la capa lateral de la raiz son
alterados en respuesta a la percepcién de Cr(VI), posiblemente como una respuesta
adaptativa. Por otra parte, se evidencio que SLR1/IAA14 y el suministro de sacarosa
son factores importantes para la reconfiguracion de la arquitectura de la raiz y la
tolerancia al Cr(VI), modificando la homeostasis de auxinas y la actividad del nicho de
células iniciales en el meristemo. En este proceso, SLR1/IAA14 controla la transicién a
un programa determinado de la raiz primaria y estimula la formacion de raices
adventicias, mientras que la sacarosa mantiene la actividad proliferativa del meristemo
aun en concentraciones de Cr(VI) altamente inhibitorias para el crecimiento. En
conjunto, los resultados establecen una relacion directa entre la disponibilidad de
carbono, la actividad meristematica y la tolerancia de Arabidopsis a un compuesto de

gran importancia ambiental, el Cr(VI).

Palabras clave: Arabidopsis, cromo (VI), auxinas, sacarosa, raiz.



ABSTRACT

The post-embryonic root development in plants is flexible and allows adaptation to
adverse conditions such as the heterogeneous distribution of nutrients or the exposure
to toxic compounds. In Arabidopsis thaliana, chromium (V1) [Cr(VI] inhibits primary
root growth and promotes lateral and adventitious root formation in a process that
involves auxin signaling. SLR1/IAA14 encodes a stable repressor protein involved in
auxin response and its gain-of-function increases the tolerance of primary roots to Cr
(VI). To gain further insight in to the cellular and genetic mechanisms that underlie the
root development programs involved in response to Cr(VI) stress, the roles of
SLR1/IAA14 and carbon availability were analyzed. An experimental system, in which
Arabidopsis roots are exposed to the eventual Cr(VI) presence, allowed the sequence
of cellular and molecular events in the inhibition of primary root, to be revealed. On the
one hand, the size and longevity of cells of the lateral root cap are altered in response
to Cr(VI), triggering a change in the overall structure of root; meanwhile, SLR1/IAA14
and sucrose act as mediators of root development in response to Cr(VI), modifying auxin
homeostasis and the activity of initial cells in the meristem. In this process, SLR1/IAA14
regulates the transition to a determinate root growth program and a more complex root
system is formed due to adventitious root formation, in which sucrose protects
meristematic cells from Cr(VI) toxicity. The data establish a link between carbon
availability, initial cells functioning and root tolerance to a compound with increasing

environmental and functional such as Cr(VI).

Keywords: Arabidopsis, chromium (VI), auxin, sucrose, root.



1. INTRODUCCION

El crecimiento y desarrollo vegetal involucran la integracién de sefiales ambientales
y enddgenas, las cuales junto con el programa genético intrinseco determinan la
morfologia y fisiologia de la planta. Una caracteristica del desarrollo post-embrionario
de las plantas es la plasticidad, susceptible a diversas modificaciones causadas por
interacciones con su ambiente biético y abiético (Forde y Lorenzo 2001).

El sistema radical en dicotiledéneas se caracteriza por ser pivotante, es decir tiene
una raiz principal o primaria derivada del embrion, a partir de la cual se forman
raices laterales que aumentan su capacidad de absorcidon y anclaje; eventualmente
se pueden formar raices a partir de los tejidos vegetativos que reciben el nombre de
adventicias (Bellini et al. 2014). El crecimiento y desarrollo post-embrionario de la raiz

y del follaje son posibles por la presencia de células que conservan su capacidad de
divisién, las cuales se concentran en areas restringidas formando meristemos (Scheres
et al. 2002). La raiz es un drgano heterotrofico que necesita los carbohidratos
sintetizados por las hojas, las que a su vez necesitan de los nutrientes captados
por la raiz. De esta manera, los nutrientes y la disponibilidad de energia son factores
clave que controlan el crecimiento, lo que aunado a la naturaleza sésil de las plantas,
optimizan su adaptacion al ambiente (Lilley et al. 2012).

Entre los reguladores enddgenos se encuentran las hormonas vegetales, de las
cuales las auxinas (principalmente el acido indol-3-acético, AlA) participan en varios
procesos, entre ellos la regulacién de la arquitectura de la raiz (Teale et al. 2006) y en
particular la actividad del meristemo radical (Benkova y Hejatko 2009). Otro factor
enddgeno es la sacarosa, la cual contribuye al crecimiento y desarrollo, ya que
representa la forma principal en la que el carbono que se ha asimilado en la
fotosintesis es transportado a los distintos organos; ademas, se ha reportado que
éste y otros carbohidratos pueden participar en la sefializacion para modular algunos
procesos en el crecimiento y desarrollo vegetal (Ruan 2014).

Durante el crecimiento y desarrollo del sistema radical en el suelo se obtienen

nutrientes minerales y agua, no obstante, se pueden presentar condiciones adversas

como concentraciones elevadas de algunos nutrientes, incluyendo: el hierro (Fe), zinc
(Zn) y cobre (Cu), o de elementos no esenciales como el cromo (Cr) o plomo (Pb); en

ambas situaciones se pueden presentar efectos toxicos. En concentraciones sub-



letales de estos elementos, se genera una respuesta en el sistema radical, que
consiste en la inhibicion del crecimiento de la raiz primaria por agotamiento de su
capacidad meristeméatica y la formacion de raices laterales o adventicias. Esta
respuesta incrementa la superficie de exploracion de la raiz en el suelo y la
posibilidad de crecer hacia areas con condiciones mas favorables o bien como una
estrategia para tolerar el estrés (Potters et al. 2009).

El Cromo (Cr) es un metal de transicion, cuyas formas mas estables y abundantes
son la trivalente Cr(lll) y la hexavalente Cr(VI). La contaminacioén por Cr(VI) afecta el
desarrollo vegetal, repercutiendo severamente en la productividad de los cultivos
(Shanker et al. 2005). En nuestro grupo de trabajo hemos analizado el efecto del
Cr(VI) en Arabidopsis thaliana, caracterizado por la inhibicién en el crecimiento de la
raiz primaria e induccion del desarrollo de raices laterales y adventicias. El andlisis
de los procesos moleculares implicados en estos programas de morfogénesis ha
revelado la participacion de genes de respuesta a auxinas (Lépez-Bucio et al. 2014;
Martinez-Trujillo et al. 2014). La mutacién con ganancia de funcion en el gen sirl/iaald
genera que la proteina represora IAA14 sea mas estable, lo cual evita su degradacion
en la sefializacién de auxinas, impidiendo la formacién de raices laterales (Fukaki et
al. 2002); y en presencia de Cr(VI) muestra menor inhibiciébn en el crecimiento de la
raiz primaria (Lopez-Bucio et al. 2015). Para profundizar en el conocimiento de los
mecanismos celulares y genéticos que subyacen a los programas de desarrollo
en la raiz en respuesta al estrés por Cr(VI), en este trabajo se analizé la participacién
de SLR1/IAA14 y el suministro de sacarosa en la tolerancia a Cr(VI), asi como los
cambios en la homeostasis de auxina y en la expresion de genes de identidad celular

en el meristemo.



2. ANTECEDENTES

21. Arabidopsis thaliana (L) Heynh

Arabidopsis thaliana (L) Heynh, es una angiosperma de la familia Brassicaceae
(Strasburger 2004), de tamafio pequefio (30 cm aproximadamente), con un ciclo de
vida corto (6-8 semanas). Arabidopsis se autopoliniza, tiene una alta fecundidad y una
produccion de semilla abundante, lo cual la hace de facil manejo y una excelente
opcion para estudios in vitro (Fig. 1). Adicionalmente, la secuenciacién del genoma
completo de Arabidopsis (que consta de 135 Mpb), ha hecho extensivo su uso como
modelo de estudio y durante las dos Ultimas décadas ha permitido la creacion de
poblaciones de semillas mutagenizadas, asi como una amplia coleccion de lineas
transgénicas (Bennetzen 2001). Ademas, hay disponibilidad de mutantes
insercionales afectadas en genes especificos, lo que permite analizar su participacion
en diferentes rutas de sefializacion en los programas de crecimiento y desarrollo
(Orlando et al. 2009).
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Figura 1. Arabidopsis thaliana. a) Dibujo de una planta adulta de Arabidopsis que muestra varios
de sus Organos y su raiz pivotante (Modificado de Taiz y Zeiger 2006). b) Fotografia de las flores
(Cortesia de Martinez- Truijillo).



2.2. Desarrollo embrionario

La embriogénesis se lleva a cabo en el dvulo fecundado y el resultado es un
embrion latente e inmaduro dentro de la testa (formando la semilla). Durante la
embriogénesis, se establece la polaridad vastago-raiz mediante patrones de
crecimiento que determinan el eje apical-basal, en los que se forman los meristemos
del tallo y raiz. En Arabidopsis, el desarrollo embrionario sigue un patrén constante de
division celular (Mayer et al. 1991) en el que se establece la arquitectura basica de
la planta mediante la integracion de factores fisioldgicos y genéticos que influencian
este desarrollo. Esta etapa de la planta estd compuesta por una serie de divisiones
celulares (16 estados embrionarios) que conducen al cigoto a formar un organismo

completo.
2.3. Procesos de morfogénesis

Una de las principales caracteristicas del desarrollo vegetal es su plasticidad, ya
gue la mayor parte del desarrollo no se produce en el embrion sino después de la
germinacion, en respuesta a las necesidades nutricionales y a los cambios en el medio
ambiente (Gray 2004).

El crecimiento en plantas es indeterminado debido a la actividad de los meristemos,
un grupo de células con alta capacidad proliferativa, capaces de producir todos los
tejidos y organos (Stepanova et al. 2008). Los meristemos apicales de tallo y raiz se
forman durante la embriogénesis y se consideran esenciales para el aumento en
tamanfo, ya que producen células que posteriormente crecen y se diferencian, por lo que
también representan centros de integracion de informacion para el funcionamiento y

adaptacion ante el agobio ambiental (Doerner 2003; Lastdrager et al. 2014).
2.4. La arquitectura del sistema radical

La raiz es un 6rgano especializado en la absorcion de agua y nutrientes que
debido a que estos no estan distribuidos uniformemente en el suelo, la
conformacién espacial del sistema radical es crucial para el uso 6ptimo de los
recursos disponibles. La arquitectura del sistema radical (ASR), comprende la

longitud, nimero y posicion de sus componentes: raiz primaria, raices laterales,



raices adventicias y pelos radicales.

La versatilidad para ajustar la ASR es un aspecto importante del rendimiento de
la planta y su productividad ante condiciones ambientales fluctuantes como luz, agua
y nutrientes (Smith y De Smet 2012; Mudgil et al. 2016). En Arabidopsis, el sistema
radical presenta una organizacion bastante simple, ya que se encuentra formado
por una raiz primaria, de la cual emergen las raices laterales y estas Ultimas

también se ramifican en un proceso repetitivo.
2.4.1. Laraiz primaria

La formacion de la raiz primaria ocurre desde la embriogénesis, cuando el embrion
se polariza para establecer los meristemos que daran origen al follaje en el extremo
superior y a la raiz en el extremo inferior (Mansfield y Briarty 1991). Una vez que el
embridbn madura y posteriormente, cuando la semilla germina y la plantula emerge, el
crecimiento continuo de la raiz primaria ocurre por eventos coordinados de division,
elongacion y diferenciacion celular, regulados en los meristemos (Scheres et al. 2002).
El meristemo de la raiz contiene un grupo de células iniciales (células madre) que
rodean al centro quiescente (QC, por sus siglas en inglés), con escasa actividad
mitética y que mantiene el estado indiferenciado de las células iniciales (van den Berg
et al. 1997; Scheres 2007). El mantenimiento de las células iniciales asegura el aporte
continuo de células nuevas en el meristemo y subyace el crecimiento indeterminado
de la raiz (Sena et al. 2009).

La divisiéon de las células iniciales genera filas de una sola célula que se extienden
a lo largo del eje longitudinal y forman capas de tejido de distinta naturaleza. En
consecuencia, cada tejido tiene un linaje celular especifico (van den Berg et al. 1995).
Las nuevas células producidas por las células iniciales progresan a través de tres fases
de desarrollo en su camino a la madurez: i) en la zona meristematica se dividen para
generar un suministro constante de células, ii) en la zona de elongacion las
células pierden la habilidad para dividirse e incrementan su longitud, y iii) en la
zona de diferenciacion las células adquieren sus funciones y caracteristicas
especializadas (Fig. 2a). Asi, a partir de las células iniciales, se producen los tejidos
del sistema vascular, la endodermis, el cortex, la epidermis, la capa lateral de la raiz

y la columela (Fig. 2b) (Ishikawa y Evans 1995).



En la raiz de Arabidopsis, el tejido vascular esta organizado dentro de un cilindro
central o estela, el cual contiene al xilema (que transporta agua y nutrientes) y al
floema (que transporta fotosintatos), interpuestos con células del procadmbium no
diferenciadas y una capa de periciclo circundante; mientras que los tejidos exteriores
de la raiz exhiben simetria radial, la estela es bilateralmente simétrica (Fig. 2c) (Dolan
et al. 1993; Petricka et al. 2012).

Las capas celulares del cértex y endodermis provienen de las células iniciales
del cértex/lendodermis mediante un proceso regulado por los factores de
transcripcion SHR y SCR (Fig. 2b-c) (Scheres et al. 1995; Di Laurenzio et al. 1996).
Debido a que en el apice de la raiz primaria se encuentra el meristemo, la capa
lateral de la raiz y la columela forman una capa protectora que se desprende
continuamente conforme la raiz crece y penetra el suelo; junto con la epidermis,
estos tejidos constituyen la superficie exterior de la raiz, originados a partir de un
grupo de células iniciales que experimenta una expansion celular rapida (Dolan et al.
1993; Petricka et al. 2012).
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Figura 2. La raiz primaria de Arabidopsis. a) Las distintas zonas del desarrollo en la raiz primaria.
La division celular ocurre en la zona meristemética, la expansion y elongacién celular ocurre en la
zona de elongacion y la diferenciacion celular (indicada por la formacion de pelos radicales)
ocurre en la zona de diferenciacién. b) Organizacion del meristemo apical de la raiz. Los diferentes
tipos de células se acomodan en filas celulares a través del eje longitudinal de la raiz. La regi6n
delimitada con rojo es el nicho de células iniciales. c¢) Organizacion radial de la raiz. El diagrama
muestra una seccién transversal de la raiz. Un eje central de xilema es flanqueado por dos
haces de floema. CLR, capa lateral de la raiz; QC, centro quiescente; CICE, células iniciales
del cortex y la endodermis, HCICE, hijas de células iniciales del cortex y la endodermis;
Epidermis/CLR, células iniciales de la capa lateral de la raiz y la epidermis. Modificado de Petricka
et al. (2012).



2.4.2. Raices laterales

Ademés de la raiz primaria, el nimero y longitud de las raices laterales
representan otra caracteristica dominante del sistema radical. Aunque el completo
desarrollo de la raices laterales es estructuralmente similar a las raices primarias, la
formacion de una raiz lateral es un evento post-embrionario (De Smet 2012;
Péret et al. 2012; Petricka et al. 2012). El paso inicial en el desarrollo de la raiz lateral
tiene lugar en el meristemo basal de la raiz parental, donde las células del periciclo
en los polos del xilema son “preparadas”, es decir, adquieren la capacidad para
formar una raiz lateral (De Smet et al. 2012).

Las raices laterales se forman en la zona de diferenciacion a partir de células del
periciclo posicionadas adyacentemente a los polos del xilema; un subgrupo de
esas células (llamadas células fuente) se estimula para dividirse y forma un
primordio de raiz lateral (De Smet et al. 2012). A partir de la primera division
celular en las células del periciclo hasta el primordio de la raiz lateral emergente se
han identificado siete etapas que corresponden a diferentes pasos en la adquisicion
de la identidad celular y la organizacion del tejido (Malamy y Benfey 1997).

El primer evento morfolégico relacionado con la iniciacion de un primordio
ocurre cuando dos células fuente dentro de la misma fila (en el periciclo)
experimentan divisiones transversales asimétricas (Laskowski et al. 1995; Casimiro
et al. 2003). Una serie idéntica de divisiones mitéticas ocurre en ambas células,
formando una fila de aproximadamente 8 a 10 células “cortas”. Después de un
periodo de expansion radial ocurre una division longitudinal en las células centrales,
originando un primordio con dos capas, lo cual est4 definido como etapa Il. Durante
la etapa lll, la capa externa se divide longitudinalmente para formar una tercera capa.
Una vez mas, algunas células en los extremos de la segunda capa no se dividen, lo
cual ocasiona que la estructura comience a tener forma de domo. Posteriormente, la
capa interna se divide originando un primordio de cuatro capas que penetra el tejido
endodérmico de la raiz parental donde se esta formando el primordio durante la
etapa IV. En las tres etapas siguientes, las divisiones transversales y longitudinales
continlan y el primordio atraviesa los tejidos del cértex (etapa V) y la epidermis
(etapa VI) hasta que emerge de la raiz lateral durante la etapa VIl (Fig. 3) (Malamy
y Benfey 1997; Casimiro et al. 2003).
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Figura 3. Desarrollo de la raiz lateral de Arabidopsis. Esquema de un segmento en la zona
de diferenciacién de la raiz primaria a través del eje longitudinal. Las raices laterales se inician
en la capa celular del periciclo (rojo), cuando divisiones celulares transversales asimétricas
ocurren se origina un primordio de raiz lateral (etapa I), el cual experimentard una serie de
divisiones periclinales, avanzando por 6 etapas de desarrollo posteriores hasta su emergencia
como una raiz lateral madura (etapa VIII). E, epidermis; C, cértex; E, endodermis. Adaptado de
Casimiro et al. (2003) y Petricka et al. (2012).
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El dltimo paso en la formacion de la raiz lateral es la emergencia desde el interior
de la raiz primaria, gracias a la actividad de su propio meristemo, lo cual implica un
incremento en la sintesis de auxina (Celenza et al. 1995). El desarrollo tardio de
las raices laterales es similar a las raices primarias compartiendo la mayoria de
los procesos de desarrollo, aunque las raices laterales exhiben caracteristicas

anicas, como una respuesta gravitropica alterada (Giehl et al. 2014).

2.4.3. Raices adventicias

Las raices adventicias, a diferencia de la raiz primaria y laterales, se forman de
tejidos aéreos como tallos y hojas, y su origen esta vinculado con eventos de agobio
ambiental o dafio (Bellini et al. 2014; Steffens y Rasmussen 2016). Por lo anterior,
dichas estructuras son importantes para la supervivencia bajo estrés biotico y
abiotico, incluyendo la exposicion a metales pesados y/o deficiencia de nutrientes
(Steffens 2014). Las raices adventicias han evolucionado para ayudar a las plantas
a tolerar una variedad de condiciones estresantes, y aunque poseen la misma
funcidén que las raices laterales, estan sujetas a mecanismos regulatorios diferentes
(Bellini et al. 2014).

El desarrollo de raices adventicias se divide en tres fases fisiolégicas sucesivas
pero interdependientes: la fase de induccién, que conduce a la activacion del periciclo,
la fase de iniciacion, durante la cual divisiones celulares llevan a la formacién del
meristemo de la raiz; la fase de maduracion, la cual corresponde al crecimiento
interno del primordio, y finalmente la emergencia de la raiz que conduce a una nueva

ramificacion (Steffens y Rasmussen 2016).
2.5. Los nutrientes minerales

Las plantas necesitan una variedad amplia de elementos quimicos que actian como
componentes estructurales o funcionales entre ellos, el carbono (C) que proviene
del diéxido de carbono atmosférico, el hidrogeno (H) y oxigeno (O) del agua, asi
como nutrientes minerales presentes en el suelo. Un elemento esencial se define

como aquel que es un componente intrinseco de la estructura o metabolismo del
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organismo y cuya ausencia causa anormalidades en el crecimiento, desarrollo o
reproduccién (Epstein y Bloom 2005; Taiz y Zeiger 2006).

Los elementos esenciales se clasifican como macronutrientes o micronutrientes, de
acuerdo a su concentracion en los tejidos de la planta. Entre los macronutrientes se
incluye al nitrogeno (N), fosforo (P), potasio (K), calcio (Ca), magnesio (Mg) y azufre
(S); y entre los micronutrientes al boro (B), cloro (Cl), cobalto (Co), cobre (Cu), hierro

(Fe), manganeso (Mn), molibdeno (Mo) y zinc (Zn) (Timilsena et al. 2015).

2.6. Elcarbonoy lasacarosa

Las plantas se caracterizan por realizar la fotosintesis, proceso que utiliza la energia
luminosa para convertir el CO, en carbono organico en las hojas. La sacarosa es
un disacarido formado por fructosa y glucosa, producto final de la fotosintesis; es
precursor de numerosos metabolitos y polimeros celulares, tales como almiddn,
celulosa, calosa y proteinas (Ruan 2014). Por otra parte, la sacarosa es considerada
una molécula sefal para la activacion de los meristemos influenciando asi diversos
aspectos del crecimiento y desarrollo vegetal (Sairanen et al. 2012).

La sacarosa se produce en el citosol de las hojas maduras y es el azlcar
predominante que se transporta a través del floema a los tejidos consumidores, como
las raices (Ruan 2014). El proceso implica dos diferentes rutas: simplastica y
apoplastica. En la ruta simplastica, el transporte de sacarosa inicia con su carga a través
de proyecciones de la membrana plasmatica denominados plasmodesmos, que
conectan una célula con otra, mientras que la ruta apoplastica transporta sacarosa
a través del espacio extracelular entre las paredes celulares de las células. La ruta del
apoplasto requiere transportadores dependientes de ATPasas, localizadas en la
membrana plasmatica de las células del floema. En Arabidopsis, el gen SUC2 es uno
de los seis transportadores de sacarosa especificos de floema que participan en la ruta
apoplastica (Gottwald et al. 2000).

Una vez en los tejidos consumidores, la sacarosa se hidroliza y genera los
monosacaridos, glucosa y fructosa, lo que puede ocurrir por enzimas especificas de la
pared celular denominadas invertasas. De este modo, se provee de moléculas para el
metabolismo y produccion de energia, ademas de reducir la concentracion de sacarosa

en los sitios destino, lo que facilita su translocacion en el floema (Ruan 2014).
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La disponibilidad de carbohidratos regula directamente la expresion de genes y la
sintesis de proteinas, aspectos vinculados con la sintesis de ATP, el metabolismo y en
su papel como segundos mensajeros en rutas de transduccion de sefales (Eveland
y Jackson 2012; Hammond y White 2008).

Los eucariontes entre ellos las plantas, poseen dos importantes redes regulatorias
gue responden a cambios en el estado nutricional y energético. Las proteinas cinasas
denominadas sucrose non-fermenting related kinase 1 (SnRK1) y la cinasa blanco de
rapamicina (TOR), son reguladores centrales que integran el crecimiento y desarrollo
con el estado de energia y disponibilidad de carbono organico en las plantas. TOR es
regulada por la disponibilidad intracelular de sacarosa y se activa cuando la
disponibilidad de nutrientes es Optima, lo cual resulta en la estimulacion del
metabolismo anabdlico, mientras que bajo escasez de nutrientes o energia, se activa
SnRK1 para promover la removilizacién de los nutrientes (Dobrenel et al. 2016).
Estos sistemas se modulan por el estatus de sacarosa, permaneciendo activos
durante todo el ciclo de vida, particularmente bajo situaciones de estrés (Baena-
Gonzalez y Sheen 2008).

2.7. Reguladores del crecimiento vegetal o fitohormonas

Las hormonas vegetales o fitohormonas también son llamadas reguladores del
crecimiento vegetal, debido a su caracteristica principal de estimular la
organogénesis. También controlan respuestas de defensa, estrés, aspectos del
metabolismo, reproduccién y envejecimiento, es decir, virtualmente cada aspecto en el
ciclo de vida de las plantas esta bajo el control hormonal en algin grado (Gray 2004).

Se consideran fitohormonas candnicas a las auxinas, citocininas,
brasinoesteroides, giberelinas, acido abscisico, etileno, acido jasmonico y acido
salicilico, ya que sus mecanismos de sintesis, transporte, percepcion y sefializacion
son bien conocidos (Gray 2004). Cabe mencionar que la actividad de cada
hormona vegetal se determina por su disponibilidad, la cual se controla a nivel de
su metabolismo y distribucion, ademas de la eficiencia en su percepcion y
transduccion de sefiales, por lo tanto, las alteraciones en alguno de estos eventos

tienen un impacto sobre la funcién hormonal (Vanstraelen y Benkova 2012). En el
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contexto de entender los factores que influyen sobre el crecimiento y desarrollo de la
raiz, las auxinas juegan un papel primordial, por lo que a continuacién se describen

los mecanismos de senalizacion de estas fitohormonas.
2.7.1. Las auxinas en el crecimiento y desarrollo

Las auxinas son fitohormonas cuyo nombre deriva de la palabra griega “auxein”
que significa crecer. Las auxinas son indispensables para el crecimiento y
desarrollo en las plantas, ya que actian en procesos como la division y expansion
celular, regulan las respuestas a la luz y gravedad, la arquitectura general de la raiz y
del follaje, la formacion de los érganos y el desarrollo vascular (Teale et al. 2006). Las
auxinas se sintetizan en tejidos jovenes y se transportan a tejidos especificos, donde
activan cascadas de sefalizacion que modifican el crecimiento y desarrollo
(Benjamins y Scheres 2008). La auxina endégena mas abundante es el acido indol-
3-acético (AlA), que participa en la mayoria de los procesos en los que las auxinas
han sido involucradas: en el desarrollo de la planta y las respuestas al medio
ambiente. Ademéas del AIA, otros tres compuestos con actividad auxinica son
sintetizados naturalmente por las plantas: el acido indol-3-butirico (IBA), acido 4-
cloroindol-3-acético (4-Cl- AlA) y acido fenilacético (PAA) (Sauer et al. 2013).

2.7.2. El transporte de auxinas

Las auxinas se transportan a toda la planta a través del floema y se redistribuyen
por un sofisticado sistema de transporte célula a célula, donde las proteinas
PINFORMED (PIN) que funcionan como transportadores de eflujo, desempeian un
papel importante (Vieten et al. 2007). Las proteinas PIN ayudan a establecer un
gradiente de auxinas dependiente del tejido (PetrasSek et al. 2006) y su expresion
se ve influenciada por sefales internas y externas (Abel y Theologis 2010).

2.7.3. Percepcion y seializacion por auxinas

Las auxinas regulan virtualmente cada aspecto del crecimiento y desarrollo de las
plantas actuando mediante la unién a uno de los 6 receptores: la proteina F-box
TRANSPORT INHIBITOR RESPONSEL (TIR1) y proteinas relacionadas AUXIN
SIGNALING F-BOX PROTEIN 1, 2, 3, 4, 5 (AFB1-5) son determinantes para la
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especificidad del sustrato. La percepcion de auxinas ocurre a través de la interaccion
de esta hormona con los receptores TIR1/AFBs que participan como subunidad del
complejo de ubiquitin ligasa SCF TIRVAFBs (Calderdn-Villalobos et al. 2010).

Los FACTORES DE RESPUESTA A AUXINA (ARF) son un grupo de factores
de transcripcidn que regulan a los genes de respuesta a auxinas mediante su
unidén a los promotores, ya sea activando o reprimiendo la expresion de genes

(Dharmasiri et al. 2005). A altos niveles de auxinas, ésta actia como un

N ] TIR1/AFBs
estabilizador entre los complejos co-receptores SCF y los represores

AUXIN/INDOLE-3 ACETIC ACID (Aux/IAA), lo que permite la ubiquitinacion de estos
altimos, y su posterior degradacion via el proteosoma 26S (Hayashi 2012). Por lo
tanto, los ARFs quedan libres para unirse a los genes que contienen elementos de
respuesta a auxinas (TGTCTC) en sus promotores para activar o reprimir la
transcripcion (Fig. 4). El gran ndmero de genes Aux/IAA (29 en Arabidopsis) y
ARF (23 en Arabidopsis) indica que la respuesta a auxinas es muy compleja,
dependiendo tanto de sus niveles endégenos como de la especificidad y la fuerza de
la interaccion entre diferentes grupos de proteinas incluyendo TIR1-AFBs-Aux/IAA y
Aux/IAA-ARF (Villalobos et al. 2012).

2.7.3.1. Las proteinas Aux/IAA

Los genes Aux/IAA son inducidos rapidamente por auxinas y codifican para
proteinas nucleares de 25 a 35 kD, las cuales tienen tiempos cortos de vida media, lo
gue asegura que estas proteinas no puedan ser acumuladas en altos niveles (Abel y
Theologis 1996). En Arabidopsis se conocen 29 genes pertenecientes a esta familia.
La mayoria de las proteinas Aux/IAA muestran cuatro dominios conservados en su
estructura (I, 11, 1ll, y 1V). Estos dominios contribuyen con superficies discretas que
permiten distintas interacciones proteina-proteina. EI dominio | (DI) facilita la
interaccion con TOPLESS (TPL), un co-represor de la transcripcion (Szemenyei et al.
2008). El dominio Il (DII) contiene una secuencia especifica de aminoacidos y es mejor
conocido como motivo degron. El DIl es requerido para la inestabilidad caracteristica
de las proteinas Aux/IAA, ya que dirige el punto de partida para su degradacién y para
el ensamble al complejo co-receptor TIR1/ Aux/IAA (Calderdn-Villalobos et al. 2012).

Los dominios 1l (DIll) y IV (DIV) median la homo y heterodimerizacion, incluyendo
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interacciones con proteinas ARF (Overvoorde et al. 2005). Dado que la sintesis de
muchas proteinas Aux / IAA es inducida rapidamente por auxina, la sefializacion de
auxina experimenta ciclos de regulacion negativa por retroalimentacion (Dreher et al.
2006).

Las proteinas Aux/IAA participan en la percepcion de auxinas formando parte de
un complejo co-receptor junto con proteinas TIR1/AFB 1-5. Las diferentes
combinaciones de TIR1/AFBs y proteinas Aux/IAA forman complejos co-receptores
con distintas propiedades de sensibilidad a las auxinas. Esto probablemente
contribuye a la versatilidad de las auxinas como moléculas de sefalizacion en el
crecimiento y desarrollo de la planta (Calderén-Villalobos et al.2012). Mutaciones en
varias proteinas Aux/IAA en las cuales se estabiliza el DIl, ocasiona que la union a
auxina sea suprimida y por lo tanto la repuesta a dicha hormona sea alterada
(Dharmasiri et al. 2005, Calderoén Villalobos et al. 2012).
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represores, permitiendo que los factores de transcripcién ARFs promuevan la transcripcién de genes.
Modificado de Santner et al. (2009).
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2.7.4. Las auxinas en la regulacion del desarrollo de la raiz

Las auxinas estan involucradas en cada aspecto del desarrollo de la raiz,
desde la adquisicion del destino celular, la iniciacion del meristemo, la emergencia y
la elongacion (Bellini et al. 2014). El establecimiento de gradientes de auxina y
su distribucion regulan procesos como la division y expansion celular (Sabatini et
al. 1999). Las proteinas PIN son las encargadas de establecer una distribucion
localizada de auxinas a través del eflujo de esta hormona en los diferentes tejidos.
La localizacién de estas proteinas varia con respecto a cada tejido, por ejemplo:
PIN1 participa en el movimiento de auxina en la parte central de la raiz, PIN2
establece un flujo hacia arriba en las regiones laterales de la raiz, PIN3 y PIN7
redistribuyen la auxina en la region de la columela y PIN4 mueve la auxina hacia el
centro quiescente en el meristemo (Michniewicz et al. 2007) (Fig. 5).

La accion en conjunto de los genes PIN restringe el domino de expresion de los
genes PLETHORA (PLT), los cuales son determinantes para la especificacion de las
células iniciales en el meristemo (Galinha et al. 2007). Los genes PLT codifican
factores de transcripcion, entre los cuales PLT1 y PLT2 alcanzan su maxima expresion
en el meristemo de la raiz (Galinha et al. 2007). Es importante destacar que los niveles
mas altos de expresion de los genes PLT contribuyen con la estructura del nicho de
células madre y su actividad proliferativa, mientras que una disminucién en su
expresion causa la diferenciacion celular y la pérdida del meristemo (Aida et al. 2004;
Galinha et al. 2007).
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Figura 5. Localizacion de los transportadores PIN en la raiz de Arabidopsis. En el diagrama de
la izquierda, las flechas indican la direccion del flujo de auxina conducida por las proteinas PIN.
En la parte derecha se presenta la localizacidn celular de las proteinas PIN utilizando la técnica
de inmunolocalizacion. Michniewicz et al. (2007).
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2.7.5. Las auxinas en la formacion de raices laterales

Ademas de su participacion en la formacion y establecimiento de la raiz primaria,
las auxinas son requeridas para formacion de raices laterales y adventicias (Bellini et
al. 2014). La distribucion y gradientes de auxinas impactan en la formacion de las
raices laterales a través de los diferentes modulos de respuesta a auxinas-AUX/IAA-
ARF. Por ejemplo, en la iniciacion de raices laterales la degradacion del represor
SLR1/IAA14 permite la accion de los factores de transcripcion ARF7 y ARF19 (Fukaki
et al. 2002). De esta manera ARF7 y ARF19 promueven la expresion de genes
necesarios para la division celular asimétrica en las células del periciclo, lo que da
lugar a la iniciacion de raices laterales. Consecuentemente varias mutantes en los
genes AUX/IAA con ganancia de funcién o mutantes en los genes ARF con pérdida
de funcién, muestran alteraciones en la iniciacion o desarrollo de raices laterales
(Fukaki et al. 2002; Okushima et al. 2007).

Otras mutantes con fenotipos alterados en sus raices son monopteros (mp/arf5) y
bodenlos (bdl/iaal2), con raices laterales colocadas irregularmente (De Smet et al.
2010); tirl afb2 afb3, presenta defectos en el desarrollo de células del periciclo y en
la morfologia del primordio de la raiz lateral (Dubrovsky et al. 2011).

Lo anterior demuestra que desde la preparacion de las células del periciclo hasta
la emergencia del primordio de la raiz, los cambios en la distribucion y gradientes

de auxinas acompafian estos procesos (Malamy y Benfey 1997).

2.8. Elcromo (Cr)

El cromo (Cr) es un metal de transicion localizado en el grupo VI-B de la

tabla periddica, y es el séptimo elemento de mayor abundancia en la corteza

terrestre. ElI Cr se encuentra en rocas, suelo y emisiones volcanicas (McGrath y

Smith 1990). Los usos del Cr y sus compuestos en la industria, incluyen aleaciones

con acero inoxidable y procesos quimicos industriales, el curtido de pieles,

produccion de pigmentos y la galvanoplastia. Estas aplicaciones incrementan su

concentracion en el ambiente por lo que se ha convertido en un contaminante

importante del suelo, aire y agua (Armienta-Hernandez y Rodriguez-Castillo 1995).
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Las formas mas estables y abundantes de Cr son la trivalente Cr(lll) y la
hexavalente Cr(VI), los otros estados de oxidacién son inestables y de vida corta en los

sistemas biolégicos (Shupack 1991). El Cr(VI) se asocia al oxigeno para formar los

- 2- 2-
oxianiones hidrocromato (HCrO,), cromato (CrO4 ) o dicromato (Cr,O; ) (Shanker et
al. 2005). En presencia de materia organica, el Cr(VI) es reducido a Cr(lll); esta

transformacion es mas rapida en suelos acidos (McGrath y Smith 1990).

2.8.1. Efectos del Cr en los sistemas biologicos

Los efectos biolégicos del Cr dependen de su estado de oxidacion y localizacion
celular. ElI Cr(VI) es considerado la forma mas téxica, mientras que el Cr(lll) es
relativamente inocuo debido a su insolubilidad y subsecuente incapacidad para cruzar
las membranas celulares (Katz y Salem 1993). La reduccion del Cr(VI) a Cr(lll) se ha
descrito en sistemas bioldgicos, involucrando la formacion intermedia de Cr(V)
(Kawanishi et al. 1986); estos compuestos reaccionan con H,O, generando
cantidades significativas de radicales OH-, sin generacion asociada de O,. Los
radicales OH- pueden producir alteraciones en el DNA, siendo el dafio oxidativo el
responsable de los efectos genotoxicos causados por el Cr(VI) (Shiy Dalal 1990). Por
otro lado, el Cr(lll) puede ejercer efectos tdxicos por su interaccién con los grupos
fosfato en el DNA (formando aductos Cr-DNA), a grupos carboxilo y sulfhidrilo en

proteinas y por competencia con el transporte de hierro (Fe) (Cervantes y Campos-

Garcia 2007). El Cr también afecta la disponibilidad de sulfato (8042-) al competir por
los sitios de transporte, e intervenir con su asimilacion a nivel intracelular, alterando la
sintesis de aminoé&cidos, y proteinas, entre ellas las del sistema de defensa. La
alteracion en la sintesis proteica por efecto del Cr es la mayor causa de inhibicion del

crecimiento en levaduras (Holland y Avery 2011).

2.8.2. Efectos del Cr en los sistemas vegetales

La toxicidad del Cr en los sistemas vegetales esta estrechamente relacionada con

alteraciones en la disponibilidad de nutrientes, como fosfato (PO43_) y hierro (Fe) (Lopez-
Bucio et al. 2014; Martinez-Trujillo et al. 2014). Debido a que el Cr es un elemento no
esencial para las células, no se ha reportado un mecanismo especifico para su
transporte, por lo que se ha sugerido que éste puede entrar a las células vegetales
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utilizando transportadores de aniones esenciales como SO4> y PO4* (Shanker et al.
2005), interfiriendo con la captacion, translocacion y acumulacion de varios nutrientes
(Gardea-Torresdey et al. 2005).

El Cr induce estrés oxidativo que desencadena una peroxidacion de lipidos, lo cual

dafa las membranas celulares, incluyendo las encargadas de la fotosintesis, causando
una disminucién en el crecimiento (Hayat et al. 2012). EI Cr se transporta desde la
raiz hasta la parte aérea a través del xilema, acumulandose principalmente en las
raices y en cantidades menores en el follaje y 6rganos reproductivos (Shanker et al.
2005).

2.8.3. Efectos del Cr(VI) en Arabidopsis

El Cr(VI), en concentraciones subletales, afecta diversos procesos del desarrollo
vegetal como la germinacion, el desarrollo post-embrionario de la raiz y el follaje, con
una reduccion en biomasa e inhibicion del crecimiento (Ortiz-Castro et al. 2007).
Estos efectos deletéreos ocurren por la interferencia del Cr(VIl) con la captacion o
metabolismo de nutrientes esenciales como S, P y Fe, que al ser suplementados en el
medio, restablecen el crecimiento y confieren proteccion contra los efectos negativos
del Cr(VI) (L6pez-Bucio et al. 2014; Martinez-Truijillo et al. 2014).

La raiz es el principal érgano afectado por el Cr(VI), y aunque en concentraciones
bajas (K.CrO; 40uM) puede tener un efecto promotor del crecimiento, a
concentraciones mas altas (100-140 uM), afecta drasticamente su crecimiento y
desarrollo (Martinez-Trujillo et al. 2014; Lopez-Bucio et al. 2015). Las concentraciones
inhibitorias de Cr(VI) impactan drasticamente la arquitectura de la raiz, inhibiendo el
crecimiento de la raiz primaria y promoviendo la emergencia de raices laterales y
adventicias, ademas de la presencia de pelos radicales muy cerca del apice de la
raiz primaria (Martinez-Trujillo et al. 2014; Lépez-Bucio et al. 2015). Aunado a lo
anterior, la expresion global de los genes en Arabidopsis es afectada por el suministro
de 100 uM de K2CrOa; alterando la expresion de genes relacionados con la respuesta
hormonal, la homeostasis del Fe, P, y el metabolismo de especies reactivas de
oxigeno (L6pez-Bucio et al. 2014; Martinez-Trujillo et al. 2014). Estas adaptaciones
en el desarrollo de la raiz forman parte de una respuesta adaptativa al estrés por
Cr(VI), reprogramando el metabolismo y la arquitectura de la raiz para sobrevivir
(Lépez-Bucio et al. 2015).
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3. JUSTIFICACION

El Cr(VIl) afecta el crecimiento y la productividad vegetal e interfiere con la
captacion y metabolismo de nutrientes. En Arabidopsis, la mutacion del gen sirl/iaal4d
incrementa la tolerancia de la raiz primaria al Cr(VI) y permite a la planta crecer bajo
condiciones sub-letales de K2CrOa4. Por otro lado, la disponibilidad de una fuente de
carbono actla como un estimulo nutricional importante para los programas de
crecimiento y desarrollo. Hasta la fecha, se desconoce si el suministro de azlcares
podria conferir alguna tolerancia al Cr(VI), mediante la posible interaccion con la
homeostasis de auxinas y la actividad de proliferacién celular en el meristemo. Por lo
gue, avanzar en el entendimiento de los mecanismos moleculares de la respuesta al
estrés por Cr(VI) podria ser una contribucion de gran relevancia en el campo de la

biologia del desarrollo.
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4. HIPOTESIS

Las respuestas del sistema radical de Arabidopsis al estrés generado por el Cr(VI)
mediadas por el represor INDOLE ACETIC ACID14/ SOLITARY ROOTL, interactian
con una via de sefalizacion activada por la disponibilidad de carbono, manteniendo

la homeostasis de auxinas y la identidad celular del meristemo en la raiz primaria.

5. OBJETIVOS

5.1 Objetivo general
Caracterizar la participacion del represor SOLITARY ROOT/ INDOLE ACETIC
(SLR1/1AA14) y de la sacarosa en la respuesta a Cr(VI) y su relacion con la identidad

celular y la respuesta auxinica en la raiz de Arabidopsis thaliana L.

5.2 Objetivos particulares
a) Analizar el efecto del suministro de sacarosa en la tolerancia a Cr(VI) en la raiz de
Arabidopsis y su impacto en la distribucién de auxinas y la expresion de genes de

identidad celular en el meristemo.

b) Caracterizar el efecto del represor SLR1/IAA14 en el crecimiento y desarrollo de
la raiz de Arabidopsis a la exposicién eventual al Cr(VI) y sobre la expresion de

genes relacionados con la actividad del nicho de células iniciales.

c) Analizar la participacion de la capa lateral de la raiz como un posible sitio de

percepcion del Cr(VI) y su relacion con la expresion de SLR1/1AA14.
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6. RESULTADOS

Los principales resultados obtenidos durante la realizacion de este proyecto de
tesis se presentan en los siguientes capitulos:

6.1. Capitulo 1

“Sucrose protects Arabidopsis roots from chromium toxicity influencing the auxin—
plethora signaling pathway and improving meristematic cell activity”. (Publicado en la

revista Journal of Plant Growth Regulation).

6.2. Capitulo 2

"Temporal root responses in Arabidopsis thaliana L. to chromate reveal structural
and regulatory mechanisms involving the SOLITARY ROOT/IAA14 repressor for
maintenance of identity meristem genes". (Sometido para su publicaciéon en la revista
Plant Growth Regulation).
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Abstract Plants adapt to challenging growth conditions,
such as the scarcity of nutrients or exposure to toxic metals,
via changes in root system architecture. Chromium (Cr) is a
non-essential element that when supplied in sublethal con-
centrations inhibits primary root growth through decreasing
meristematic activity and affects photosynthesis. Here, we
show that sucrose reverses the inhibitory effects of Cr(VI)
on plant growth and development. Sucrose supplementation
reactivated primary root growth under repressing Cr(VI)
concentrations by restoring cell division and auxin distri-
bution at the root meristem, keeping stem cell niche func-
tioning. Analysis of the growth of Arabidopsis wild-type
and mutant seedlings defective in auxin transport or sign-
aling further revealed a critical role of auxin in mediating
the effects of sucrose to protect plants from Cr(VI) toxicity.
The results suggest that sucrose acts as a regulator in the
maintenance of root meristem activity to overcome the stress
generated by sublethal Cr(VI) concentrations.
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Introduction

Plants take up mineral nutrients and water from soil via
the root system, whereas carbon is obtained by leaves from
atmospheric CO, and sunlight energy (Johnson 2016). The
photosynthesis process enables plants to synthesize energeti-
cally rich molecules such as sucrose, which are necessary for
growth and developmental transitions during their life cycle
(Ruan 2014). The sessile nature of plants, coupled with an
ever changing environment, imply that diverse regulatory
mechanisms must be activated for survival; these responses
depend upon metabolic and/or gene expression adjustments
(Atkinson and Urwin 2012).

The apical growth of the root relies on a group of stem
cells with intense mitotic activity located at the root tip,
which generate different tissues such as the stele, pericy-
cle, endodermis, cortex, epidermis, lateral root cap, and the
columella (Aichinger and others 2012). At the meristematic
region, a strict balance between cell division and differen-
tiation is controlled by the quiescent center (QC), which
is composed of a few less mitotically active cells that act
as an organizing center. The PLETHORA genes (PLT! and
its paralog PLT2), encode transcription factors necessary
for maintenance of both QC and stem cell identity, whose
expression increases at the QC and is regulated by auxin,
the main hormone controlling root growth (Aida and others
2004; Aichinger and others 2012).

The root is a heterotrophic organ, thus a continuous
sucrose supply is required for its functioning (Gottwald and
others 2000). In addition to its role as an energetic com-
pound, sucrose metabolism provides a gateway for cell
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signaling as demonstrated by its promoting effect on the
transition from the vegetative to the flowering phase and
for the configuration of root architecture (MacGregor and
others 2008; Yang and others 2013: Yu and others 2013).
Indeed, the root meristematic activity is induced by pho-
tosynthesis and the shoot-root transport of metabolites, or
by supplementation of sucrose or glucose, which act via the
TOR kinase pathway to coordinate auxin response with the
nutritional status to drive mitosis (Xiong and others 2013).

In Arabidopsis thaliana, sucrose transport depends on the
families of the so-called SUCROSE CARRIERS (SUC), also
known as SUCROSE TRANSPORTERS (SUT), and the
SWEET (SUGAR WILL EVENTUALLY BE EXPORTED
TRANSPORTERS) family; the SUC/SUT proteins facilitate
the uptake of sucrose by the cells in symport with protons
(Lalonde and others 2004), the SWEETS are uniporters that
facilitate the efflux of sucrose to the apoplast (Chen and
others 2012). The combined action of these families of trans-
porters determines the flux of sucrose between organs and
tissues according to the needs of the plant (Zakhartsev and
others 2016). Among these proteins, SUC2 plays a critical
role in sucrose translocation from the apoplast to phloem
cells (Gottwald and others 2000).

Indole-3-acetic acid (IAA) is the main auxin present in
plant tissues. This regulator is synthesized at stem and root
tips and in young leaves, and is distributed throughout the
plant via two physiologically and spatially separated trans-
port pathways: (i) through the phloem by the mass flow
mechanism (Muday and DeLLong 2001; Davies 2004), and
(ii) in a cell-to-cell manner through transmembrane pro-
teins of the PIN-FORMED (PIN) family (Gilweiler and
others 1998; Miiller and others 1998; Krecek and others
2009). Within the root tip, auxins are redistributed by the
different PIN proteins establishing an auxin gradient that
guides organogenesis (Michniewicz and others 2007). The
combined transport involving the influx carriers AUXIN
RESISTANTI/LIKE AUX1 (AUXI1/LAX) establishes an
auxin distribution pattern with a maximum in the QC and
adjacent stem cells, as well as in columella initials (Sabatini
and others 1999; Péret and others 2012).

In A. thaliana, auxin binds to specific receptors from the
TRANSPORT INHIBITOR RESPONSEI (TIR1)/AUXIN
SIGNALING F-BOX (AFB-5) family (Dharmasiri and oth-
ers 2005; Kepinski and Leysler 2005). These receptors are
associated with SKP1-CULLIN I-F-BOX (SCF) complexes,
responsible for ubiquitinizing proteins for degradation by
the proteasome (Parry and others 2009). Activation of auxin
response genes relies on AUXIN RESPONSE FACTORS
(ARFs), whose activity is inhibited by AUXIN/INDOLE-
3-ACETIC ACID (AUX/IAA) co-repressor proteins (Lis-
cum and Reed 2002). In addition to binding the receptors,
auxin can simultaneously target the AUX/IAA repressors
allowing their ubiquitination and subsequent degradation,
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thereby releasing the ARFs to activate transcription of auxin
response genes (Li and others 2016).

Chromium (Cr) is a non-essential element for plants that
increases in abundance in the soil due to human industrial
activities. This element can be found mainly in two oxi-
dation states: Cr(III) and Cr(VI), the latter being the most
mobile in ecosystems and therefore represents a major plant
stressing factor (Shupack 1991). Cr(VI) accumulation lim-
its agricultural activities because it inhibits germination,
decreases root and shoot growth, and causes leaf yellowing,
thus affecting photosynthesis (Shanker and others 2005).
In the cytoplasm, Cr toxicity is mainly related to reduction
of Cr(VI) to Cr(III) by both enzymatic and non-enzymatic
reactions, through intermediate unstable Cr(V) and Cr(IV)
states, forming reactive oxygen species (Cervantes and oth-
ers 2001).

Because Cr is a non-essential element, plants apparently
lack specific mechanisms for its uptake, but it has been sug-
gested that the Cr(VI) transport in plants involves the car-
riers of sulfate and phosphate (Shanker and others 2005;
Lopez-Bucio and others 2014). The auxin pathway appears
to be a critical target of Cr(VI) toxicity in roots, because
both auxin transport and signaling are blocked by sublethal
metal concentrations (Martinez-Trujillo and others 2014;
Lépez-Bucio and others 2014). Concomitantly, a nutritional
deficiency syndrome is activated, involving low iron and low
phosphate rescue systems because adequate supply of these
nutrients not only protects plants from Cr(VI) deleterious
effects but also restores normal growth and development
(Lopez-Bucio and others 2015).

Considering that sucrose is the main photosynthesis prod-
uct, whose availability decreases upon Cr(VI) exposure, we
hypothesized that managing endogenous sugar levels would
help plants to better tolerate Cr(VI) stress. Here, we show
that sucrose supply on the growth medium normalizes root
growth and plant development under sublethal Cr(VI) con-
centrations, which correlates with restoration of the expres-
sion of genes involved in the cell cycle, auxin distribution
and transport, stem cell niche, and sucrose transport. Moreo-
ver, we demonstrate the critical role of auxin signaling and
transport in such sucrose-mediated amelioration of stress
management.

Materials and Methods
Biological Material

A. thaliana ecotype Col-0 (wild-type; WT) and the transgenic
lines: DR5::GFP (Ulmasov and others 1997), CycB1 ::uidA
(Colén-Carmona and others 1999), AtSUC2::GFP (Imlau
and others 1999), PIN7pro::PIN7::GFP (Blilou and others
2005), and PLTI::GFP (Aida and others 2004), and the A.
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thaliana mutants aux/-7 (Pickett and others 1990), axr/-3
(Lincoln and others 1990), rirl afb2afb3 (Parry and others
2009), and iaal4/slrl (Fukaki and others 2002) were used
in this research.

Plant Growth Conditions

Seeds were superficially disinfected by treatment with 95%
(v/v) ethanol for 10 min and a commercial 6% chloride solu-
tion for 5 min. Seeds were then washed three times with
sterile distilled water and kept in darkness at 4 °C for 48 h
to synchronize germination. Seeds were sown in Petri dishes
with 0.5x MS medium (Murashige and Skoog 1962), pH
5.7, supplemented with phytagar 1% (w/v) (PhytoTechnol-
ogy Laboratories), and different sucrose concentrations.
Plates were placed vertically in a plant growth chamber
(Percival AR-95 L) with a photoperiod of 16 h of light/8 h
darkness, 300 pmol m~2 s~ ! of light intensity, and a tem-
perature of 22 °C.

Sucrose and Cr(VI) Treatments

To evaluate the effect of sucrose and Cr(VI) on primary root
growth and gene expression, seeds of WT A. thaliana as well
as transgenic and mutant lines were germinated and grown
in MS 0.5% media supplemented with 100 pM potassium
chromate (K,CrO,, Sigma) or without chromate. The media
were supplemented with sucrose (Bioxon) at different con-
centrations: 17.5 mM (0.6%), considered as a basal concen-
tration in culture medium, 35 mM (1.2%). 70 mM (2.4%),
and 140 mM (4.8%). Plants were grown for 10 days and then
growth and developmental parameters were analyzed.

Analysis of uidA Expression

For histochemical analysis of uidA expression, 10 days after
germination (dag) Arabidopsis plants were stained and incu-
bated 8 h at 37 °C in a phosphate buffer (0.5 mg mL™! of
5-bromo-4-chloro-3-indolyl-B-p-glucuronide in 100 mM
sodium phosphate, pH 7). Plants were cleared using a
0.24 N HC1-20% methanol (v/v) solution and incubated 1 h
at 60 °C. The solution was replaced by 7% NaOH (w/v)-60%
ethanol (v/v) and incubated 20 min at room temperature.
Plant hydration was performed by treatments with decreas-
ing ethanol solutions: 40, 20, and 10% (v/v), 30 min each;
plants were fixed in glass slides covered with 50% glycerol
(vIv).

Propidium Iodide Staining and GFP Detection
For fluorescent staining with propidium iodide, plants

were mounted on microscope slides and treated with a
1.0 mg mL~"' solution of propidium iodide (PI). Each

sample was analyzed separately for propidium iodide (with
a 568-nm wavelength argon laser for excitation, and an
emission window of 585-610 nm) and GFP (488 nm exci-
tation/505-550 nm emission), using a confocal microscope
(Olympus FV1000), after which the two micrographs were
merged to produce a final image. Fifteen independent seed-
lings were analyzed per line, and treatment representative
images were selected for the figures.

Statistical Analysis

Averages and confidence intervals were calculated using
the Excel Microsoft Office 2010 program. Analysis of
variance (ANOVA) and Tukey significance tests were per-
formed using the SPSS 19.0 for Windows statistical software
(p<0.05).

Results

Sucrose Protects Arabidopsis Roots from Cr(VI)
Toxicity

To assess the possible role of the root energetic status in
plant tolerance to Cr(VI), WT A. thaliana seeds were ger-
minated and grown for 10 days in MS 0.5x media supple-
mented with 100 pM Cr(VT) and increasing sucrose concen-
trations. As expected, Cr(V1) strongly repressed root growth,
whereas supplementation of 70 and 140 mM sucrose reac-
tivated root growth by 60 and 100%, respectively (Fig. 1).
Root growth is determined by the activity of the root
apical meristem, thus we evaluated the mitotic activity of
the primary root meristem in transgenic CycBI::uidA A.

OControl  ®WCr(VI)
50 3
E I a 4
Eaf 2 B i a |
= ‘
% 30+ b
)
8 201
e
]
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0 ||
17.5 35 70 140
Sucrose (mM)

Fig. 1 Effect of Cr(VI) and sucrose on Arabidopsis thaliana primary
root growth. WT (Col-0) seedlings were germinated and grown for
10 days in media with increasing sucrose concentrations, supplied or
not with 100 pM Cr(VI). The confidence interval for alpha=0.05 is
shown; different letters indicate statistical differences with the Tukey
test (p<0.05, n=30)
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thaliana seedlings, which express a mitotic cyclin at the
G2-to-M phase transitions of the cell cycle. GUS expres-
sion was observed as blue dots in the meristematic zone of
plants grown in media without Cr(VI) and supplied with
different sucrose concentrations (Fig. 2a—d). However,
under 100 pM Cr(VI) treatment and basal sucrose concen-
tration (17.5 mM), GUS expression was lost and the root tip
became thicker and wider, consistent with toxicity symptoms
(Fig. 2e). Noteworthy, sucrose supplementation restored
CycBI ::uidA expression and normalized root tip structure
in a dose-dependent manner (Fig. 2f~h). These data indicate
the important role of the local energetic status for metal tol-
erance and normal root growth under Cr(VI) toxicity.

Sucrose Improves Auxin—Plethora Gene Expression
in Arabidopsis Root Meristems Exposed to Cr(VI)

The longitudinal and radial organization of the root is under
the control of a signaling network mediated by the hormone
auxin and the PLETHORA (PLT) transcriptional factors act-
ing downstream (Benkova and Hejatko 2009). The auxin
distribution pattern was analyzed in A. thaliana transgenic
seedlings expressing DR5::GFP, which is induced by auxin.
The auxin distribution in primary root meristems without
Cr(VI) was clearly located at the quiescent center and
columella initial cells (Fig. 3a). Indeed, Cr(VI) decreased
auxin-inducible gene expression as well as the levels of
PIN7pro::PIN7::GFP and PLT1::GFP proteins (Fig. 3b,
f, j), whereas 140 mM sucrose restored their expression
(Fig. 3d. h, 1). These data indicate that the auxin—PLT

Fig.2 Effect of Cr(VI) and
sucrose on the expression of

network at the root meristem is a direct target of Cr(VI) and
is modulated by the plant energetic status.

Long Distance Sugar Transport is Blocked by Cr(VI)

Long distance sucrose transport from the shoot to the root
is critical for root meristem functioning (Xiong and others
2013). To determine how sucrose transport in primary roots
is affected by Cr(VI), the expression of the sucrose trans-
porter SUC2 was investigated in Arabidopsis SUC2::GFP
transgenic seedlings. In media lacking Cr(VI), supplementa-
tion of sucrose repressed SUC2::GFP expression in the pri-
mary root in a dose-dependent manner (Fig. 4a—d). Cr(VI)
strongly inhibited SUC2::GFP expression (Fig. 4e) together
with changing the structure of the root meristem, whereas
sucrose alleviated root growth and normalized sucrose trans-
porter expression (Fig. 4g, h).

Auxin Signaling Mediates the Effects of Sucrose
to Protect Roots from Cr(VI) Toxicity

To determine the role of auxin signaling during sucrose
restoration of root growth in seedlings exposed to Cr(VI),
a genetic analysis comparing A. thaliana primary root
growth in WT and mutant lines aux!-7, axrl-3, sir-1, and
tirlafb2afb3 in response to Cr(VI) with or without sucrose
was performed. The results showed that 100 pM Cr(VI)
inhibited the growth of the primary root in most genotypes
tested; this effect was more noticeable in the WT, with
approximately 90% inhibition of growth, and was weaker in

Sucrose (mM)

the CycB1::uidA marker in
Arabidopsis thaliana. Seeds of
the CycBI::uidA transgenic line
were germinated and grown for
10 days in media with increas-
ing sucrose concentrations,
supplied or not with 100 pM
Cr(VI). Images are representa-
tive individuals from 15 plants
analyzed. Bar = 100 pm. The
experiment was repeated three
times with similar results

Control

Cr(VI) 100 uMm

@ Springer

70

140

29



J Plant Growth Regul

Fig.3 Effect of Cr(VI)

and sucrose on the expres-

sion of the DR5::GFP,
PIN7pro::PIN7::GFP, and
PLTI::GFP markers in Arabi-
dopsis thaliana. Seeds of the
different transgenic lines were
germinated and grown for 10
days in the media with sucrose
17.5 mM (control) or 140 mM
(high sucrose), supplied or not
with 100 pM Cr(VI). Images are
representative individuals from
10 plants analyzed for each
transgenic line. The experiment
was repeated three times with
similar results

Sucrose 17.5 mM

DR5::GFP

PIN7pro::PIN7::GFP

PLT1::GFP

slr-1 (approximately 50%), and other auxin-related mutants
(Fig. 5). Interestingly, the effects of sucrose restoring root
growth under Cr(VI) supply were observed for s/r-/ and
axrl-3 mutants, but absent in the aux/-7 and tirlafb2afb
mutants (Fig. 5). These data imply a critical role of auxin
transport and response for sucrose-mediated tolerance to
Cr(VD).

Discussion

The post-embryonic growth of the root depends upon the
activity of the meristem, which can be affected by metal
exposure or low nutrient availability (Potters and others
2007). Our results showed that sucrose supplementation

Sucrose 140 mM
+ Cr(VI) 100 uM

Sucrose 17.5 mM  Sucrose 140 mM
+ Cr(V1) 100 pM
' (b)

promotes cell division, reactivating primary root growth
in seedlings exposed to a sublethal Cr(VI) concentration;
concomitantly, this metal strongly affected the expression
of the sucrose transporter SUC2 in roots, indicating that
an impaired availability of photosynthates influences cell
division at the root meristem. These results are in agree-
ment with those reported by Gottwald and others (2000),
who tested the phenotypes of three knockout mutants in the
AtSUC?2 gene, generating plants that were unable to export
sucrose from leaves to the root. In these plants, root growth
was interrupted at an early stage when grown on media lack-
ing sucrose, however, normal root growth was observed
upon sugar supplementation.

In addition to SUC2, SUCI, and SUT4, and the
SWEETI1,12,13 genes expressed in roots, the encoded
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Fig.4 Effect of Cr(VI) and
sucrose on the expression of

Sucrose (mM)

SUC2::GFP in Arabidopsis
thaliana seedlings. Seeds of
the SUC2::GFP transgenic line
were germinated and grown for
10 days in media with increas-
ing sucrose concentrations,
supplied or not with 100 pM

17.5

Cr(VI). Images are representa- g
tive individuals from 10 plants g
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Fig.5 Effect of Cr(VI) and sucrose on primary root growth of
Arabidopsis WT and auxin-related mutants. Seeds of the different
genotypes were germinated and grown for 10 days in with sucrose
17.5 mM (control) or 140 mM (high sucrose), supplied or not with
100 uM Cr(VI). The confidence interval for alpha=0.05 is shown:
different letters indicate statistical differences with the Tukey test
(p<0.05, n=30)

proteins are considered the main transporters that facili-
tate the sucrose influx/efflux across cell membranes (Zim-
mermann and others 2004; Zakhartsev and others 2016);
besides, the participation of other not well-characterized
proton-independent transporters might be involved in the
sucrose uptake by roots (Chaudhuri and others 2008). It
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remains to be elucidated whether genes other than SUC2,
encoding sucrose transporters, are also inhibited by sublethal
Cr(VI) concentrations and if their expression is reactivated
by exogenous sucrose, which may point to sugar transport as
a checkpoint for plant adaptation to xenotoxic stress.

A possible mechanism by which sucrose reactivates the
mitotic process might be related to the activity of the TAR-
GET OF RAPAMYCIN (TOR) kinase, in a pathway that
concertedly integrates the energy, nutrients, growth factors,
and stress status to cell proliferation in the Arabidopsis root
meristem (Xiong and Sheen 2011: Xiong and others 2013).
Therefore, it is possible that local availability of sucrose (or
its glucose derivative) in the meristem may be sensed as a
triggering factor eliciting nutritional and stress responses
in plant roots. Our data show that sucrose supplementation
may help plants to cope with sublethal concentrations of
non-essential elements, such as Cr(VI), which may lead to
potential agricultural applications.

DRS5, PIN7, and PLT] expressions in primary roots of
plants grown in media supplemented with Cr(VI), directly
correlated meristem functioning with an auxin—PLT path-
way. The results obtained on primary root growth and mer-
istem cell division further suggest a connection between
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sucrose and auxin-PLT pathway for root resistance to Cr(VI)
and possibly to other metals, as reported for the scarcity
of some nutrients. For instance, sucrose supplementation
increased auxin response under low iron availability condi-
tions (Lin and others 2015).

The PIN family of auxin transporters controls auxin dis-
tribution to regulate cell division and expansion in the pri-
mary root. Moreover, the PIN proteins have an important
role in the formation and maintenance of the meristem by
directly regulating the PLETHORA (PLT) genes, which are
major determinants for root stem cell specification (Blilou
and others 2005). Decreased expression of PLT/1::GFP and
PIN7pro::PIN7::GFP following root exposure to Cr(VI) was
correlated with the loss of both cell division and normal
auxin distribution within the meristem: consistently, avail-
able data show that the Arabidopsis double mutant plt1plt2
develops a short primary root, has decreased meristematic
activity, and shows disorganized columella cell layers (Aida
and others 2004). The primary root growth of auxin trans-
port aux]—-7 and auxin receptor tirl afb2afb mutants, which
both failed to normalize root growth in response to Cr(VI)
following sucrose supply, supports the notion that auxin
signaling acts downstream of a sugar pathway to maintain
cell proliferating activity in the root meristem.

Auxin is not only the canonical regulator of root mor-
phogenesis: recent data point to its critical role in stress
adaptation; for example, during iron limitation aux/—7 and
pinl Arabidopsis mutants had an altered expression of genes
involved in iron uptake (Lin and others 2015). Thus, we can-
not exclude the possibility that the auxin signaling pathway
could be part of a nutritional mechanism linking iron, phos-
phate, and Cr(VI) root responses as revealed by studies on
global gene expression analyses and root growth restoration,
where Cr(V]) affects the homeostasis of iron and phosphate
in Arabidopsis (Martinez-Trujillo and others 2014: Lépez-
Bucio and others 2014).

The participation of other hormones besides auxin in
mediating the inhibitory effect of Cr(VI) on the primary root
growth cannot be ruled out, since changes in expression of
genes involved in the ethylene and jasmonic acid signaling
pathways are elicited by Cr(VI) sublethal concentrations in
Arabidopsis (Martinez-Trujillo and others 2014). It is pos-
sible that the canonical ethylene signaling pathway involv-
ing ETR1, EIN2, CTR1, and EIN3 could mediate primary
root growth inhibition or lateral root formation in response
to chromate as these genes play a role in auxin—ethylene
crosstalk for the control of root organogenesis (Muday and
others 2012). It is also tempting to speculate that chromate
could induce cell death at the meristem or activate cell dif-
ferentiation programs that trigger meristem exhaustion as
that occurs in primary roots of Arabidopsis experiencing
low phosphate availability (Lopez-Bucio and others 2002;
Séanchez-Calder6n and others 2005).

Although Cr(VI) toxicity has been associated with the
production of reactive oxygen species (Stohs and Bagchi
1995), and our group has demonstrated the induction of
genes encoding ROS-detoxifying enzymes possibly related
to an adaptive mechanism (Martinez-Trujillo and others
2014), it remains to be tested if sucrose or any of its derived
sugars directly decreases the ROS levels at the root meristem
and their relationships with other cellular processes remains
as an open question.

Plants adjust their growth and development in response to
environmental conditions through adjusting phytohormone
responses; in addition to its role as an energetic molecule,
sucrose regulates plant physiological programs such as root
foraging for nutrients (Lépez-Arredondo and others 2014)
and also controls hypocotyl elongation (Lilley and others
2012). Our results suggest that sucrose is a critical regula-
tor which maintains the meristem activity of the primary
root acting likely via the auxin—-PLT pathway, and confers
resistance to sublethal concentrations of a non-essential ele-
ment, chromium. It remains to be determined if this pro-
tective effect may also occur during root exposure to other
potentially toxic ions such as aluminum or heavy metals that
strongly repress root growth and plant productivity in many
regions around the world.
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ABSTRACT

The Arabidopsis root system is modified in response to stress generated by high
concentrations of non-essential ions such as chromate [Cr(VI)]. In this work,
distribution of auxin and its transporters PIN1 and PIN7, as well as expression of
genes that maintain identity of the root meristem, were analyzed in Arabidopsis thaliana
wild type (WT) seedlings and in the mutant affected in the SOLITARY ROOT
(SLR1/IAA14) locus, required for root response to Cr(VI). We show that primary root
inhibition, auxin transporter levels, and expression of meristem identity genes were
maintained in the slr-1 mutants but not in WT plants in response to Cr(VI) in a time and
concentration-dependent manner. Noteworthy, the outermost single cell layer of the
lateral root cap, which normally dies and tends to peel off, remains viable and increases
in size following exposure of WT plants to Cr(VI) but not in slr-1 mutants. Our results
suggest that: 1) the primary root tip senses Cr(VI), 2) the external lateral root cap may
play a protective role during Cr(VI) exposure, and 3) Cr(VI) impacts cell division in root
meristems via auxin redistribution and SLR1/IAA14 function, influencing expression of

root meristem genes.

Keywords: Chromate, root growth, meristem identity, auxin.
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INTRODUCTION

Post-embryonic root development enables plant adaptation to environmental stress via
its important role in water and nutrient acquisition. Its plasticity allows plants in their
natural ecosystems to grow and adapt to fluctuating availability of essential and non-
essential elements (Epstein and Bloom 2004; Ruiz-Herrera et al. 2015). In Arabidopsis
thaliana, the root system consists of the primary root, derived from the embryo and
lateral roots that are formed from the pericycle during post-embryonic development;
eventually, adventitious roots can be formed from hypocotyls. The growth and spatial
distribution of the primary root, lateral roots, and adventitious roots, determine the
overall root architecture (Bellini et al. 2014).

Root growth is supported by cell division at the meristem, where groups of cells with
high mitotic activity proliferate and then elongate (Benkova and Hejatko 2009). In
Arabidopsis, the root apical meristem (RAM) comprises a group of stem cells that
surround four less mitotically active cells in the quiescent center (QC), which maintains
the undifferentiated state and high proliferative rate of meristem cells (van den Berg et
al. 1997). For stem cell niche specification, the PLETHORA (PLT) (Aida et al. 2004,
Blilou et al. 2005; Galinha et al. 2007), SHORT ROOT (SHR) (Benfey et al. 1993) and
SCARECROW (SCR) (Sabatini et al. 2003) transcription factors, influence auxin
transport and signalling. Because plant cells do not migrate, cell division patterns
regulate production of clonally related cells that when differentiated establish the tissues
that comprise the primary root such as root cap, epidermis, cortex, endodermis,
pericycle, xylem and phloem (Arnaud et al. 2010; Dolan et al. 1993; Scheres et al.
2002; Willemsen et al. 2008).

The root cap forms a dome of cells at the very root tip covering the meristem, and is
organized in the columella cell layers and lateral root cap (Dolan et al. 1993). This
structure has a central role in sensing environmental factors such as gravity, soil
moisture, and availability of nutrients, as well as in protecting roots during soil
exploration or exposure to adverse growth factors (Arnaud et al. 2010).

Auxin plays a critical role in balancing cell division, elongation and differentiation
(Benkova et al. 2003; Friml 2003; Vanneste and Friml 2009; Perrot-Rechenmann
2010; Lee et al. 2013). It is mainly synthesized at the shoot apex, root tip and
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emerging lateral roots, and can be distributed to other tissues via the phloem (Muday
and DelLong 2001), or directionally cell-to-cell by PIN-FORMED (PIN) proteins, whose
asymmetric location in cell membranes determines the output and intercellular auxin
flow (Blilou et al. 2005; Vieten et al. 2007; Petrasek et al. 2009). These combined
transport systems allow auxin gradients to be formed, which coordinate growth and
patterning (Péret et al. 2012; Sabatini et al. 1999).

Auxin signalling involves mainly three components: the TRANSPORT INHIBITOR
RESPONSE1 (TIR1)/AUXIN SIGNALLING F-BOX (AFB1-5) receptors, the AUXIN
RESPONSE FACTORS (ARFs) and the AUXIN/INDOLE-3-ACETIC ACID
REPRESSORS (AUX/IAAs) (Dharmasiri et al. 2005; Kepinski and Leyser 2005). The
receptors are associated with an ubiquitin ligase complex, integrated by SKP1, Cullin
and an F-box protein (SCF) (Gray et al. 1999; Dharmasiri et al. 2005). At low auxin
levels, AUX/IAA repressors bind to ARFs to form a co-repressor complex, preventing
transcriptional activation of auxin response genes. When auxin levels increase, it acts
as a molecular “glue” between AUX/IAA repressors and the SCF/TIR1 co-receptor,
allowing the ubiquitination of the repressors for degradation by the proteasome (Gray
et al. 1999; Dharmasiri et al. 2005; Kepinski and Leyser 2005; Perrot-Rechenmann
2010; Ruiz-Rosquete et al. 2012), thus releasing the ARFs, which can now activate
auxin responsive genes (Reed 2001; Mockaitis and Estelle 2008). Auxin also controls
lateral roots initiation; in this process, the SLR1/IAA14 protein represses AUXIN
RESPONSE FACTORS 7 (ARF7) and 19 (ARF19), both involved in promotion of cell
division in pericycle cells (Fukaki et al. 2002; Weijers et al. 2005; Muto et al. 2007).
Chromium (Cr) is a transition metal located in group VI-B of the periodic table, and its
ions occur naturally in the environment (Shanker et al. 2005). Their levels increase due
to anthropogenic activities, such as leather tanning and chrome-plating, making this
element derivatives common contaminants of water and soils (Kotas and Stasicka
2000). The most stable and common Cr forms are the trivalent Cr(lll) and the

hexavalent Cr(VI) species; this latter is usually associated with oxygen as chromate

(CrO42') or dichromate (Cr2072') ions (McGrath and Smith 1990). Cr(VI) is considered
the most dangerous form due to its mobility in biological systems, and because once
into the cell it generates Cr(lll), which is highly toxic and may cause deleterious effects
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such as lipid peroxidation, protein modifications and DNA damage (Holland and Avery
2011; Viti et al. 2014).

Plants are affected by Cr(VI) during germination, post-embryonic root growth, and
plant phase transitions; for this reason, Cr(VI) and its compounds represent an
increasing risk for agriculture (Shanker et al. 2005; Hayat et al. 2012). The Arabidopsis
root system has been used to clarify the molecular events underlying plant adaptation
to Cr(VI) exposure, which include inhibition of primary root growth and induction of
lateral and/or adventitious roots; also, this architectural reconfiguration is believed to
redirect root growth for avoiding stress damage and/or exposure (Martinez-Truijillo et
al. 2014). The SLR1/IAA14 auxin response protein influences primary root adaptation
to Cr(VI), since its gain-of-function role renders plants more resistant to Cr(VI)
supplementation, which occurs via its direct effect on auxin biosynthesis and
distribution within root tips (LOpez-Bucio et al. 2015). However, the molecular and
temporal events following Cr(VI) perception remain unknown. Here, we report the
establishment of a growth system allowing Arabidopsis seedlings to respond to Cr(VI)
gradients by supplying increasing Cr(VI) concentrations to some distance from the root
tip. Comparison of growth of WT and slr-1 mutants, as well as molecular and genetic
analyses, not only confirmed the critical role played by SLR1/IAA14 in mediating root
architecture reconfiguration in response to chromate, but also revealed novel structural

and regulatory roles of the lateral root cap and meristem for Cr(VI) tolerance.

MATERIALS AND METHODS

Plant material

The Arabidopsis thaliana L. WT (ecotype Col-0) and the gain-of-function mutant sir-1
(Fukaki et al. 2002) were used as the genetic backgrounds. The following transgenic
Arabidopsis lines with WT genetic background were used: CycBlpro::uidA (Colon-
Carmona et al. 1999), DR5pro::GFP (Ottenschlager et al. 2003), PIN1pro::PIN1::GFP
(Benkova et al. 2003) PIN7pro::PIN7::GFP (Blilou et al. 2005), PLT1pro::GFP,
PLT2pro::CFP (Aida et al. 2004, Galinha et al. 2007), SHRpro::SHR::GFP (Sabatini et
al. 1999), SCRpro::SCR::GFP (Sabatini et al. 2003). The different genetic markers

mentioned above were transferred to slr-1 mutants via outcrossing.
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Growth conditions

Seeds of the different Arabidopsis lines were surface disinfected with 95% (v/v) ethanol
for 5 min and 20% (v/v) bleach for 7 min. After five washes in distilled water, seeds
were germinated and grown on agar plates containing 0.2X MS medium (Murashige
and Skoog 1962). The MS medium and agar were purchased from PhytoTechnology.
Petri dishes were placed vertically at 65° angle to allow the root growth on the agar
surface and the aerial growth over the medium. Plants were placed in a growth chamber
(Percival AR-95L) with a photoperiod 16 h light/8 h darkness, with light intensity 300
2 1

mmol m- , and 22°C temperature.

Experimental procedure for gradual exposure to Cr(VI)

Arabidopsis seeds of the different lines were germinated in 0.2X MS medium and
allowed to grow for 4 days after germination. Then, a cut in the agar gel was made with
a scalpel in either horizontal or vertical directions with respect to the primary root

growth axis and 100 uM K2CrO42

"~ was added (33 pL) in the space left by the scalpel (at
approximately 2.5 cm from the plants) with the help of a micropipette. In control
conditions, a water volume equal to the Cr(VI) solution was added. Cr(VI) diffusion was
determined by visual analysis and by changes in pH as determined with an indicator
paper. In the horizontal system, Cr(VI) first came into contact with the tip of the primary
root, while in the vertical system Cr(VI) came into contact simultaneously with the
entire root system and the foliage. The Petri dishes were placed in the Percival chamber

and incubated for 6 more days to compare growth responses under both conditions.

Root measurements

The Arabidopsis root system and the RAM integrity of the primary root were first
analyzed with a stereoscopic microscope (Leica MZ6). Primary root length was
determined using a ruler. RAM size and length of the lateral root cap cells were
determined using semi-permanent preparations and an Axiostar Zeiss Plus Carl Zeiss

microscope; images were captured using a Sony Cybershot DSC-S75 digital camera
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and processed with Zeiss Axio Vision 4AC software (Carl Zeiss).

Histochemical analysis

For histochemical analysis of CycBlpro::uidA activity, Arabidopsis seedlings were

incubated overnight at 37 °C in a GUS reaction buffer (0.5 mg mL'l) of 5-bromo-4-
chloro-3-indolyl-B-D-glucuronide in 100 mM sodium phosphate, pH 7). Stained plants
were cleared and fixed with 0.24N HCI in 20% (v/v) methanol and incubated for 60 min
at 62°C. The solution was substituted by 7% (w/v) NaOH in 60% (v/v) ethanol for 20
min at room temperature. Plants were dehydrated with ethanol treatments at 40%,
20%, and 10% (v/v) for a 24-h period each and fixed in 50% (v/v) glycerol. Processed
roots were placed on glass slides and sealed with commercial nail varnish. At least 15
transgenic plants were analyzed and a representative plant was chosen for each
Cr(VI) treatment and imaged using Nomarski optics on a Leica DMR microscope.

Confocal microscopy

Transgenic seedlings expressing GFP (green fluorescent protein) were mounted on

microscope slides into a 10 mg mi™L solution of propidium iodide (PI) and fluorescent
signals from roots were detected in a confocal laser scanning microscope (Olympus,
FV1000). For PI detection, wavelengths employed had an excitation line of 568 nm
with an emission window of 585-610 nm; GFP was excited with a 488 nm line and the

emission detected at 505-550 nm.

Statistical analysis
For all experiments, overall data were statistically analyzed using the SPSS19 program
for Windows. Univariate and multivariate analyses with Tukey’s post-hoc test were

used for testing the differences in growth and root development responses.
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RESULTS
The effect of Cr(VI) on the Arabidopsis primary root growth depends upon the

zone where it is first perceived

To understand the sequence of events underlying the root response to Cr(Vl),
Arabidopsis WT and slr-1 mutant seeds were germinated and grown for 4 days in
medium without Cr(VI); then Cr(VI) was added either in horizontal or vertical directions
as described in materials and methods. Plants were allowed to grow for 10 days after
treatments and primary root growth measurement was performed.

In horizontal exposition to Cr(VI), primary roots of WT plants were inhibited over 60%
with respect to controls without Cr(VI), while primary root growth of sir-1 seedlings was
not inhibited at all (Fig. 1A). It should be noted that shoots of both WT and slIr-1 plants
did not show chlorosis symptoms (Fig. 1B). On the other hand, in vertical Cr(VI)
application, there was greater inhibition of primary root growth both in WT and slir-1
plants (over 80% and 97%, respectively). Besides, strong growth inhibition and
chlorosis symptoms in shoots, as well as increased lateral root formation, typified the
WT response under this condition, while slr-1 mutants that failed to form lateral roots
were more sensitive to the toxic effects of Cr(VI) (Fig. 1A, 1B). The distribution of
Cr(VI) into the growth medium of plants could be confirmed through visual analysis of
pH changes; in the horizontal application diffused Cr(VI) reaches first the tip of the
primary root (Supplementary Fig. S1), while in vertical application diffused Cr(VI) arrives
simultaneously to leaves, hypocotyl and the whole primary root.

From these results, two aspects can be highlighted: i) plants adapt better to Cr(VI)
exposure when the primary root tip first perceives the oxyanion, and ii) the magnitude
of primary root growth inhibition depends on the ability of plants to produce lateral
roots, a process mediated by SLR1/IAA14. Being the horizontal exposure to Cr(VI) the
system allowing better growth both in WT and slr-1 plants, subsequent analyses were

done in that way.

The effects of Cr(VI) on the mitotic activity and RAM performance is influenced
by SLR1/IAA14
Growth of WT Arabidopsis primary roots is indeterminate due to the activity of the

RAM, where a balance between cell division and differentiation is necessary. To
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determine the participation of SLR1/IAA14 protein in cell proliferation in response to
Cr(VIl), WT and sir-1 plants harboring the CycBlpro::uidA marker, which is detected
only in mitotic cells, were exposed to Cr(VI) in the horizontal application system, and
gene expression investigated daily during 6 days after treatment. B-glucuronidase
(GUS) reporter gene expression in WT seedlings did not change during the first three
days after Cr(VI) application, but by days 3 and 4 expression increased and correlated
with more robust root tips, and by day 6 it drastically diminished (Fig. 2). In contrast,
root tips of the slr-1 mutants exposed to Cr(VI) showed increased GUS expression with
time (Fig. 2). At the end of the experiment, WT seedlings showed a 30% decrease in
the length of the meristem while sIr-1 plants had a 20% increase (Fig. 2B).
Surprisingly, the width of the root, measured at the meristem, increased both in the WT
and slr-1 mutants by 45% and 35%, respectively, as a response to Cr(VI) treatment
(Fig. 2C). Thus, it can be concluded that the mitotic activity and the RAM size in the

primary root are affected differentially by Cr(VI) in WT plants respect to slr-1 mutants.

The size and surveillance of lateral root cap cells increase in response to Cr(VI)
In Arabidopsis, the root cap is comprised of four cell layers. To restrict growth of the
root cap, the generation of new cells has to be compensated via disposal of the
outermost layer, which experiences programmed cell death and degradation (Kumpf
and Nowak 2015). The observation that Cr(VI) application increased root thickness
(Fig. 2C), could be explained either by increased isodiametric growth of cells, by the
formation of additional cell layers or both. To test these possibilities, detailed cellular
analysis of lateral root cap cells was performed in Arabidopsis primary roots treated or
not with Cr(VI), and stained with propidium iodide as a vital marker. In WT seedlings,
cells of the outermost lateral root cap layer that in normal conditions are small and
totally stained red by propidium iodide, in Cr(VI) increased in length, and remained
alive for prolonged periods (Fig. 3A and B). In sIr-1 mutants, root meristem cells
attained a normal morphology and increase in length of the lateral root cap cells was
less evident that in the WT (Fig. 3A). These data show that the protective growth of the
external cell layer of the root cap is compromised by the gain-of-function in
SLR1/IAA14 and that this may be an adaptive trait to tolerate toxic levels of Cr(VI).
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Cr(Vl) influences distribution of auxin and the level of auxin transporters in
Arabidopsis primary roots

Cr(VI) negatively regulates auxin transport and response in the primary root tip, and
concomitantly, another auxin maximum is established at the site of adventitious roots
initiation that drives its organogenesis (Lépez-Bucio et al. 2015). To determine the
temporal sequence of events elicited by Cr(VI) in Arabidopsis primary root and to
establish the specific role of SLR1/IAA14 in this program, distribution of auxin and
auxin transporters PIN1 and PIN7 were analyzed via mobilizing the DR5pro::GFP,
PIN1pro::PIN1::GFP and PIN7pro::PIN7::GFP constructs to slr-1 mutants, and
comparing their expression levels with WT plants in a time course experiment. Cr(VI)
treatment modulated auxin distribution in the primary root of WT plants by increasing
auxin responsiveness in root tips by day 3 (Fig. 4d); this correlates with growth of the
outermost lateral root cap layer (arrow), or decreasing it at later times. Such changes
are associated with the loss of the meristem and the advancement of differentiation,
since root hairs are formed close to the root tip (Fig 4f). In contrast, in slr-1 mutants
expression of DR5pro::GFP was increased by Cr(VI) in a time-dependent manner, as
revealed by the green (GFP) or yellow (GFP plus propidium iodide red staining) in root
tips (Fig 4 g, 1), while no differentiation signs were evident at the end of the experiment.
In a similar manner, the levels of auxin transporters PIN1 and PIN7 in primary roots
were differentially modulated by Cr(VI) in WT plants and slr-1 mutants (Fig. 5a-p).
These results show that SLR1/IAA14 modifies the response to Cr(VI) orchestrating
auxin response and distribution at the root tip.

Cr(Vl) inhibits expression of meristem identity genes in a SLR1/IAA14 dependent
manner

To test whether SLR1/IAA14 could influence stem cell maintenance acting as a
mediator during the response to Cr(VI), expression of meristem identity markers
PLT1pro::GFP, PLT2pro::CFP, SHRpro::SHR::GFP and SCRpro::SCR::GFP, was
analyzed in the primary root of WT and sIr-1 mutants. PLT1 expression was lost at day
5 following Cr(VI) treatment in WT and siIr-1 plants, while PLT2 expression was

terminated in WT but not in sIr-1 plants (Fig. 6). SCR expression notably decreased at
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day 4 and disappeared at day 5 both in WT and slr-1 mutants. SHR expression
decreased from day 4 and disappeared at day 5 in WT plants, while in slr-1 mutants it
was sustained during the experiment (Fig. 7). These results show that expression of
maintenance and identity genes are altered by exposure to Cr(VI) with the SLR1/IAA14

mediation.

DISCUSSION

In Arabidopsis, the root response to Cr(VI) is plastic and enables adaptation to its
toxicity via structural and regulatory mechanisms that are starting to be revealed.
Previous reports showed growth-inhibitory and early differentiation effects of Cr(VI) on
primary roots, which were tightly correlated with de novo organogenesis, since lateral
and adventitious root are developed in plants exposed to toxic concentrations of
chromate (Lépez-Bucio et al. 2015). To increase understanding of cellular mechanisms
and developmental pathways underlying the responses of the root system to stress
generated by Cr(VI), root growth, cell division activity, and root meristem structure,
were correlated with auxin response and meristem identity genes in Arabidopsis WT
plants and sIr-1 mutants; this was performed by using an in vitro system in which
gradual exposure to Cr(VI) of the primary root allows monitoring earlier and late
morphogenetic responses.

The lower inhibition of root growth, and overall growth of WT seedlings in the horizontal
exposure to Cr(VI) (where it first reaches the primary root tip), when compared to the
vertical application (reaching to the foliage and the entire root system), suggests that
the root cap, possibly the lateral root cap, functions as a key Cr(VI) sensor. In this
way, some kind of signals would move to distant parts of the root (i.e. pericycle cells),
to elicit lateral root development. This finding is in line with the role proposed for the
root cap as a structure that senses and transmits environmental signals to distant
tissues to increase or halt root growth rates through auxin signalling (Tsugeki and
Fedoroff 1999). Lack of primary root growth inhibition of slr-1 mutants in the horizontal
application system, suggests a critical role of SLR1/IAA14 in Cr(VI) response to
this sensing mechanism. Therefore, it is possible that root meristem consumption
and the start of determinate primary root growth occur when SLR1/IAA14 is degraded
in WT plants following Cr(VI) application. Since slr-1 is a dominant, gain- of-function
mutant, where SLR1/IAA14 cannot be degraded (Fukaki et al. 2002), thus it remains
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active to block auxin signalling acting as a repressor, which interferes with Cr(VI)
modulated auxin responses.

In WT plants, Cr(VI) treatment increased width of the primary root, which correlated
with an increase in size of cells of the lateral root cap. This response suggests a
dramatic physiological alteration in these cells, which normally die as new cap cells are
being produced, which may be of great adaptive significance towards improving
tolerance to toxic Cr(VI) levels in the environment. In consonance, the genetic ablation
of root cap cells causes isodiametric growth of meristem cells, induces differentiation
of the meristem and stimulates formation of lateral roots (Tsugeki and Fedoroff 1999).
Repression of primary root growth elicited by Cr(VI) is tightly correlated with an auxin
response, as cell division and lateral root cap structure remain less affected in sir-1
mutants.

Maintenance of cell division and root growth in slr-1 mutants may be related to
conservation of the auxin distribution area in the primary root, which unlike WT plants
in which the auxin maximum is lost, it causes meristem differentiation. In the present
study, the gradual decrease in auxin distribution in the primary root of WT plants by
effect of Cr(VI) was also correlated with decreased levels in PIN1 and PIN7 proteins,
which is in agreement with the function of these auxin efflux transporters in
establishing auxin gradients within the root tip (Perilli et al. 2012). In a similar way, in
Arabidopsis WT plants exposed to chromate, PIN1 and PIN2 transporters lost their
expression, and this correlates with the strong capability of plants to produce
adventitious roots, which replace primary roots for growth (Lopez-Bucio et al. 2015).
Indeed, the persistence of normal auxin transporter distribution in slr-1 plants exposed
to Cr(VI) directly correlated with the maintained primary root growth, which supports
the role of auxin distribution for cell proliferating activity and indeterminate growth
(Stepanova et al. 2008). Thus, SLR1/IAA14 mediates the normal auxin redistribution in

the primary root as a direct response to Cr(VI).
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The longitudinal and radial organization of the root is under hormonal control, where
mainly auxin and transcriptional factors regulate meristem activity (Blilou et al. 2005).
Decrease in expression of PLT1 and its paralog PLT2 in the primary root of WT plants
correlated with decrease in auxin distribution and expression of PIN transporters. This
can be explained because PIN and PLT proteins are part of a feedback loop
mechanism for root meristem maintenance in response to the auxin gradient, also
termed auxin maximum at the very root tip (Aida et al. 2004; Blilou et al. 2005;
Aichinger et al. 2012). Accordingly, in sIr-1 plants exposed to Cr(VI), where a normal
auxin distribution already occurs, PLT2 expression was maintained, which suggests
that expression of PLT2 is sufficient for maintaining growth in the primary root. These
data are consistent with the proposed redundancy in the functions of PLT1 and PLT2
proteins in identity determination of the stem cells of roots (Benfey et al. 1993; Aida et
al. 2004) and with the additive and dosage-dependent function of these genes (Galinha
et al. 2007).

In a similar way as the PTL genes, SHR expression was also abated in the primary
roots of WT plants, in agreement with its function as a key regulator of root growth and
development (Benfey et al. 1993; Di Laurenzio et al. 1996). In contrast, in slr-1 plants,
SHR expression although at a lower level, was maintained 5 days after Cr(VI) exposure,
which corresponds with the SHR protein function in maintaining indeterminate growth
in the root (Lucas et al. 2011). Additionally, loss of SHR activity led to major changes
in the root, which gives rise to the fibrous architecture of the root system, as a part of
the root phenotype produced by Cr(VI) in WT plants (Lopez-Bucio et al. 2015).
Reduction of SCR expression in WT plants is consistent with decreased mitotic activity
in the meristem, since the SCR protein sustains stem cell and meristem activity and
prevents cell differentiation by suppressing ARRL1 transcription, a cytokinin signalling
element (Moubayidin et al. 2010). The paradox of the visually lost expression of SCR
in slr-1 plants where the primary root continues growing, deserves further research,
and allow us to devise two possibilities: i) the participation of SLR1/IAA14 downstream

of SCR modifies the equilibrium between cell division and differentiation in response to
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Cr(VI), or ii) the sensitivity or threshold to Cr(VI) is different in the primary root with the
absence of lateral roots due to the gain-of-function of SLR1/IAA14.

The participation of SLR1/AA14 in mediating root responses to Cr(VI) in this work, is
supported by the report of Shani et al. (2017) who showed that stress pathways
interact with the auxin gene regulatory network through transcription of Aux/IAA genes,
functioning as hubs that integrate genetic and environmental information to achieve the
appropriate developmental program. Besides, in several types of stress there is a
generic response that involves lateral root formation as a direct consequence (Potters
et al. 2007), which could be demonstrated here, since SLR1/IAA14 mediates root
responses to the stress generated by Cr(VI).

Taken together, our results suggest that: i) the root cap senses Cr(Vl), allowing a
better response for adapting the root architecture according to challenging growth
situations, ii) SLR1/IAA14 directly or indirectly participate in maintaining normal auxin
distribution, mitotic activity and expression of meristem identity genes in the primary
root exposed to Cr(VI), and iii) the sensitivity or threshold to maintain growth in the
primary root is mediated by SLR1/IAA14 by increasing the tolerance to stress and

lengthening the time for transition from indeterminate to determinate growth.
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Figure 1. Growth of Arabidopsis WT and sir-1 plants in medium with horizontal
and vertical Cr(VIl) applications. WT (ecotype Col-0) and mutant slr-1 seeds were
germinated in 0.2X MS medium. Six days after germination (dag), Cr(VI) was added in
two directions (horizontal or vertical) with respect to the root growth axis. A) Primary
root length of 12 dag plants; bars represent confidence interval from 15 plants; different
letters indicate statistical differences for Tukey tests at P <0.05; the experiment was
repeated twice with similar results. B) Representative 12 dag plants growing in the
different media; bar = 1 cm; yellow arrows indicate the Cr(VI) applications in the

medium. Note an opposite effect on the sensitivity of mutant slr-1 to Cr(VI) in both
systems.
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Figure 2. Mitotic activity and meristem size in the primary root of Arabidopsis
WT and sir-1 plants exposed to Cr(VI). WT and slr-1 Arabidopsis seeds harboring
the CycBlpro::uidA gene were germinated in 0.2X MS medium and 4 days after
germination plants were exposed to the horizontal Cr(VI) application. A)
CycBlpro::uidA expression was analyzed daily for 6 days in WT and sir-1 plants.
Photographs show representative individuals from 15 cleared plants; bar = 150 um;
d.a.t. = days after treatment. Note an increase in CycBlpro::uidA expression in the first
days of exposure in both WT and slir-1. In B) Meristem length, and C) Meristem width;
bars represent confidence interval from 15 plants; different letters indicate statistical
differences for Tukey tests at P <0.05. The experiment was repeated twice with similar
results.
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Figure 3. Effect of Cr(VI) on lateral root cap cells of the primary root in WT and
sir-1 Arabidopsis plants. WT and mutant slr-1 seeds were germinated in 0.2X MS
medium and 4 days after germination plants were exposed to the horizontal Cr(VI)
application for 6 days; day 0 is the time when Cr(VI) was applied. A) Kinetics of lateral
root cap cells length; bars represent confidence interval from 15 plants; different letters
indicate statistical differences for the Tukey test at P <0.05. B) Primary roots of plants
at day 5; lateral root cap cells are indicated by arrows. Photographs are representative
from 15 plants; bar = 50 um. The experiment was repeated twice with similar results.
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DR5pro::GFP

sir-1/DR5pro::GFP

Figure 4. Effect of Cr(VI) on auxin distribution in the primary root in WT and slir-1
Arabidopsis plants. Seeds were germinated in 0.2X MS medium and 4 days after
germination plants were exposed to the horizontal Cr(VI) application. Representative
kinetic of the DR5pro::GFP expression pattern in WT (a-f) and slr-1 plants (g-I). d.a.t. =
days after treatment; day O is the time when Cr(VI) was applicated. Arrow indicates a
lateral root cap cell. Plants were stained with propidium iodide and analyzed by confocal
microscopy. Photographs are representative of 5 plants analyzed; bar = 200 um.
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Figure 5. PIN1 and PIN7 expression in the primary root of WT and sir-1
Arabidopsis plants in response to Cr(Vl). Representative kinetics of
PIN1pro::PIN1::GFP and PIN7pro::PIN7:GFP expression pattern in WT (a-f) and sir-1
background (g-1). Seeds were germinated in 0.2X MS medium and 4 days after
germination (d.a.g.) plants were exposed to the horizontal Cr(VI) application. Plants
were stained with propidium iodide and analyzed by confocal microscopy. Photographs
are representative of 5 plants analyzed; bar = 200 um; d.a.t. = days after treatment.
Note that in the PIN1 and PIN7, expression diminished more notably in WT than in slr-
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Figure 6. Expression of the PLT1 and PLT2 genes in the primary root of WT and
sir-1 Arabidopsis plants in response to Cr(VI). Representative kinetics of
PLT1lpro::GFP and PLT2pro::CFP expression pattern in WT (a-f) and sir-1 (g-l)
backgrounds. Seeds were germinated in 0.2X MS medium and 4 days after
germination plants were exposed to the horizontal Cr(VI) application. Plants were
stained with propidium iodide and analyzed by confocal microscopy. Photographs are
representative of 5 plants analyzed; bar = 200 um; d.a.t. = days after treatment, day O
is the time when Cr(VI) was applied. Note that PLT2 expression diminished more
notably in WT than in slr-1.
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Figure 7. SHR and SCR expression in the primary root of WT and sir-1
Arabidopsis plants in response to Cr(VI). Seeds were germinated in 0.2X MS
medium and 4 days after germination plants were exposed to the horizontal Cr(VI)
application. Representative kinetics of SCRpro::SCR::GFP and SHRpro::SHR
expression pattern in WT (a-f) and slr-1 (g-I) backgrounds. Plants were stained with
propidium iodide and analyzed by confocal microscopy. Photographs are
representative of 5 plants analyzed; bar = 200 um. Note that SCR expression was
more diminished in WT than in sir-1.
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Supplementary Figure 1. Analysis of Cr(Vl) diffusion in the medium by changes
in pH. 0.2X MS medium were prepared with bromocresol purple as an indicator of pH
changes. A) Growth 0.2X MS medium with and without application of Cr(VI) during 6
days; control and horizontal application of Cr(VI). B) pH scale in bromocresol purple,
following the procedures described in materials and methods. D.a.t. = days after
treatment, day O is the time when Cr(VI) was applied. Note that in Cr(VI) application,
there is a gradual change in the pH of the medium, indicative of the formation of Cr(VI)
gradients.
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7. DISCUSION GENERAL

En general, la respuesta al estrés involucra la inhibicion del crecimiento para
preservar las funciones vitales (Lastdrager et al. 2014). El estrés por Cr(VI) en
Arabidopsis inhibe el crecimiento de la raiz primaria y genera una reprogramacion en
los patrones de desarrollo del sistema radical (LOpez-Bucio et al. 2014). Los
resultados obtenidos en este trabajo permitieron conocer la implicacion de dos
factores, el represor 1AA14 y la sacarosa, en la mediacion de las respuestas del
sistema radical de Arabidopsis ante el estrés causado por Cr(VI).

7.1. La sacarosa mantiene el crecimiento de la raiz primaria ante el estrés del
Cr(Vl) en Arabidopsis, a través de un proceso mediado por la distribucién de

auxinas

En este trabajo, la toxicidad del Cr(VI) en Arabidopsis se correlacioné con una
disminucion de la expresion de genes relacionados con la distribucién de auxinas,
division celular e identidad de células iniciales, asi como el efecto protector de la
sacarosa en mantener los patrones de expresion de estos genes y por ende el
mantenimiento del meristemo en presencia de Cr(VI).

Considerando que el Cr(VI) afecta la captacion de nutrientes como P y Fe,
generando un estrés nutricional (Shanker et al. 2005; Lopez-Bucio et al. 2014,
Martinez-Trujillo et al. 2014), las plantas se adaptan a estas condiciones mediante la
activacion de genes que incrementan la captacion de nutrientes y modulan el
crecimiento de la raiz (Eveland y Jackson 2012). Lo anterior explica la disminucion
en la expresion de SUC2 en respuesta a Cr(VI), de manera similar a lo reportado
por Lei et al. (2011) donde alteraciones en la expresion de SUC2 inhiben la respuesta
a la deficiencia de fosfato.

La deficiencia en la disponibilidad de sacarosa en la raiz por efecto del Cr(VI),
causa modificaciones en los patrones de crecimiento y desarrollo del sistema radical,
lo que sugiere la posible participacion de rutas de respuesta a estrés dependientes
de la concentracion de carbohidratos en la planta. TOR y su contraparte SnRK1
forman parte de un complejo regulador maestro que integra informacién acerca del
estado nutricional de las células, tejidos y de las condiciones externas del medio al

metabolismo celular, para coordinar las respuestas en el desarrollo (Dobrenel et al.
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2011; Dobrenel et al. 2016). Por lo que, la suplementacion de sacarosa y su efecto en
mejorar la tolerancia a Cr(VI) observada en nuestros resultados, sugieren que TOR
puede promover el crecimiento a altas concentraciones de este azucar en el medio.
Lo anterior se apoya también en lo reportado por O’Hara y colaboradores (2013)
referente a que la disponibilidad de carbohidratos se altera en respuesta a estrés,
regulando el crecimiento y desarrollo de la planta, como la Trehalosa-6-fosfato (T6P),
producto del metabolismo de sacarosa, que funciona como mensajero en la
sefalizacion del estado nutricional de la planta, con base en la disponibilidad de
carbono.

El transporte de sacarosa, al igual que el de nutrientes y moléculas de sefializacion,
posibilita el funcionamiento de los meristemos e influye en el crecimiento y desarrollo
de la planta (Lastdrager et al. 2014). Debido a que los meristemos son poblaciones de
células cuya actividad proliferativa necesita una provision constante de carbohidratos
para la obtencion de energia, se requiere que su mantenimiento sea cuidadosamente
coordinado con el estatus nutricional (Francis y Halford 2006). De manera que los
resultados de este trabajo con respecto a la inhibicidén en la actividad mitotica por Cr(VI)
y Su reversion por sacarosa, aunado a la mediacion de éste efecto por elementos
implicados en la sefalizacion y transporte de auxinas (PIN1, AUX1-7, TIR1), permite
proponer que las redes moleculares que impulsan la division y expansion celular
dependen en gran medida de la disponibilidad de carbohidratos.

Los cambios sobre la distribucion de auxina en la raiz en respuesta a Cr(VI) y su
restablecimiento por sacarosa, concuerda con los trabajos donde la homeostasis de
auxina y su sefalizacion provocan modificaciones en el desarrollo de la raiz
dependientes de la concentracion de carbohidratos (Mishra et al. 2009; Lilley et al.
2012; Sairanen et al. 2012). En esta accion concertada auxina-azucar en el control de
la divisibn y elongaciéon celular (Wang y Ruan 2013), la auxina promueve la
proliferaciéon celular, y a su vez, el metabolismo y transporte de auxinas es modulado

por azucares (Ljung 2013).
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Los datos obtenidos demuestran que la suplementacién de sacarosa promueve
la expresion de genes que coordinan el ciclo celular (CycBl) y la identidad
meristematica (PLT1), lo que es concordante con los reportes donde la sacarosa
puede regular programas especificos del desarrollo y la transicion entre éstos,
mediante la expresion de genes que controlan el mantenimiento e identidad celular
(Wu et al. 2005; Satoh-Nagasawa et al. 2006). Adem4s, debido a que la auxina
coordina la division celular y la expresion de los genes PLT en el meristemo, los
cambios en el crecimiento de la raiz en respuesta a Cr(VIl) dependientes de la
concentracion de sacarosa son también dependientes de la percepcion y homeostasis
de auxinas.

Considerados de manera conjunta, el encontrar que la sacarosa confiere
tolerancia a las plantas de Arabidopsis al Cr(VI), abre nuevas perspectivas
biotecnoldgicas, ya que el crecimiento de la raiz primaria es crucial para la
sobrevivencia. La sacarosa mantuvo la distribucion normal de auxina, y la identidad
celular del meristemo, lo que sugiere que la sacarosa puede ser un regulador global
para mantener el crecimiento de la raiz en concentraciones toxicas de elementos no

esenciales, en parte mediado por una via de sefializacion hormonal.

7.2. SLR1/IAA14 mantiene el crecimiento de la raiz primaria, la distribucion
normal de auxina y la expresion de genes que confieren identidad al

meristemo en condiciones sub-letales de Cr(VI)

La percepcion de las sefiales ambientales para el crecimiento del sistema radical
depende de la zona apical de la raiz primaria, como se ha demostrado para el
gravitropismo (Blancaflor y Masson 2003; Morita y Tasaka 2004). La utilizacion de
una mutante de ganancia de funcion (slr-1/ iaal4) (Fukaki et al. 2002), permitio
caracterizar como esta condicion influye en los mecanismos celulares y genéticos
en la respuesta de la raiz primaria al estrés por Cr(VI), y cOmo se correlacionan
con la continuacion de su crecimiento o su detencidn; es decir, con el cambio de un

crecimiento indeterminado a uno determinado.
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Las respuestas de Arabidopsis a la exposicion horizontal de Cr(VI), demuestran
que la percepcion de este compuesto en la raiz por la zona apical permite una
reprogramacion del desarrollo del sistema radical con la emergencia de raices
laterales; ademas, la detencion del crecimiento de la raiz primaria se correlacioné
con el aumento de tamafo de las células en la capa lateral de la raiz (LRC, por sus
siglas en ingles). Lo anterior apoya las propuestas de Barlow (2003) y Smith (2007),
que consideran al extremo de la raiz, en particular las células LRC, como un
componente clave en la percepcion e integracion de mecanismos relacionados en
la respuesta al ambiente.

La continuacion del crecimiento de la raiz primaria de la mutante slrl/ iaal4d
ante la exposicidon eventual al Cr(VI), a diferencia de las plantas silvestres, demostro
la importancia del represor IAA14 en la respuesta al estrés, por lo que participando
de manera directa o indirecta al impedir la formacion de raices laterales, regula la
actividad meristemética inhibiendo el crecimiento de la raiz. Lo anterior se suma a
los reportes acerca del papel de las proteinas Aux/IAAs como centros que integran
informacion genética y ambiental para desencadenar una respuesta 6ptima en el
desarrollo de la raiz y su adaptacién al estrés, regulando de esta manera la actividad
meristematica (Yuan y Huang 2016; Shani et al. 2017).

La respuesta diferencial a la exposicion eventual al Cr(VI) entre las plantas
silvestres y la mutante slrl/iaal4 confirmaron lo establecido en reportes referente a
gue las sefales locales dependientes de gradientes de auxina, como las proteinas
PLETHORA (PLT) y SCARECROW (SCR)/SHORTROOT (SHR), son necesarias para
el mantenimiento de la actividad meristematica (Sabatini et al. 2003; Aida et al. 2004).
Estos resultados se correlacionan con los obtenidos previamente por Lépez-Bucio y
colaboradores (2015), referentes a que la distribucion de auxina decrece al detenerse
el crecimiento de la raiz primaria, mientras que se establece un patrén normal de
auxina en las raices adventicias formadas. De esta forma, la presencia de I1AA14 y su
funcion en la regulacion negativa en la iniciacion de raices laterales no permite un
cambio de la distribucion de auxinas en plantas expuestas a Cr(VI), debido a la
ausencia de ramificaciones, lo que genera una presencia constante de auxinas en

la raiz primaria y su crecimiento indeterminado en esta condicion de estrés.
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La distribucién de auxinas en la raiz depende de los transportadores PIN (Blilou et
al. 2005; Dello loio et al. 2008); los gradientes de auxina formados son necesarios
para mantener la division celular en el meristemo, lo que se correlaciona con los
resultados obtenidos sobre la pérdida de PIN1 y PIN7 en la raiz primaria por
exposicion horizontal de Cr(VI) en plantas silvestres y con lo reportado para PIN1 y
PIN2 en plantas silvestres de Arabidopsis germinadas y crecidas en medios
suplementados con Cr(VI) (Lépez-Bucio et al. 2015).

Es evidente que la participacion de 1AA14 al impedir el desarrollo de raices
laterales mantiene una distribucion y transporte de auxina normal en la raiz primaria
ante la exposicion eventual al Cr(VI), sin embargo, no se descarta una participacion
mas directa en el mantenimiento del nicho meristematico, como ocurre con otros
represores de la sefalizacibn de auxina: tal es el caso de SHY2/IAA3 que es
considerado clave en la diferenciacion del meristemo coordinando la represion de los
genes PIN (Dello loio et al. 2008).

Con lo mencionado anteriormente se puede concluir que, ante la exposicion
eventual de Cr(VI), la presencia de 1AA14 y el impedimento en la iniciacion de raices
laterales de manera indirecta o directa mantiene la distribucion normal de auxina en
la raiz primaria, lo que conlleva a la expresion de los genes de division celular y de
identidad del meristemo, manteniendo el crecimiento indeterminado de la raiz

primaria.
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8. CONCLUSION GENERAL

Las respuestas del crecimiento post-embrionario del sistema radical de
Arabidopsis ante el estrés por Cr(VI) son modificadas por dos factores: el represor
IAA14 y la sacarosa, los cuales permiten el mantenimiento de la distribucion normal
de auxina y sus transportadores en la raiz primaria, lo que permite la division
celular y la expresion de genes de mantenimiento del meristemo, sugiriendo papeles

reguladores para estos factores en las respuestas al estrés generado por Cr(VI).
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Abstract Morphological root plasticity optimizes
nutrient and water uptake by plants and is a promising
target to improve tolerance to metal toxicity. Exposure
to sublethal chromate [Cr(VI)] concentrations inhibits
root growth, decreases photosynthesis and compro-
mises plant development and productivity. Despite the
increasing environmental problem that Cr(VI) repre-
sents, to date, the Cr tolerance mechanisms of plants
are not well understood, and it remains to be inves-
tigated whether root architecture remodelling is
important for plant adaptation to Cr(VI) stress. In this
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report, we analysed the growth response of Arabidop-
sis thaliana seedlings to concentrations of Cr(VI) that
strongly repress primary and lateral root growth.
Interestingly, adventitious roots started developing,
branched and allowed seedlings to grow under highly
growth-repressing Cr(VI) concentrations. Cr(VI)
negatively regulates auxin transport and response
gene expression in the primary root tip, as evidenced
by decreased expression of auxin-related reporters
DR5::GFP, DRS5::uidA and PINI::PINI1::GFP, and
then, another auxin maximum is established at the site
of adventitious root initiation that drives adventitious
root organogenesis. Both primary root growth inhibi-
tion and adventitious root formation induced by high
Cr(VI) levels are blocked by a gain-of-function
mutation in the SOLITARY-ROOT/IAA14 gene of
Arabidopsis. These data provide evidence that sug-
gests a critical role for auxin transport and signalling
via IAA14/SLRI in the developmental program
linking Cr(VI) to root architecture remodelling.

Keywords Adventitious roots - Chromate - Auxin -
Arabidopsis thaliana - Heavy metals

Introduction
Sustained plant growth is required to ensure food and

feed supply and to respond to the need for biomass for
renewable energy production. However, plant
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productivity is greatly affected by environmental
stresses, such as nutrient deficiency and/or metal
toxicity (Lopez-Arredondo et al. 2014; Giehl and von
Wirén 2014). Root system architecture is emerging as
a factor that can be influenced to increase tolerance to
abiotic stresses because root characteristics determine
water and nutrient acquisition, sensing of the local
environment and direction of growth towards essential
resources (Lopez-Bucio et al. 2003; Giehl and von
Wirén 2014). Although considerable variation exists,
the root system usually consists of a taproot formed
from the embryo, and then, lateral and/or adventitious
roots emerge post-embryonically (Bellini et al. 2014).

Accumulating genetic evidence has indicated that
biotic and abiotic factors modify root architecture by
affecting endogenous hormone levels, homeostasis
and signalling (Malamy 2005). Among plant hor-
mones, auxin (indole-3-acetic acid, IAA) is a major
factor regulating root organogenesis (Lavenus et al.
2013). IAA is distributed from the sites of synthesis in
young leaves, as well as primary and lateral root tips to
most plant tissues, where it is required to orchestrate
cell division, cell elongation and differentiation pro-
cesses (Davies 2010). Transport of this hormone
occurs through the phloem by mass flow or via
membrane transporter proteins from the PIN-formed
family, which shows asymmetric distribution on root
cells (Krecek et al. 2009). Auxin is perceived by TIR1
and related AFB 1, AFB2 and AFB3 protein receptors,
which, when associated with the SCF complex, marks
proteins for degradation by the proteasome (Ben-
jamins and Scheres 2008). Auxin-responsive genes are
commonly activated by specific transcription factors
termed auxin-response factors (ARFs) through bind-
ing to auxin response elements (AREs) present in the
promoters. By contrast, the AUX/IAA repressors,
which are encoded by 29 different genes in Arabidop-
sis thaliana, negatively regulate auxin responses via
interaction with ARFs (Hagen and Guilfoyle 2002).
Auxin acts as a glue to attach the AUX/IAA proteins
with SCF™!_ resulting in ubiquitination and degra-
dation of the AUX/IAA repressors by the proteasome
(Quint and Gray 2006).

Morphological root plasticity optimizes plant adap-
tation towards better exploration of soils (Giehl and
von Wirén 2014). Root growth in response to nutri-
ents, such as phosphorus (P) or nitrate (N) availability,
has been well studied (Lopez-Bucio et al. 2002; Pérez-
Torres et al. 2008; Gifford et al. 2008: Lima et al.
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2010). An example of the intimate link between root
development and nutrient transport systems is the
function of the phosphate transporter 2 from Ara-
bidopsis thaliana (AtPT2) in both phosphate uptake
and in a phosphate-sensing mechanism that directs
root growth towards local sources of phosphate
(Sanchez-Calderon et al. 2005).

Nutrient transporter proteins in roots take up
essential elements and also toxic non-essential ele-
ments via the transport systems for nutrients (Palmer
and Guerinot 2009; Verbruggen et al. 2009). A stress-
induced response, consisting of reduced primary root
elongation and increased formation of lateral roots,
has been observed in plants exposed to several biotic
stress conditions, including low phosphate deficiency
or exposure to aluminium (Al), rare earth elements
lanthanum and gadolinium, or chromium (Cr), and it
was postulated that this response redirects plant
growth to diminish stress exposure limitations
(Lopez-Bucio et al. 2002; Potters et al. 2009; Ruiz-
Herrera et al. 2012; Ruiz-Herrera and Lopez-Bucio
2013; Martinez-Trujillo et al. 2014). Moreover, min-
eral nutrients, such as phosphate, sulphate and nitrate,
have been reported to attenuate Cr(VI) toxicity, while
Cr activates the expression of low-P inducible trans-
porter genes AtPT! and AtPT2 in A. thaliana
seedlings. Primary root growth was inhibited in
AtPT2::uidA-expressing seedlings upon exposure to
micromolar Cr(VI) concentrations. However, increas-
ing the P and sulphate supply to seedlings showing
Cr(VI) toxicity symptoms restored root growth. These
effects correlated with the Cr(VI)-induced ArP-
T2::uidA expression being completely reversed by
the addition of phosphate and the decreased Cr content
in leaves by phosphate supplementation (Ortiz-Castro
et al. 2007; Lopez-Bucio et al. 2014). Along with
primary root growth inhibition, low Cr(VI) concen-
trations increased the formation of root hairs and
lateral root primordia in Arabidopsis seedlings
(Martinez-Trujillo et al. 2014). It was also found that
the increasing concentration of Cr(VI) in the plant
correlated with a decrease in the Fe content, whereas
the supply of Fe to Cr(VI)-treated seedlings allowed
the primary root to resume growth and alleviated
toxicity symptoms, indicating that the Fe nutrition is a
major target of Cr stress in plants by acting as a
regulator of root architecture (Martinez-Trujillo et al.
2014). Interestingly, Cr(VI) specifically activated the
expression in pericycle cells of a bHLH transcription
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named POPEYE (PYE) and a putative E3 ligase
protein, with metal ion binding and DNA binding
domains termed BRUTUS (BTS). which are regula-
tors of Fe deficiency responses (Long et al. 2010). The
above mentioned information indicates that Cr
toxicity impacts plant nutrition, likely affecting P, S
and Fe sensing and uptake and/or distribution, but the
influence on root system architecture has received
little attention. Nevertheless, the precise position,
morphology and extent of roots can influence metal
uptake or mediate plant tolerance to toxic Cr(VI)
levels due to stress-relieving capacities.

Adventitious roots may develop from different
aerial organs, such as the hypocotyl, stem, or leaves,
and from different tissues, such as the pericycle,
mesophyll, parenchyma, cambium, non-differentiated
secondary phloem, protoxylem, and epidermis (Gu-
tierrez et al. 2009). Although the formation of
adventitious roots has common genetic elements with
the formation of lateral roots, there are important
differences at the level of genes and proteins involved
in these processes (Bellini et al. 2014; Verstraeten
et al. 2014). The importance of adventitious roots in
the tolerance to metals has been analysed by Yang
et al. (2000), who evaluated the performance of 229
lines of rice to Pb stress. The authors reported that
tolerant lines could develop more adventitious roots in
response to Pb treatment, whereas the sensitive
varieties failed to activate this developmental respon-
se, showing the importance of adventitious roots in the
mechanism of Pb tolerance.

Despite the significant problem that Cr(VI) toxicity
poses for agriculture (Holland and Avery 2011), Cr
tolerance mechanisms of plants are, to date, not well
understood, and it remains to be investigated whether
primary, lateral and adventitious roots differ in their
sensitivity to Cr. In this report, we analysed the growth
response of A. thaliana seedlings to concentrations of
Cr(VI) that strongly repress primary and lateral root
growth. Surprisingly, adventitious roots started devel-
oping, branched and allowed seedlings to grow in
highly growth-repressing Cr(VI) concentrations. We
present evidence that suggests a critical role for auxin
transport, cell division and quiescent centre (QC)
integrity in primary root growth inhibition by Cr(VI).
Root architecture analyses of WT and Arabidopsis
mutant lines iaa28-1, iaal4/slrl, arf7arfl9, gh3 and
arg7, which have defects in genes involved in the
auxin response, further showed that the repressor

IAA14/SLR1 mediates the primary root growth and
adventitious root responses to high Cr levels. Our data
show the important role of auxin transport and
signalling in the developmental program linking
Cr(VI) to adventitious root formation and reveals a
negative role of the IAA14/SLR 1 Arabidopsis gene in
root architecture remodelling by chromate.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana wild-type (Col-0); the transgenic
lines QC46::uidA (Sabatini et al. 1999), DR5::uidA
(Ulmasov et al. 1997), DR5::GFP (Ottenschliger et al.
2003), PINI::PINI1::GFP (Benkova et al. 2003),
PIN2::PIN2::GFP (Blilou et al. 2005); and mutant
lines iaa28 (Rogg et al. 2001), iaal4/slr1 (Fukaki et al.
2002), arf7arf19 (Okushima et al. 2007), tirl afb2afb3
(Dharmasiri et al. 2005), gh3 (CS878718), and arg7
(SALK_064784) were used for all of the experiments.
The seeds were surface sterilized with 95 % (vol/vol)
ethanol for 5 min and 20 % (vol/vol) bleach for 7 min.
After five washes with sterile distilled water, the seeds
were germinated and grown on agar plates containing
0.2x MS medium (Murashige and Skoog 1962). MS
medium (Murashige and Skoog basal salt mixture;
catalogue number M5524) was purchased from Sig-
ma-Aldrich (St. Louis). The suggested formulation of
saltsis4.3 g 17"; weused 0.9 g 1", which we referred
to as 0.2x MS. Phytagar (micropropagation grade)
was purchased from Phytotechnology (Shawnee Mis-
sion, KS, USA). Plants were placed in a plant growth
chamber (Percival Scientific AR-95L) with a pho-
toperiod of 16 h of light and 8 h of darkness, a light
intensity of 100 pmol m* s~', and a temperature of
22 °C. Media were supplemented with different
concentrations of K,CrOy4, which was referred to as
chromium (VI); the stock solution of chromium (V1)
was prepared with distilled water.

Analysis of plant growth and statistical analysis

The growth of primary roots was registered using a
rule. The lateral root number was determined by
counting the lateral roots present in the primary root
from the tip to root/stem transition. The adventitious
root number was determined by counting the
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adventitious roots that emerged from the base of the
hypocotyl. Univariate and multivariate analyses with
Tukey’s post hoc test were used for testing differences
in growth and root developmental responses in the WT
and Arabidopsis mutants. Different letters are used to
indicate means that differ significantly (P < 0.05).

Microscopy

The A. thaliana root system was analysed using a
stereoscopic microscope (Leica MZ6; Leica Mi-
crosystems, Wetzlar, Germany). The total number of
lateral roots was counted at 30 x magnification. The
primary root meristems were analysed in semiperma-
nent preparations of cleared roots using a microscope
(Axiostar Zeiss Plus: Carl Zeiss, Gottingen, Germany)
at 100x or 400x magnification. The images were
captured using a Sony Cybershot DSC-S75 digital
camera (Sony Electonics Inc., Oradell, NJ, USA),
adapted to the microscope and processed with the
Zeiss Axio Vision 4AC software (Carl Zeiss).

Histochemical analysis

Transgenic plants expressing the uidA reporter gene
(Jefferson et al. 1987) were stained in 0.1 % S-bromo-
4-chlorium-3-indolyl, B-p-glucuronide in phosphate
buffer (NaH,PO4 and NasHPOy4; 0.1 M each, pH 7)
with 2 mM potassium ferrocyanide and 2 mM potas-
sium ferricyanide for 12 h at 37 °C. Plants were
cleared and fixed as previously described by Malamy
and Benfey (1997). The processed roots were included
in glass slips and sealed with commercial nail varnish.
For each marker line and treatment, at least 10
transgenic plants were analysed.

PI staining and GFP detection

For confocal microscopy. solvent- or Cr(VI)-treated
transgenic  Arabidopsis  seedlings  expressing
DR5::GFP,  PINI::PIN1::GFP  and  PIN2::-
PIN2::GFP were mounted on microscope slides into
a solution of PI. For fluorescent staining with PI,
seedlings with intact root systems were transferred to a
solution of PI at 10 mg ml™" for 3 min. Seedlings
were rinsed in water and mounted in 50 % glycerol on
microscope slides. The same sample was recorded
separately at wavelengths specific to both PI fluores-
cence, with an 568 nm excitation line and an emission

@_ Springer

window of 585-610 nm, and GFP emission, with a
500- to 523-nm emission filter (488-nm excitation
line), using a confocal microscope (Olympus
FV1000), after which the two images were merged
to produce the final image.

Results

Cr(VI) promotes adventitious root development
at concentrations that inhibit primary and lateral
root growth

We analysed different root traits of 12-day-old A.
thaliana seedlings for Cr(VI) tolerance and sensitivity,
which were initially assessed considering the inhibi-
tion of primary root growth that occurs from 80 to
120 uM Cr(VI) concentrations (Fig. la). Lateral root
development was also affected in a dose-dependent
manner and was correlated with stoppage of primary
root growth (Fig. 1b). Interestingly, in the plates
supplied with 100 puM or higher Cr(VI) treatments, the
root system of the seedlings mostly comprised adven-
titious roots (Fig. lc, Supplementary Fig. SI). The
inhibition of primary root growth by Cr(VI) was
related to decreased mitotic activity in the meristem,
as shown by the reduced expression of the
CycBI::uidA reporter construct in Arabidopsis trans-
genic seedlings (Fig. 2a), reduced number of cells
expressing this marker (Fig. 2b), and loss of quiescent
centre identity in primary root tips (Supplementary
Fig. S2). Interestingly, as CycBl::uidA expression
disappeared in the primary root meristems, adventi-
tious roots, which express the cell cycle marker in
normal levels, originated at the root/shoot junction and
sustained normal growth at concentrations of 120 uM
Cr(VI) (Fig. 2a). These data indicate that primary and
lateral root development are highly sensitive to Cr(VI)
toxicity and that adventitious roots differed in their
sensitivity to Cr, allowing the root system to prolif-
erate and support plant growth.

Cr(VI) modulates adventitious root development
through auxin signalling

To understand the role played by Cr(VI) inroot system
architecture configuration and its possible relationship
with auxin signalling, which regulates this organo-
genesis process, we analysed the expression of the
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4Fig. 1 Effects of Cr(VI) on the Arabidopsis root system
architecture. Arabidopsis thaliana seedlings were germinated
and grown on MS 0.2x medium supplemented with different
concentrations of Cr(VI) and were analysed 12 days after
germination. a Primary root length. b Lateral root number.
¢ Adventitious root number. Data show the mean + SD
(n = 30). Different letters indicate means that are significantly
different (P < 0.05)

auxin responsive markers DRS::uidA and DRS::GFP
in primary root tips and during adventitious root
development in transgenic Arabidopsis seedlings
expressing these markers and exposed to growth-
inhibiting Cr(VI) treatments. DR5::uidA expression
was strongly reduced in the shoot and root tips at
100 uM or higher Cr(VI) concentrations, which
coincided with decreased shoot growth (Fig. 3a-1).
By contrast, following primary root growth arrest, the
development of a single adventitious root that nor-
mally expresses the DR5::uidA reporter gene occurred
at the stem base (Fig. 3j-1). Further analysis of
DRS5::GFP expression in primary roots and at the site
of adventitious root formation demonstrated that, at
100 uM Cr(V]), there is a decrease in auxin-inducible
expression in the primary root tips and then another
auxin maximum is established at the site of adventi-
tious root initiation (Fig. 3m-r). These data suggest
that Cr(VI) regulates auxin signalling during adven-
titious root development.

Adventitious root initiation is highly tolerant
to Cr(VI) toxicity

To test the level of Cr(VI) tolerance of adventitious
roots and determine whether auxin-inducible gene
expression could be repressed by higher Cr(VI) doses,
DRS::GFP-expressing seedlings were germinated and
grown under 120-200 uM Cr(VI) supplementation.
The growth of primary roots stopped immediately
after germination; however, within another 5-6 days,
new adventitious roots began developing again
(Fig. 4a—e). The formation of newly formed adventi-
tious roots coincided with auxin expression domains
clearly established at the stem base and later on with
strong auxin signatures in inner stem and root tissues
(Fig. 4a—e). These data indicate that adventitious roots
differ from primary roots in their sensitivity to Cr(VI)
and that they represent new sinks for shoot-derived
auxin.
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Fig. 2 Effects of Cr(VI) on cell division in the primary root. A.
thaliana seedlings expressing the marker of mitotic activity
CycBI::uidA were grown on MS 0.2 x media supplemented with
the indicated concentration of Cr(VI). a Histochemical
CycBI::uidA expression. b Number of cells expressing
CycB1:uidA. Histochemical staining was performed as de-
scribed in the “Materials and Methods™ section. Photographs are
representative images of individuals from at least 15 seedlings
analysed. Data represent the mean + SD (n = 15). Different
letters are used to indicate significant differences (P < 0.05).
The experiment was repeated twice times with similar results.
Scale bar 500 pm. The arrow shows the primary root tip
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Cr(VI) affects the expression and distribution
of auxin transporters PIN1 and PIN2

Auxin positively influences the PIN family of auxin
transporters in a tissue-specific manner through an
AUX/IAA-dependent signalling pathway (Vieten
et al. 2005). PINI and PIN2 play important roles in
lateral root formation and auxin-mediated gravit-
ropism, respectively (Benkova et al. 2003), but its
role during adventitious root formation remains
unknown. To test whether Cr(VI) could regulate
primary root growth and/or adventitious root forma-
tion through differential expression of PINI or PIN2,
we analysed the spatial pattern of PIN1 and PIN2
localization. In primary roots of seedlings expressing
PINI::PINI::GFP (Vieten et al. 2005), grown in
medium lacking Cr(VI), GFP fluorescence was de-
tected in the stele and endodermal cells (Fig. 5a). In
primary roots of seedlings supplied with 100 pM or
higher Cr(VI) concentrations, the GFP fluorescence
was strongly decreased at the stem base but was
normally observed in mature adventitious roots
(Fig. 5e—g). By contrast. PIN2::PIN2::GFP expres-

sion was detected in the cortex and epidermal cells of

primary roots and emerging adventitious roots
(Fig. 6a). An analysis of PIN2 localization during
Cr(VI)-induced adventitious root initiation showed
that, even considering the strongly primary root
growth-repressing effects (Fig. 6b-d), adventitious
roots exposed to 100-160 pM Cr(VI) still displayed
the typical localization of PIN2 in most extemnal cell
layers (Fig. 6e-g). These findings suggest that Cr(VI)
affects the expression and distribution of the PIN1 and
PIN2 auxin transporters in primary roots but not in
adventitious roots.

Effect of Cr(VI) on primary and adventitious root
development of auxin-related Arabidopsis mutants

To further define the particular role of auxin in the
Arabidopsis root response to Cr(VI) toxicity, we
analysed the response of WT and Arabidopsis mutant
lines affected in genes involved in the auxin response
(iaa28-1, iaald/slrl, arf7arfl9, gh3 and arg7) to
100 uM Cr(VI) treatment. Most of these genes have
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Fig. 3 Effects of Cr(VI) on plant growth and auxin-regulated
gene expression. A. thaliana seedlings expressing the auxin
markers DR5: :uidA and DR5::GFP were germinated and grown
on MS 0.2x agar-solidified medium supplemented with the
indicated concentrations of Cr(VI). a-1 Plants were stained for
B-glucuronidase activity and cleared to show gene expression.

been reported to play a role in lateral root formation,
but less is known about their role in adventitious root
formation (Bellini et al. 2014). It was found that
arf7arf19, iaa28-1. gh3 and arg7 mutants showed WT
responses to Cr(VI1), including the primary root growth
inhibition and induction of adventitious root forma-
tion, while iaa28-1 and arf7arfl9 seedlings showed
primary root growth inhibition but reduced adventi-
tious root formation (Fig. 7a, b). Interestingly, the
iaal4/slrl mutant was clearly resistant to primary root
growth inhibition even at growth-repressing concen-
trations of 100-200 pM Cr(VI) (Fig. 7c). These data
indicate that IAA14/SLR1 mediates the primary root
growth responses to high Cr levels.

920
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D

m-r Transgenic Arabidopsis the

seedlings
DR5:GFP marker were stained with propidium iodide to
determine cell structure and viability. Photographs show
representative individuals from at least 15 stained plants. The
experiment was replicated twice with similar results. Scale bar
100 pm. The arrow shows the primary root tip

expressing

Discussion

The root system has recently gained attention in
strategies for improving plant growth and yield. Roots
are directly involved in water and nutrient uptake
efficiency and metal tolerance, and all of these
responses are of adaptive value because water and
nutrients will become increasingly limiting in the
future (Lynch 1995; Den Herder et al. 2010). Plants
can cope with nutrient limitation or localized metal
pollution by altering their root system architecture to
efficiently explore areas of available nutrients or to
avoid metal-rich zones (Lopez-Bucio et al. 2003:
Potters et al. 2009 Giehl and von Wirén 2014). Plant
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Cr (V1) (M)

Control

Fig. 4 Effect of Cr(VI) on auxin-regulated gene expression in
adventitious roots. Transgenic Arabidopsis seedlings expressing
the DR5::GFP marker were germinated and grown on MS 0.2x
agar-solidified medium a or supplemented with 120, 160, 180 or
200 pM Cr(VI) b—e. Twelve-day-old transgenic Arabidopsis
seedlings were stained with propidium iodide to determine cell

Fig. 5 Effect of Cr(VI) on
PIN1 auxin-transporter
expression. A. thaliana
seedlings expressing the
PINI::PINI::GFP marker
were germinated and grown
on MS 0.2x agar medium
supplemented with the
indicated concentrations of
Cr(VI). Eight days after
germination, the seedlings
were stained with propidium
iodide and analysed by
confocal microscopy.

a Primary root, b-d stem
base. and e-g adventitious
roots. Photographs are
representative individuals of
at least 15 stained plants.
Scale bar 100 pm

Control

Primary
root

responses to the toxic effects of excess Cr(VI) have
been studied mainly at physiological, biochemical and
molecular levels (Barceld et al. 1985; Dubey et al.
2010; Hayat et al. 2012; Lopez-Bucio et al. 2014;
Martinez-Trujillo et al. 2014), but little is understood
regarding the mechanisms underlying root architec-
tural remodelling to Cr(VI). Research towards a better
understanding and improvement of plant growth in the
presence of Cr(VI) contamination could contribute to
future use of polluted areas for safe and efficient

@ Springer

structure and to analyse the expression of the DRS5::GFP
marker. Note the redistribution of auxin expression from the
primary to the adventitious root, adopting apical dominance.
Photographs are representative individuals of at least 15 stained
plants. The experiment was replicated twice with similar results.
Scale bar 100 pm

Cr(V1) (uM)

Adventitious
root

140

biomass production and to increase nutrient uptake
efficiency and bioremediation strategies.

Root system architecture has been intensively
studied in Arabidopsis. Its rather small root system is
easy to dissect, and the availability of genome
information and annotation, as well as development
of molecular tools, has yielded fundamental insight
into root development in this species (Malamy and
Benfey 1997; Lopez-Bucio et al. 2003). Here, we have
shown that both primary and lateral root growth are
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Cr(Vl) (uM)

Control

Primary
root

Adventitious
root

Fig. 6 Effect of Cr(VI) on PIN2 auxin transporter expression.
A. thaliana seedlings expressing PIN2::PIN2::GFP marker
were germinated and grown on MS 0.2x agar medium
supplemented with different concentrations of Cr(VI). Eight
days after germination, the seedlings were stained with
propidium iodide and analysed by confocal microscopy.

affected by Cr(VI) toxicity (Fig. la, b). This finding
was correlated with decreased cell division, as
evidenced by the loss of expression of CycBI::uidA
in primary root meristems and quiescent centre (QC)
cell identity (Fig. 2, S2). The primary root is the first
root structure to emerge after germination and is
derived from embryonically formed meristem tissue.
Primary and lateral roots contain proliferative cells at
the tip. where the root apical meristem is located, and
form the basic stem cell pool for other cell types in the

root. Cell division is regulated by the QC, an area of

rarely dividing cells located distal to the root apical
meristem, which signals surrounding cells to organize
and maintain the population of initial stem cells
(Dolan et al. 1993). These data indicate that the QC
might be a primary target of Cr(VI) toxicity or that it
might sense the changing metal levels for the root to
activate alternate developmental pathways to survive
under high Cr levels.

Root branching is essential to increase the surface
area of the root system, enabling the plant to reach
more distant reserves of water and nutrients and
improve soil anchorage. In contrast to primary roots,
lateral roots are formed post-embryonically from the

a Primary root apical meristem. b-d Stem base. e-g Adventi-
tious roots. Note that PIN2::PIN2::GFP expression in adven-
titious roots persists, in marked difference to the primary root
meristem, which is lost in high concentrations of Cr(VI).
Photographs are representative individuals of at least 15 stained
plants. Scale bar 100 pm

pericycle, a tissue layer located between the central
vascular cylinder and endodermis (Malamy and Ben-
fey 1997). Lateral root initiation is the result of auxin-
dependent cell cycle progression of pericycle cells to
form ‘founder cells” (Dubrovsky et al. 2008). In
contrast to the formation of shoot lateral organs, the
later stages of lateral root emergence require the de
novo development of an apical meristem within the
emerging lateral root. Concomitant with primary root
growth inhibition, 80-100 uM Cr(VI) decreased lat-
eral root formation (Fig. 1b) by 80-100 %, suggesting
that auxin signalling in pericycle cells is affected by
Cr(VI), thus inhibiting lateral root primordia ini-

tiation. Interestingly. 80-100 uM Cr(VI) or higher

stimulated adventitious root formation in a dose-
dependent manner (Fig. lc).

Our data showed that upon primary and lateral root
formation arrest, a novel developmental program is
activated to tolerate increasing Cr(VI) levels, which
implies de novo adventitious root organogenesis.
Although adventitious root formation is important
for horticultural practices, currently, the mechanisms
by which adventitious roots are formed and their
adaptive significance are still not well understood.
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>
o
1

«Fig. 7 Effect of Cr(VI) on primary root growth and adventi-
O control tious root formation of Arabidopsis wild-type (Col-0) and auxin-
a I 100 uM Cr(VI) related mutants. A. thaliana wild-type (Col-0) and iaa28, iaal4/
5t sirl, arf7arf9, gh3 and arg7 mutant seedlings were germinated

and grown for 10 d on MS 0.2x agar medium supplemented

with the indicated concentration of Cr(VI). a Primary root
b length. b Adventitious root number per plant. ¢ Primary root
8 length of wild-type and iaal4/slrl seedlings grown under
different concentrations of Cr(VI). Values shown represent the
mean primary root length of 30 seedlings £SD. Different letters
indicate means that differ statistically (P < 0.05). The ex-
24 periment was repeated three times with similar results

b
ho

He
Ho

Primary root length (cm)

a = . “ c Decreased primary root growth and increased adven-
ol lomm| I |l | i ]l titious root formation in Arabidopsis seedlings treated

0"\'Q \b&%’ a‘“ls\(‘ fﬂaf‘\g o 6‘91 with high Cr(VI) concentrations, respectively, were
* i correlated with alterations in DR5:uidA-driven re-
[ Control porter gene activity detected in the primary root tip
Il 100 uM Cr(V1) a and emerged adventitious roots (Fig. 3). The data
from DR5::GFP analysis further showed that auxin
accumulates at the sites of adventitious root initiation
at the stem base (Fig. 3m-r). Subsequently, an auxin
gradient is established with its maximum at the tip of
the newly formed adventitious root even at concen-
trations up to 200 pM Cr(VI) (Fig. 4), coinciding with
strong expression of the auxin transporter PINI
(Fig. 5). It is tempting to speculate that Cr(VI) leads
to enhanced auxin transport and/or distribution from
producing cells in the shoot, causing auxin to accu-

mulate at the stem base and the formation of an
adventitious root primordium. Later in development,

Adventitious root number per plant

c.°\'° \33'15 \“s\t‘ ‘ﬂaﬂ‘g o 9(91 cfficienl. transport of aux.in by PIN1 may explain why
\2° o under high Cr(VI), Arabidopsis seedlings show accel-
C a erated growth of these adventitious roots, which
LICol-0 restores the damaged root system. Our results indicate
M iaa14/sir1 . A
a ab that Cr(VI) activates a compensatory mechanism,
51

negatively regulating primary root growth via de-
creasing auxin biosynthesis/transport in primary root
tips, compromising QC cell identity. Subsequently,
adventitious root initiation and development probably
occur by Cr(VI) modulating an initial step during the
establishment of a novel auxin response maximum at
the stem base and promoting adventitious root growth
via PINI. Because adventitious roots formed in
response to Cr(VI) treatment normally express auxin
transporter PIN2 in external cell layers. an explanation
| is that these roots are developing normally and could
Control 100 120 140 160 180 200 tolerate sublethal Cr(VI) concentrations (Fig. 6). It is

Cr(VI) (M) worth noting that auxin itself positively feeds back on

Primary root length (cm)

@ Springer



Biometals (2015) 28:353-365

363

PIN gene expression in a tissue-specific manner
through the AUX/IAA-dependent signalling pathway.
Vieten et al. (2005) suggested a positive effect of IAA
on PINI expression. Our data are in agreement with
this previous report by showing that both auxin
transport and signalling are important factors involved
in root system remodelling, particularly in adventi-
tious root formation in response to Cr(VI).

In this study. mutants were used in a reverse
genetics approach to identify molecular components
underlying quantitative changes in the root architec-
ture after exposure to concentrations of chromate that
repress primary root growth to understand the under-
lying consequences in adventitious root development.
It was found that arf7arfl9, gh3 and arg7 mutants
showed WT responses to Cr(VI), including primary
root growth inhibition and the induction of adventi-
tious root formation, while iaa28-1, arf7arfl9 seed-
lings showed primary root growth inhibition but
reduced adventitious root formation (Fig. 7a. b).
Interestingly, the iaal4/slrl gain-of-function mutant
was highly resistant to primary root growth inhibition
even at growth-repressing concentrations of
100-200 tM Cr(VI) (Fig. 7¢). These data indicate
that IAA14/SLRI is a repressor of the primary root
growth and adventitious root formation processes that
occur at high Cr levels.

Accumulating information has suggested that auxin
signalling plays an important role in adventitious root
formation from Arabidopsis seedlings and stem cut-
tings. Defects in adventitious rooting observed in the
argonautel (agol) mutants, which can barely form
adventitious roots, correlated with the deregulation of
auxin homeostasis in hypocotyls (Sorin et al. 2005). In
particular, a reduction in endogenous levels of free
IAA and IAA conjugates was shown. This was
correlated with down-regulation of the expression of
several auxin-inducible Gretchen Hagen 3 (GH3)
genes in the hypocotyl of the agol-3 mutant. It was
also found that the Auxin Response Factor17 (ARF17)
gene, a potential repressor of auxin-inducible genes,
was overexpressed in agol-3 hypocotyls. The charac-
terization of an ARF17-overexpressing line showed
that it produced fewer adventitious roots than the WT
and retained a lower expression of GH3 genes. Thus,
ARF17 negatively regulates adventitious root forma-
tion in agol mutants by repressing GH3 genes,
therefore, perturbing auxin homeostasis. In contrast
to ARFI7, the auxin response factors ARF6 and

ARFS, targets of the microRNA miR167, are positive
regulators of adventitious rooting (Gutiérrez et al.
2009, 2012). ARF6 and ARF8 have overlapping
expression profiles during adventitious rooting, and
they regulate each other’s expression at the transcrip-
tional and posttranscriptional levels by modulating the
homeostasis of miR160 and miR167. Interestingly.
these transcription factors regulate the expression of
three GH3 genes, GH3.3, GH3.5, and GH3.6. which
encode acyl-acid-amido synthetases that are required
for fine-tuning adventitious root initiation in the A.
thaliana hypocotyl, where they act by modulating
jasmonic acid homeostasis (Gutierrez et al. 2012). Our
data are consistent with the proposed role of auxin in
adventitious root formation and extend previously
published information by showing that specific fac-
tors, such as TAAI4/SLRI, control auxin-induced
adventitious root formation in response to Cr(VI).
Although the molecular determinants by which
IAA14/SLR1 controls primary root growth inhibition
and the adventitious root number mediating plant
tolerance to Cr(VI) remain to be identified, our data
reveal a novel facet of Cr(VI) signalling to stimulate
adventitious root growth, likely mediating surveil-
lance to sublethal metal concentrations.
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A.2. ARTICULO DE DIVULGACION:

Arabidopsis thaliana: una planta modelo
Publicado en la revista impresa algarabia nifios numero 19, febrero-marzo 2017.
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LA CIENCIA PLATICADITA

Arabi

Una planta modelo

por Fétima Hermnéndez M.

Arabidopsis thaliana o simplemente Arabidopsis es

una pequefia planta, pariente de [a coly el brécoli,

que no es famosa por su belleza, sino porque ha

atraido la mirada de muchos cientificos que se

interesan en entender mejor cémo funcionian las
plantas.

Arabidopsis es a planta més conocida en el

mundo de la ciencia, ya que es la favorita como ¢ ml!las d'e
modelo de estudio bioldgico, esto quiere decir A rabidopsis
thaliana

que gracias a ella entendemos cémo funcionan la
mayoria de las plantas con flor.

Esta planta es tan famosa que existen miles de
publicaciones acerca de ella, incluso tiene varias
pdginas web. Como es toda una celebridad, su
nombre aparece en miles de revistas cientificas,
y afio con afio, especialistas de todo el mundo se
rednen para dar a conocer sus Ultimas noticias.
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Te preguntards cudles son esas caracteristicas que hacen de
Arabidopsis un modelo ideal para estudiar a las plantas; pues
bien, empecemos:

Q La pequefia que cabe en todos lados. Arabidopsis mide
alrededor de 30 centimetros de altura cuando es adulta —
el tamafio de una regla de tu juego de geometria—, porlo
que permite a los cientificos tener y analizar muchas plantas
para que sus estudios sean muy similares a lo que pasaen la
naturaleza.

Q Crece rdpido y produce muchas semillas o descendientes.
Esideal para estudiar cdmo crece y se desarrolla una planta,
ya que tiene un ciclo de vida corto: seis semanas. El ciclo
de vida de una planta es el tiempo que transcurre desde que
a planta surge de la semilla hasta que se convierte en una
planta adulta capaz de generar descendientes y finalmente
muere. Ademds, como Arabidopsis
produce una gran cantidad de
semillas, hay suficientes plantas
para todos los experimentos.

Conocimiento del nimero total
de sus genes. Los genes son como

las piezas de un rompecabezas semillas de

para formar una planta, o sea que \ Arabidopsis

contienen toda la informacién thaliana
19
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necesaria para que los organismos, en _Arabidopsis

este caso las plantas, funcionen ‘-‘ i thaliana
y sean tal y como las vemos. Los
genes, junto con el ambiente,
determinan el color, formay
funcién de las plantas. Arabidopsis
fue la primera planta de la que

se conocid la cantidad total de
genes: jcerca de 25 mil! Este
descubrimiento hizo mucho més
facil e interesante estudiarla y asf
saber qué funcién tiene cada gen
en la planta, ya que es raro que se
conozca ese tipo de informacién.

éPor qué estudiar las plantas?

Las plantas son importantes para el ser humano,

simplemente porque sin ellas no podriamos vivir, “ ;

Gracias a ellas obtenemos alimentos y materiales

para elaborar viviendas, ropa, medicamentos, entre

otras muchas otras cosas. Las plantas nos -

obsequian paisajes hermosos y producen parte #

del oxigeno que respiramos. Son organismos & \
w

extraordinarios que aunque no pueden maoverse
como nosotros, tienen poderes sorprendentes,
como formar una planta
completa a partir de
una pequena parte

de la misma, Y si de
competencias se trata,
las plantas tienen varios
récords mundiales:

son los organismos »
mas longevos

—es decir que

llegan a vivir muchos,
muchisimos afos— e
increiblemente grandes.
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Observando vy conociendo

Usando Arabidopsis, los cientificos pueden estudiar
cémo es que las plantas se las arreglan para sobrevivir en
condiciones extremas. Fijgndose muy bien en detalles de su
aspecto, como el cambio en el color de lahoja y la forma
en la que crece la ralz, pueden entendender mejor cémo
es el comportamiento de las plantas y asf generar nuevos
conocimientos acerca de ellas. &

LaraLatd {\

En mi casa son todos deportistas
mi abuelita juega al basquet,
mi papa practica natacion,
mi hermanita juega al futbol,
mi mama levanta pesas,
pero yo no, pero yo no, porque estoy enamorado.

jAy Lili! ;No ves que estoy loco por ti?
si cuando te veo me hago pipi, mi Lilf...

«/Ay Lilil», letra y musica de Luis Maria Pescetti
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