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2,4-D: acido 2,4-diclorofenoxiacético

2-DE: electroforesis bidemensional

4CL: 4-cumarato CoA ligasa

ADN (DNA): &cido desoxirribonucleico

AIR: residuo insoluble en alcohol

AGP: arabinogalactano proteina

APOX: ascorbato peroxidasa

Ara: arabinosa

ARN (RNA): 4cido ribonucleico

ASF: fraccién soluble en alcohol

AX: arabinoxilano

B-DFA: dehidrodiferulato en forma benzofurano

BzA: benceno/acido acético

C3H: cumarato 3-hidroxilasa

C4H: cinamato 4-hidroxilasa

CA (Cou): acido p-cumarico

CAT: catalasa

CBI: inhibidor de biosintesis de celulosa

CCoAOMT: cafeoil-CoA O-metiltransferasa

CesA (CESA): celulosa sintasa

cDNA: acido desoxirribonucleico codificante

CDTA: 4cido trans-1,2-diaminociclohexano-N,N,N’ N’,-tetraacético
CFM: medio libre de células

CHAPS: 1-propanosulfonato-3-[(3-cloroaminopropil)dimetilamonio]
COMT: 4cido cafeico O-metiltransferasa

CSC: complejo celulosa sintasa

CSL: similar a celulosa sintasa

DCB: 2,6-diclorobenzonitrilo 6 diclobenil

DFA: dehidrodiferulato

DH: deshabituado

DMSO: dimetil sulféxido

DTT: ditiotreitol

DW: peso seco

EDTA: acido etilendiaminotetraacético

FA (Fer): acido ferulico

FTIR: espectroscopia infrarroja por transformada de Fourier
Fuc: fucosa

FW: peso fresco

GalA: 4cido galacturénico

GAX: glucuronoarabinoxilano

GC: cromatografia de gases

GFP: proteina fluorescente verde

Glc: glucosa

GPI: glicosilfosfatidilinositol

GPOX: guaiacol peroxidasa

GR: glutatién reductasa

GST: glutatién S-transferasa

Grw: fase de crecimiento activo

GT: glicosiltransferasa

HCT: hidroxicinamoil-CoA sikimato/quinato hidroxicinamoil transferasa
HPLC-PAD: cromatografia liquida de alta eficacia acoplada a detector de fotodiodo
HRAC: “Herbicide Resistance Action Commitee”

Hx: células habituadas a diclobenil creciendo en DCB “x” uM
Hx(y): células habituadas a diclobenil creciendo en DCB “x” uM durante “y” subcultivos
IDA: “immunodot assay”

IPG: gradiente de pH inmovilizado



mAb: anticuerpo monoclonal

MALDI-TOF: “matrix assisted laser desorption ionization coupled to time of flight”
Man: manosa

MAP: proteina asociada a microtubulos

MASC: compartimento celulosa sintasa asociado a microtubulos
MLG: glucano mixto

MPBS: tampén fosfato salino conteniendo leche en polvo

MS: espectrometria de masas

M,: masa molecular media

nc-DFA: dehidrodiferulato no ciclico

NH: no habituado 6 control

NH/DCB: no habituado tratado durante tiempos cortos con diclobenil
NIR: espectroscopia en el infrarrojo cercano

PAGE: electroforesis en gel de acrilamida

PAL: fenilalanina amonio liasa
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PC: componente principal

PCA: anadlisis de componentes principales
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Rha: ramnosa

rpm: revoluciones por minuto
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SD: desviacion estandar

SDS: dodecil sulfato s6dico
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Susy: sacarosa sintasa
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Ubi: ubiquitina

Uro: 4cidos urénicos

UV: ultravioleta

WAK: quinasa asociada a pared

XET: xiloglucano endotransglucosilasa

Xil (Xyl): xilosa

XTH: xiloglucano endotransglucosilasa/hidrolasa

XyG: xiloglucano

YFP: proteina fluorescente amarilla
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Introduccion

1. La pared celular de las plantas

Los protoplastos de las células de las plantas terrestres estan rodeados
por una capa semirrigida compuesta de polisacaridos, proteinas y compuestos
fenolicos: la pared celular. Esta estructura actia ejerciendo una gran influencia
en la morfologia y el desarrollo de la planta y contribuyendo a la especializacion
funcional de los tipos celulares. La pared celular probablemente apareci6 ya en
especies acuaticas como las algas verdes cardfitas, pero claramente fue un
elemento determinante para que las plantas se desarrollasen fuera del agua
(Sarkar y col., 2009).

La pared celular proporciona forma y soporte a las plantas,
permitiéndolas mantenerse erguidas. Algunas plantas alcanzan alturas
superiores a los 100 metros, asi que las paredes celulares de dichas plantas
deben ser capaces de soportar enormes tensiones, y deben ser muy resistentes.
También actlla como barrera frente a agentes ambientales y organismos
potencialmente patdgenos. Sin embargo, a pesar de la rigidez y aparente
impenetrabilidad de las paredes celulares, éstas tienen capacidad de
expandirse, y son metabolicamente activas, permitiendo intercambios de
materiales y sefales entre células.

La formacidn de la pared celular comienza en la telofase con la aparicién
de la placa celular, que se origina por acumulacién y fusion en el fragmoplasto
de vesiculas del aparato de Golgi cargadas de polisacaridos no celulésicos, que
progresan hasta alcanzar las membranas plasmaticas laterales (Smith, 2001). El
desarrollo de la placa celular origina la lamina media, estructura amorfa rica en
polisacaridos pécticos que mantiene unidas las células adyacentes, mientras
que las membranas de las vesiculas dan lugar a las membranas plasmaticas de
las células hijas (Aspinall, 1980). Entre la membrana plasmatica y la lamina
media se deposita la pared celular primaria, que presenta estructura fibrilar
debido a la acumulacién de microfibrillas de celulosa cristalina embebidas en
una matriz de polisacaridos complejos y glicoproteinas, cuya composicién varia
dependiendo de la especie que consideremos, del tipo de tejido e incluso del
grado de diferenciacion del tipo celular en cuestion (Knox, 2008).

La pared celular primaria y la ldmina media tienen gran importancia en
el proceso de extensiéon o expansion celular, ya que constituyen la unica
estructura extracitoplasmatica de las células que conservan la capacidad de
dividirse y/o elongarse. Por el contrario, las células que han perdido esta
capacidad suelen depositar en la cara interna de la pared nuevas capas de
material, cuya composicion depende del tipo concreto de elemento celular. En
esas capas suelen aparecer nuevos componentes, como lignina o suberina,
modificAndose la proporcion de los polimeros de pared celular primaria y
ldamina media. Estas modificaciones originan una estructura multicapa de
mayor espesor y ordenacion mas orientada de las microfibrillas de celulosa,
denominada pared celular secundaria.

Se pueden diferenciar dos tipos principales de pared celular primaria
(Carpita y Gibeaut, 1993). La mayoria de las especies vegetales (todas las
dicotiledéneas y algunas monocotiledéneas) poseen pared celular tipo I, que
contiene proporciones semejantes de celulosa y xiloglucano, polisacarido que
se une a las microfibrillas de celulosa, fijando su posicion y determinando la
distancia entre ellas. Las gramineas y otras monocotiledéneas commelinoides
poseen pared celular primaria tipo II, cuya estructura y composicion difiere de
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aquella caracteristica del resto de angiospermas. En las paredes tipo II los
(glucurono)arabinoxilanos (Carpita, 1984) son los principales polisacaridos
que se unen a las microfibrillas de celulosa. Ademas, las paredes tipo II, a
diferencia de las tipo I, son pobres en pectinas y proteinas estructurales, pero
contienen mayores cantidades de fenoles (hidroxicinamatos). En este capitulo
nos centraremos en la estructura de la pared celular primaria tipo II, que es la
que presentan los cultivos celulares de la especie (Zea mays L.) utilizada en este
trabajo.

Par rimari .
ared primaria CELULA 2

Pared secundaria

" —_— I .
Citosol ————
Membrana plasmética —\

Lamina media

Pared primaria \ \ i
Pared secundaria \1 ‘\

—

1um
Figura 1. Representacion de la pared celular de las plantas. Modificada de
Campbell y Reece, 2005.

1.1. Composicion quimica de la pared celular tipo II
Los principales componentes que integran la estructura de la pared
celular tipo II se describen a continuacion.

1.1.a.- Celulosa

La celulosa constituye aproximadamente un tercio del peso seco total de
las plantas. En las paredes celulares primarias, el porcentaje de celulosa varia
entre el 15 y el 30% de su peso seco, pudiendo ser aun mayor en paredes
celulares secundarias (hasta 50%) (Carpita y McCann, 2000). En células
cultivadas in vitro, ese porcentaje alcanza aproximadamente el 20% (Blaschek y
col, 1981). La celulosa sirve de armazéon para la unién del resto de
componentes de la pared. No se han descrito diferencias generales entre la
celulosa de las paredes celulares tipo 1 y tipo II.

Las microfibrillas de celulosa estan formadas por 36 cadenas de (3-1,4-
glucano. El enlace (3-1,4- hace que cada resto de glucosa esté girado 180° con
respecto a las glucosas adyacentes, siendo en realidad el disacarido celobiosa la
unidad que se repite en la celulosa. Este hecho, unido a la ausencia de
ramificaciones laterales, es responsable de que las cadenas de -1,4-glucano
adquieran una estructura espacial plana y permite la interaccion estrecha de
unas con otras mediante la formacién de puentes de hidrégeno intra e
intercatenarios, que dan lugar a una estructura microfibrilar cristalina muy
estable (Somerville, 2006).

Las microfibrillas de celulosa ofrecen gran resistencia mecanica en
sentido longitudinal y, por tanto, la orientacién con que se depositan en la
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pared celular primaria determina la direccién con la que se expande la célula,
que serd perpendicular a la direccién mayoritaria con la que se ha depositado la
microfibrilla de celulosa (Emons y Mulder, 2000; Anderson y col., 2010). De
esta forma la disposiciéon de las microfibrillas determina la morfologia de la
célula y en dltimo término la del 6rgano (Martin y col., 2001) y es esencial para
la diferenciacion celular (Green y Selker, 1991).

1.1.b. Hemicelulosas
Las hemicelulosas son un grupo de polisacaridos neutros de pared, que

se caracterizan por tener cadenas de xilosa, glucosa o manosa unidas mediante
enlaces 3-1,4- con configuracion ecuatorial en C1 y C4 (Figura 2) (Scheller y
Ulvskov, 2010). Los polisacaridos hemicelulésicos mas abundantes en paredes
celulares tipo II son los xilanos y el glucano mixto. El xiloglucano, aunque en
menor proporcion que en paredes celulares primarias tipo I, también esta
presente.
a

Ecuatorial

.

B1->4

/ﬁy

B1->4 glucano

%N\

B1->4 xilano

@ D-Glucosa
@ -

-Galactosa

COOH d
@ D-Acido glucurénico

G D-Arabinosa
‘ D-Xilosa
G L-Fucosa

Figura 2. Estructura esquemdtica de hemicelulosas. a: disacaridos
constituyentes de las hemicelulosas. b: arabinoxilano tipico de pared celular
tipo II. “Fer” representa acido ferulico esterificado y “Ac” grupos acetilo c:
glucano mixto tipico de Poaceas, [3-Glc-(1->4)]n-B-Glc-(1->3)-[B-Glc-(1>4)]m,
donde n y m son 3 6 4. d: cadena de xiloglucano [B-Glc-(1->4)],, con
ramificaciones laterales. “Ac” representa grupos acetilo. La flecha indica el
punto de accién de -glucanasa. Modificado de Scheller y Ulvskov, 2010.

Ac

Los xilanos son un grupo de polisacaridos constituidos por una cadena
principal de restos 3-1,4-xilano. En paredes celulares tipo II los xilanos son los
principales polisacaridos no celuldsicos, representando aproximadamente
entre el 20 y el 40% del peso seco de la pared (Vogel, 2008). Pueden contener
restos de arabinosa unidos a la cadena principal de xilosas, denominandose
entonces arabinoxilanos. Las sustituciones de arabinosa en las paredes
celulares tipo II son mayoritariamente sobre posiciones 0-3 de las xilosas,
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aunque en algunos tejidos son comunes las dobles sustituciones 0-2/0-3. Una
caracteristica de los arabinoxilanos de paredes celulares tipo II es la presencia
de restos de acido ferulico esterificados sobre la posicion 0-5 de arabinosa
(Wende y Fry, 1997). Los ésteres de acido p-cumarico también son frecuentes
en las paredes celulares de diferentes especies vegetales (Jung y Himmelsbach,
1989).

El glucano mixto consiste en una cadena de restos (-1,4-glucano con
enlaces (-1,3 intercalados, y es caracteristico de pared celular primaria de
podaceas, donde juega un papel importante en la expansion celular, siendo sus
niveles muy dependientes de la fase de crecimiento (Obel y col., 2002; Gibeaut y
col,, 2005). Recientemente se ha demostrado que no son exclusivos de poaceas,
sino que aparecen también en hepaticas y Equisetum (Popper y Fry, 2003; Fry y
col,, 2008).

El xiloglucano esta presente en todas las especies vegetales terrestres.
Es la hemicelulosa mas abundante de la pared celular primaria tipo I, en la que
llega a representar mas del 20% del peso seco, pero es considerablemente mas
escasa en paredes celulares tipo II, en las que puede aportar entre el 1 y 5 % al
peso seco de la pared (O'Neil y York, 2003). Consta de una cadena lineal de
restos (-1,4-glucano con numerosas ramificaciones a-1,6-xilosa. Algunos de
estos restos de xilosa tienen ramificaciones de arabinosa o galactosa, segun la
especie, y algunas veces la galactosa es sustituida con fucosa (Hayashi, 1989).
Pero en el caso del xiloglucano de paredes celulares tipo II la fucosa no esta
presente, y la galactosa aparece sélo ocasionalmente (Carpita, 1996).

1.1.c. Fenoles

Los acidos ferulico y p-cumarico, derivados del acido cindmico, son los
principales fenilpropanoides o hidroxicinamatos de la pared celular (Wallace y
Fry, 1994). Estos hidroxicinamatos se pueden esterificar entre si al formar la
lignina (Higuchi y col,, 1967), con restos a-arabinosil de arabinoxilanos (Wende
y Fry, 1997), con restos a-xilosil de xiloglucano (Ishii e Hiroi, 1990), y
probablemente con glicoproteinas (Obel y col., 2003). Aun siendo componentes
cuantitativamente minoritarios de la pared celular (el acido ferulico puede
alcanzar un 4% del peso seco de la misma; Saulnier y col.,, 1999), su papel en
esta estructura es muy importante.

Mediante experimentos in vitro se ha demostrado que el acido ferulico
puede experimentar un acoplamiento oxidativo mediado por peroxidasas y
peroxido de hidrégeno (Geissman y Neukom, 1971). Las estructuras originadas
tras este acoplamiento, conocidas como dehidrodimeros (dehidrodiferulatos,
diferulatos, DFAs) permiten la unién de los correspondientes polisacaridos a
los que estos fenoles estan esterificados (Ishii, 1997; Saulnier y col., 1999), tal y
como se representa en la Figura 3, en la que se aprecia la unién de dos cadenas
de arabinoxilanos mediante este acoplamiento oxidativo. Mas tarde se
demostro la existencia de este acoplamiento oxidativo in vivo (Fry y col., 2000;
Fry, 2004; Parker y col, 2005). Esta capacidad de entrecruzamiento de
polisacaridos mediante acoplamiento fendlico influye en muchas propiedades
de la pared: contribuye al aumento de rigidez celular y consiguiente cese del
crecimiento, da cohesidn tisular, y refuerza la pared en respuesta a estreses
bidticos o abiodticos limitando su degradabilidad (Buanafina, 2009).
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arabinoxilano |

arabinoxilano Il

Figura 3. Estructura simplificada del entrecruzamiento de dos cadenas de
arabinoxilanos (I y II) mediante el acoplamiento oxidativo del acido ferulico.
Xil: xilosa, Ara: arabinosa. Modificado de Buanafina, 2009.

1.1.d. Pectinas

Las pectinas son polisacaridos matriciales ricos en acido galacturénico
que se extraen mediante procedimientos relativamente suaves: agua caliente,
soluciones acuosas de agentes quelantes o acidos diluidos. Constituyen hasta el
35% de las paredes tipo I (Willats y col, 2001; Bacic, 2006), pero son
componentes minoritarios en las tipo Il (5%; Ishii, 1997). Participan en el
transporte de iones, en la retencién de agua y en la adhesion intercelular,
determinan el tamafio de poro de la pared celular y estan implicadas en
mecanismos de defensa frente a patégenos, heridas y estreses abiéticos (Ridley
y col., 2001; Jarvis y col.,, 2003; Verhertbruggen y Knox, 2007).

Las pectinas se pueden dividir en cuatro dominios mayoritarios en
funciéon de su composicion (Scheller y col, 2007): homogalacturonano,
ramnogalacturonano [, ramnogalacturonano II y xilogalacturonano. De nuevo
van a existir diferencias en la composiciéon de las pectinas que aparecen en
paredes tipo II, debido a que, al igual que el xiloglucano, éstas no contienen
fucosa (Carpita, 1996).

1.1.e. Proteinas

Las proteinas son constituyentes esenciales de las paredes celulares, que
intervienen en la modificacién de sus componentes e interaccionan con
proteinas de la membrana plasmatica a nivel de la superficie celular (Jamet y
col,, 2006). Se suelen dividir en dos categorias basicas: proteinas estructurales,
usualmente inmovilizadas en la pared celular, y proteinas solubles en el
apoplasto, grupo en el cual se incluyen numerosas enzimas (Lee y col.,, 2004).

Con algunas excepciones, las proteinas estructurales son
glicoproteinas con secuencias muy repetitivas y ricas en uno o dos
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aminoacidos. Hay cuatro clases principales: glicoproteinas ricas en
hidroxiprolina, proteinas ricas en prolina, proteinas ricas en glicina y
arabinogalactano proteinas. Las proteinas estructurales son mucho menos
abundantes en paredes celulares tipo Il que en las tipo I (1% frente a 10%;
Vogel, 2008).

El andlisis de las proteinas solubles o débilmente unidas de la pared
celular de maiz (Zhu y col., 2006), revelé que la mayoria estaban presentes en
dicotileddneas, aunque una importante proporciéon (18%) fueron unicas de la
graminea (Ej. endo-1,3;1,4-B-glucanasa). Dentro de este grupo estan incluidas
las proteinas enzimaticas, la mayor parte de ellas relacionadas con el
mecanismo de extension de la pared, transporte de moléculas, reconocimiento
celular y resistencia a patégenos (Rose y col., 2004).

Un buen nimero de enzimas de la pared celular son hidrolasas y
transglicosilasas. Dentro del primer grupo tienen especial importancia las
glicanasas, que catalizan la hidroélisis de enlaces glicosidicos, bien en los
extremos no reductores de los polisacaridos, liberando uno a uno los restos que
los componen (glicosidasas o exoglicanasas), o bien en el interior de la cadena
del polimero (endoglicanasas). Ademas de las glicanasas, hay otros tipos de
enzimas hidroliticas que catalizan la ruptura de enlaces éster-carboxilicos
(pectinmetilesterasas), éster-fosfato (fosfatasas) y peptidicos (proteasas).

Las transglicosilasas catalizan reacciones de transglicosilacion en las que
se rompen enlaces glicosidicos y se transfieren los monosacaridos
(exotransglicosilasas) u oligosacaridos (endotransglicosilasas) liberados al
extremo no reductor de otro polimero del mismo tipo (Fry, 2004).

Las peroxidasas son enzimas que oxidan el sustrato utilizando peréxido
de hidrogeno o hidroperdéxidos organicos. Actian generalmente sobre
compuestos fenolicos en procesos de lignificacion, asi como en la formacion de
puentes isoditirosina entre proteinas ricas en hidroxiprolina y diferulato en
arabinoxilanos (Fry, 2004; Lindsay y Fry, 2008). También pueden participar en
la destoxificacion de xenobiéticos (Passardi y col., 2005).

Las expansinas son una familia de proteinas que intervienen en el
crecimiento acido (McQueen-Mason y col., 1992). Estas proteinas regulan la
elongacién de la pared en células en crecimiento rompiendo las interacciones
no covalentes existentes entre las microfibrillas de celulosa y las hemicelulosas
(McQueen-Mason y col, 2007). Yennawar y col. (2006) han propuesto el
mecanismo de acciéon de una expansina de maiz (EXPB1), la cual actuaria
permitiendo la relajacién entre redes de arabinoxilanos y celulosa a través de la
ruptura de puentes de hidrégeno.

Las quinasas asociadas a la pared (WAKs), son proteinas clasicamente
implicadas en la elongacién celular y la modulacién del metabolismo de los
azucares (Kohorn y col.,, 2006). Datos recientes (Seifert y Blaukopf, 2010 y
referencias incluidas) atribuyen a este tipo de proteinas un papel clave en la
sefializacidn posterior en respuesta a alteraciones en la integridad de la pared
celular.

1.2. Arquitectura de la pared celular primaria

Las paredes celulares primarias estan constituidas por dos, o tres, redes
estructurales independientes, pero capaces de interaccionar entre si (Carpita y
McCann, 2000). La primera red esta formada por el entramado celulosa-
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hemicelulosa, la segunda de las redes estructurales es la matriz péctica, y la
tercera red es la formada por proteinas estructurales o por fenilpropanoides.

Las diferencias en composicion de los dos tipos de pared celular
determinan diferencias en las arquitecturas que generan. Mientras que en las
especies que poseen pared celular tipo I la primera red estructural va a ser de
tipo celulosa-xiloglucano, en paredes tipo II (Figura 4), los polisacaridos que se
unen a las microfibrillas de celulosa fijando su posicion van a ser los
arabinoxilanos; por tanto la primera red en ellas sera de tipo celulosa-
arabinoxilano (con trazas de xiloglucano unido débilmente a la celulosa).

En las paredes tipo I la red celulosa-xiloglucano esta embebida en la red
de pectinas, que va a formar una matriz que entre otras propiedades determina
la porosidad de la pared. El hecho de que las paredes celulares tipo Il tengan
muy pocas pectinas queda contrarrestado con la adiciéon de moléculas de acido
glucurdnico a los arabinoxilanos (formando glucuronoarabinoxilanos).

La pared tipo II tiene pocas proteinas estructurales comparada con la
tipo I, pero en cambio acumula fenilpropanoides, que van a actuar como
elementos de conexién entre arabinoxilanos, permitiendo un reforzamiento
extra de esta estructura, particularmente cuando las células terminan de
expandirse.

@ =  Ti==
Microfibrillas de celulosa

o
s e

(Glucurono)arabinoxilanos  pectinas

%

) Fenoles
Glucano mixto

Figura 4. Arquitectura de la pared celular tipo II (Carpita y McCann, 2000).

No se conocen con detalle las uniones que se establecen entre las
diferentes redes en paredes celulares tipo II. Sin embargo dichas uniones
podrian jugar un papel importante en la estabilizacion y en el reforzamiento de
la estructura de la pared, especialmente en presencia de factores de estrés que
afectan a algunos de sus componentes. En este sentido, el estudio de la
plasticidad estructural de la pared tipo II tiene gran interés, ya que ayudaria a
comprender los mecanismos por los cuales ésta aumenta su fuerza de tensidn,
especialmente en presencia de diferentes condiciones de estrés. Un aumento en
la cantidad de una serie de puentes intra y/o interpoliméricos aparecen como
candidatos a contribuir a esa mayor rigidez: arabinoxilano-arabinoxilano,
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xiloglucano-xiloglucano, xiloglucano-pectinas, arabinogalactano proteinas-
pectinas, celulosa-pectinas.

1.3. Plasticidad estructural de la pared celular primaria

La pared celular primaria posee una elevada capacidad para acomodarse
a nuevas condiciones mediante variaciones de su estructura. En los ultimos
afios se han caracterizado paredes celulares con composicion alterada debido a
modificaciones genéticas, adaptaciones o habituaciones a diferentes tipos de
estrés. Gracias a estos estudios se ha avanzado de forma importante en el
conocimiento de la composicién, estructura y dindmica de la pared celular.

1.3.a. Mutantes de la pared celular

La seleccion de mutantes con alteraciones en la composicion y
estructura de la pared celular ha servido para detectar numerosos genes que
participan en rutas biosintéticas, en modificaciones de los polimeros in muro y
en el ensamblaje de los componentes de la pared celular. Tradicionalmente, la
identificaciéon de mutantes de la pared celular, ya fueran espontaneos o
inducidos, consistia en la busqueda de alteraciones morfologicas, como el
hinchamiento radial de raices (Baskin y col, 1992), la reduccién en la
elongacion del hipocoétilo (Desnos y col, 1996; Nicol y col, 1998), la
birrefringencia reducida de tricomas (Potikha y Delmer, 1995; Bischoff y col,,
2010), la presencia de xilema colapsado (Turner y Somerville, 1997), o en la
obtencién de resistencia a inhibidores de la biosintesis de celulosa, como el
isoxabén (Heim y col,, 1990) o la taxtomina (Scheible y col., 2003).

El andlisis mutacional clasico, que comienza por la observaciéon de
cambios fenotipicos y trata de identificar el gen responsable (genética directa)
presenta algunos problemas potenciales, ya que a menudo las mutaciones no
dan lugar a fenotipos visiblemente anormales y, en otros casos, la mutacién
suele resultar letal cuando los genes afectados son claves en el proceso
implicado. Por ello, se ha recurrido a otros procedimientos de escrutinio como
el analisis de la composicion en azucares neutros mediante cromatografia de
gases y espectrometria de masas (Reiter y col., 1997), o el rastreo mediante
espectroscopias FTIR y/o NIR de alteraciones en la pared celular (Chen y col,,
1998; Mouille y col., 2003; McCann y col,, 2007; Penning y col., 2009).

En los ultimos afos el empleo de la genética reversa ha permitido
identificar gran cantidad de enzimas, entre ellas glicosiltranferasas implicadas
en la sintesis de polisacaridos de pared celular (Richmond y Somerville, 2000;
Sarria y col, 2001). Siguiendo esta estrategia se han descrito numerosos
mutantes que presentan alteraciones en la estructura y/o sintesis de
polisacaridos de pared celular (Arioli y col, 1998; Fagard y col,, 2000; Lane y
col,, 2001).

1.3.b. Tolerancia a diferentes tipos de estrés

La tolerancia a distintos tipos de estrés esta asociada frecuentemente a
mecanismos que implican la modificacion de la pared celular. A través del
estudio de dichas modificaciones se puede llegar a comprender, no sélo la
contribucién global de la pared celular en la tolerancia, sino también el papel de
cada uno de sus componentes en particular. Desde hace afios se vienen
utilizando técnicas de cultivo in vitro de células, tejidos y 6rganos vegetales
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para obtener lineas celulares habituadas a diversos tipos de estrés. Las
variantes tolerantes se obtienen con o sin el empleo previo de agentes
mutagénicos. En este ultimo caso se espera a que la capacidad de respuesta de
las células en condiciones de desarrollo restringidas provoque la apariciéon de
células tolerantes, que a la larga, acapararan todo el cultivo. En otros casos la
resistencia se transfiere desde otras especies mediante fusion de protoplastos o
técnicas de ingenieria genética.

Se ha conseguido habituar suspensiones celulares de tabaco a elevadas
concentraciones salinas y a déficit hidrico (Binzel y col., 1988). Las células
habituadas presentaban una disminucién del volumen celular, en una clara
tendencia a restringir la necesidad de agua, y tenian paredes celulares mas
débiles que contenian menos celulosa y proteina rica en hidroxiprolina (Iraki y
col,, 1989a, 1989b). Estas células mantenian el contenido total en pectinas pero
variaban la organizacion y composicion de los polimeros pécticos, formandose
una red laxa de homogalacturonano y ramnogalacturonano que sustituia
parcialmente a la red celulosa-xiloglucano.

En una linea de investigacidn paralela, Sancho y col. (1996) demostraron
un aumento de la actividad peroxidasa en el medio de cultivo de células de
tomate adaptadas a estrés salino, coincidente con un incremento en lignina en
la pared celular, confirmando una correlacién inversa entre actividad
peroxidasa y capacidad de crecimiento.

Las paredes celulares también participan en la adaptacion a las bajas
temperaturas, aunque se desconoce el mecanismo exacto por el que se altera la
pared celular (Yamada y col, 2002). Algunos autores han propuesto que, al
menos en parte, la adaptacion ocurre a través del efecto de las oligosacarinas y
el acido abscisico sobre el metabolismo de la pared celular (Zabotin y col,
2009).

Por otra parte, la pared celular interviene en la adaptacién de las plantas
a concentraciones elevadas de aluminio (Vazquez y col, 1999), de plomo
(Wusheng y Donghua, 2010) y de otros metales pesados (Carpena y col., 2000),
a través de un aumento en la capacidad de inmovilizacién del metal pesado en
la pared celular. También se ha descrito un aumento de la resistencia mecanica
de la pared celular en respuesta a choque hipoosmotico (Cazalé y col.,, 1998) y
estrés mecanico (Yahrausy col.,, 1995).

1.4. Biosintesis de los componentes de la pared celular

1.4.a. Celulosa

La celulosa se sintetiza en la membrana plasmatica por complejos
proteicos, y se deposita directamente en la pared de modo direccional
(Somerville, 2006; Mutwil y col., 2008; Taylor, 2008), experimentando una
reorientacion dindmica posterior a su deposicion, que permite una expansion
anisotropica (Anderson y col., 2010). La maquinaria biosintética de la celulosa
estd localizada en la membrana plasmatica formando estructuras conocidas
como complejos celulosa sintasa (CSC) o “rosetas” por su aspecto al
visualizarlas microscopio electrénico. En las plantas, los CSC se organizan en
hexameros, presumiblemente compuestos por 36 proteinas Celulosa sintasA
(CesA) (6 en cada monémero). Cada CSC (en colaboracién con otras proteinas)
es capaz de catalizar la formacién de una microfibrilla completa (36 cadenas de
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B-1,4-glucano dispuestas de forma paralela) (Delmer, 1999; Saxena y Brown,
2000; Lerouxel y col., 2006) (Figura 5).

Microfibrilla de celulosa

Pared celular

{

f
36 cadenas B(1-4)glucano ’

Membrana
plasmatica

Microtabulo

Citoplasma

Fructosa
Proteina

CesA

_—
Subunidad
de roseta

Complejo celulosa sintasa
(CSC ¢ roseta)

Figura 5. Representacion esquematica de la sintesis de celulosa. Se incluyen
otras proteinas que parecen participar en el proceso, como sacarosa sintasa
(Susy), KORRIGAN (Kor), y proteinas asociadas a microtubulos (MAP).

Los CSC se constituyen en el aparato de Golgi para posteriormente ser
exportados a la membrana plasmatica via exocitosis (Somerville, 2006).
Avances recientes en la metodologia para la visualizacién de células vivas (“live
cell imaging”) han permitido la identificaciéon de varios elementos necesarios
para el transporte, reparto y almacenamiento de los CSC (Crowell y col., 2009;
Gutiérrez y col., 2009; Wightman y col., 2009; Wightman y Turner, 2010). En
concreto, los SmaCCs (pequefios compartimentos celulosa sintasa; Gutiérrez y
col, 2009) y los MASCs (compartimentos celulosa sintasa asociados a los
microtdbulos; Crowell y col., 2009), son compartimentos muy dindmicos que
parecen desempefiar papeles clave tanto en el almacenamiento intracelular de
los CSC como en su transferencia a la membrana plasmatica (Wightman y
Turner, 2010).

Las proteinas CesA forman familias génicas con un numero de genes que
varia entre especies. Arabidopsis (pared tipo 1) y maiz (pared tipo II) poseen 10
y 12 genes CesA, respectivamente (Holland y col, 2000; Richmond, 2000;
Appenzeller y col, 2004). En una misma célula cada complejo requiere tres
tipos distintos de subunidades CesA para funcionar correctamente (Taylor y
col,, 2000). Cada una de estas proteinas posee ocho dominios transmembrana,
con el centro activo y los extremos N- y C-terminal en el citosol (Lerouxel y col.,
2006). Mediante el uso de marcadores in vivo se ha confirmado que la
orientacion de las microfibrillas de celulosa es controlada por los microtibulos
corticales, los cuales guian las trayectorias de los CSCs activos a través de la
membrana plasmatica (Paredez y col., 2006).
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Otras proteinas implicadas en la sintesis de celulosa son: sacarosa
sintasa (Susy), KORRIGAN (Kor), y proteinas asociadas a microtibulos (MAP).

El sustrato utilizado por los complejos CSC para la sintesis de celulosa es
la UDP-glucosa, que es sintetizada mediante la enzima Susy (Haigler y col,
2001). Durante mucho tiempo se ha especulado con que Susy actuaria
regulando la sintesis de celulosa controlando los niveles de UDP-glucosa
disponibles para los CSC (revisado por Haigler y col,, 2001), hecho que no se ha
podido demostrar hasta el momento. En cambio, la sobreexpresion en plantas
transgénicas de tabaco de varias isoformas de Susy no increment6 los niveles
de celulosa en las paredes celulares, hecho que sugiere que el nivel de UDP-
glucosa no es el factor limitante para la sintesis de celulosa (Coleman y col,
2006).

La enzima endo-B-1,4-glucanasa, conocida como enzima Kor es capaz de
hidrolizar celulosa no cristalina, pero no es activa sobre celulosa microfibrilar,
xiloglucano o xilanos (Mglhgj y col., 2001). Esto sugiere que la endoglucanasa
Kor esta implicada en la terminacion de las cadenas durante la biosintesis de
celulosa, en la degradacion de cadenas de (-1,4-glucano que no se incorporan
correctamente a las microfibrillas (Peng y col., 2002) o en la reduccion de
estrés por la tension generada al ensamblarse las cadenas de glucano que
forman la microfibrilla (Somerville, 2006).

Las proteinas asociadas a microtubulos (MAP) son proteinas citosdlicas,
con capacidad de unién a los microtibulos. Se cree que las MAPs participan en
la sintesis de celulosa acoplando las proteinas CesA a los microtubulos
(Rajangam y col., 2008).

La mayoria de los genes implicados en la sintesis de celulosa se han
identificado gracias al estudio de mutantes que muestran alteraciones en la
composicion y estructura de la pared celular. Algunos se han seleccionado por
presentar menor contenido en celulosa (Richmond, 2000), aunque otros
mutantes se han detectado al caracterizar otros fenotipos que podrian parecer
poco relacionados en la sintesis de este polisacarido. En la Tabla 1 se expone
una relacién de los principales mutantes deficientes en celulosa identificados
en Arabidopsis.

A pesar de que se presupone la existencia de proteinas que participan en
la organizacion macromolecular de los CSC y en la salida de las cadenas de
glucano a través de la membrana (Saxena y Brown, 2000, 2005), no se han
encontrado propiamente enzimas implicadas directamente en el proceso de
cristalizacion de la celulosa, sino Unicamente resultados que indirectamente
apuntan a su existencia. En el mutante rsw se desorganizan los CSC, ademas de
reducirse la cantidad de celulosa cristalina y aumentar la proporcion de un 3-
1,4-glucano no cristalino facilmente extraible de la pared celular (Arioli y col.,
1998). Por ello, se deduce que para la correcta cristalizacion de las
microfibrillas se requiere un correcto ensamblaje de las subunidades de
celulosa sintasa. El herbicida CGA 325’615 también provoca la liberacion de un
B-1,4-glucano no cristalino, pero en este caso parece ser que el glucano
permanece soluble por estar unido a la proteina CesA (Peng y col.,, 2001) o a
sitosterol-glucésido, que podria funcionar como cebador de la sintesis de
celulosa (Pengy col.,, 2002).

En resumen, la formacién de microfibrillas de celulosa se puede dividir
en tres pasos: (i) iniciacién, usando UDP-glucosa como sustrato donador; (ii)
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polimerizacién de glucosa en cadenas de -1,4-glucano, y (iii) cristalizacién de
estas cadenas en una microfibrilla (Peng y col., 2002).

Locus Alelo Funci6én Referencia
rswi-1 Arioliy col.,, 1998

CesAl rswi-2 Subunidad Gillmor y col., 2002
rswi-20 catalitica CesA1 ~ Beeckmany col.,, 2002
rswi-10 Fagard y col., 2000
eli1-1; 1-2 Cafo-Delgado y col., 2003

CesA3 cevl Subunidad Ellis y col., 2002
ixrl-1; 1-2 catalitica CesA3 Scheible y col., 2001
than Darasy col., 2009
. Subunidad

CesA4 irx5 catalitica CesA4 Taylor y col., 2003

CesA6 prcl-1al-12 Subunidad Fagard y col., 2000
ixr2-1 catalitica CesA6 Desprez y col., 2002
. Subunidad

CesA7 irx3 catalitica CesA7 Taylor y col.,, 1999, 2000
. Subunidad Turner y Somerville, 1997

CesA8 irx1 catalitica CesA8  Taylor y col., 2000

Proteina de

Kob1 kob1-1; 1-2 membrana tipo IT Paganty col., 2002

Cob cob1-1 Protelr&a})llmlda 4 Schindelman y col.,, 2001
kor1-1 Endo--1,4- Nicol y col., 1998

Korl kor1-2 lucanasa unida a Zuoyy col, 2000
rsw2-1a4 g membrana Laney col.,, 2001
irx2-1; 2-2 Mglhgj y col,, 2002
poml-1a1l Protem_a_ similar Hausery col., 1995

Pom1 elp1 a quitinasa Zhongy col., 2002

P (AtCTL1) gy col,
Rsw3 rsw3-1 Glucosidasa II Burny col,, 2002

Tabla 1. Algunos mutantes de Arabidopsis deficientes en celulosa.

1.4.b. Polisacdridos no celuldsicos

A diferencia de la celulosa, la sintesis de los polisacaridos no celulésicos
de la pared celular ocurre en el aparato de Golgi, y no a nivel de la membrana
plasmatica. Comienza con la formacion de los azicares precursores y continda
con la polimerizacién y secrecion de los polisacaridos. Una vez exportados a la
pared celular via exocitosis, se intercalan entre las microfibrillas de celulosa
(Sandhu y col, 2009). La polimerizacion de los polisacaridos conlleva la
transferencia de un monosacarido desde el nucle6tido de monosacarido al
extremo no reductor de un polisacarido incipiente, y la liberacion de la
molécula activadora (Brett y Waldron, 1996). Estas reacciones son catalizadas
por glicosiltransferasas (GTs) especificas para cada tipo de enlace y asociadas a
la cara interna del aparato de Golgi (Reid, 2000; Scheible y Pauly, 2004; Lairson
y col,, 2008). Las GTs estan clasificadas en 92 familias en la base de datos CAZy
(carbohydrate active enzymes). A pesar de los avances durante los ultimos afios
en el conocimiento de la sintesis de estos compuestos todavia existen muchas
lagunas. En la Tabla 2 se han incluido las GTs que hasta el momento se han
asociado a la biosintesis de varios polisacaridos hemicelul6sicos.
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Actividad Nombre GT Familia CAZy Referencia
Xilanos
-1,4-xilano sintasa IRX9 GT43 Brown y col., 2007; Pefia y col,,
2007; Leey col., 2007
IRX14 GT43 Browny col., 2007
IRX10/GUT2 GT47 Brown y col., 2009; Wu y col., 2009
IRX10-LIKE/GUT1 GT47 Brown y col., 2009; Wu y col., 2009
Sintesis del oligosacarido IRX7/FRA8 GT47 Brown y col., 2007
del extremo terminal F8H GT47 Leey col, 2009
reductor IRX8/GAUT12 GT8 Lee y col,, 2007; Pefia y col., 2007
PARVUS/GLZ1 GT8 Lao y col,, 2003; Lee y col., 2009
o-arabinosil transferasa - GT61? Mitchell y col., 2007
Glucano mixto
-1,3-1,4-glucano sintasa OsCSLF2 GT2 Burton y col,, 2006
0OsCSLF4 GT2 Burton y col,, 2006
HvCSLH1 GT2 Doblin y col., 2009
Xiloglucano
B-1,4-glucano sintasa CSLC4 GT2 Cocurony col,, 2007
a-1,6-xilosil transferasa XXT1 GT34 Faik y col., 2002
XXT2 GT34 Faik y col., 2002
-1,2-galactosil transferasa MUR3 GT47 Levyy col, 1991
GT47 Madson y col., 2003
o-1,6-fucosil transferasa MUR2/FUT1 GT37 Perriny col.,, 1999

Tabla 2. Glicosiltransferasas involucradas en la sintesis de hemicelulosas.

1.4.b.1. Xilanos

La cadena principal de los xilanos puede estar sustituida por diferentes
cadenas laterales, y acoplada a un oligosacarido Unico en su extremo reductor.
Debido a esta complejidad y variabilidad en la estructura existe gran
incertidumbre acerca de como se lleva a cabo la sintesis. Debido a la elevada
similitud entre los xilanos y las cadenas 3-1,4 de otras hemicelulosas, en un
principio se asumi6 que la sintesis podria estar llevada a cabo por proteinas de
las familias CSL (similares a celulosa sintasa). Sin embargo, la caracterizacion
de los mutantes deficientes en xilanos irx9, irx14, irx10 e irx10-like, indic6 que
GTs de las familias GT43 y GT47 son responsables de la elongacién de la cadena
de xilano. La no redundancia entre las proteinas identificadas hasta el momento
hace suponer que quizas sean complejos multiproteicos los responsables de la
sintesis (Scheller y Ulvskov, 2010).

Ademas, una caracteristica comun de los xilanos, es que presentan en su
extremo reductor un oligosacarido del tipo B-Xil-(1->4)-B-Xil-(1->3)-a-Rha-
(1->2)-a-GalA-(1->4)-Xil. Los mutantes deficientes en xilanos irx7, irx8 y parvus
(Lee y col., 2007; Pefia y col., 2007) que carecen de este oligosacarido, pero si
fueron capaces de sintetizar xilanos in vitro (tras la adiciéon exégena del
oligosacaridos) permitieron identificar las proteinas encargadas de su sintesis.

Las sustituciones mas comunes de los xilanos deberian ser incorporadas
por a-arabinofuranosiltransferasas y a-glucuronosiltransferasas. Ambas
actividades han sido detectadas in vitro (Baydoun y col., 1989; Porchia y col.,
2002; Zeng y col., 2008), pero las GTs responsables de la transferencia no han
sido identificadas hasta el momento, aunque se especula con que podrian ser
miembros de la familia GT61 (Mitchell y col., 2007).

1.4.b.2. Glucano mixto

La biosintesis de glucano mixto es llevada a cabo por proteinas de las
familias CSLF y CSLH (Burton y col., 2006; Doblin y col., 2009). Estas proteinas
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no estan presentes en Arabidopsis, de modo que la expresion heterdloga de
proteinas de arroz de este tipo en Arabidopsis y la detecciéon de glucano mixto
en las correspondientes plantas transgénicas fue la clave para su identificacion.

1.4.b.3. Xiloglucano

Varias de las GTs involucradas en la sintesis de este polisacarido han
sido identificadas hasta el momento. La primera en ser identificada fue una
fucosiltransferasa (Perrin y col., 1999). Los restos de xilosa son adicionados por
a-1,6-xilosiltransferasas pertenecientes a la familia GT34 (Faik y col.,, 2002;
Cavalier y Keegstra, 2006), mientras que la cadena principal de glucano es
sintetizada por proteinas de la familia CSLC (Cocuron y col., 2007). En este caso
ademas de GTs, también son necesarias hidrolasas, las cuales realizan un
importante procesamiento de las moléculas de xiloglucano después de su
sintesis inicial en Golgi (Pauly y col., 2009). Otra modificacién importante del
xiloglucano es llevada a cabo por las enzimas xiloglucano
endotransglucosilasa/hidrolasa (XTH) que actian sobre una molécula de
xiloglucano, cortandola y transfiriendo otra molécula al extremo reductor de la
misma.

1.4.c. Fenoles

Los acidos ferulico y p-cumarico son sintetizados en los plastos a través
de la primera parte la ruta de los fenilpropanoides (Vogt, 2010) (Figura 6). El
primer paso de esta ruta es la desaminacién de la fenilalanina mediante la
enzima fenilalanina amonio liasa (PAL) para generar acido cindmico. Existen
varias copias de los genes PAL en las especies estudiadas (cinco en maiz;
Guillaumie y col., 2006), de modo que distintos genes parecen responder a
distintos estimulos, y su expresion estd muy regulada espacial y temporalmente
(Vogt, 2010). Los tres primeros pasos de la ruta, catalizados por PAL, cinamato
4-hidroxilasa (C4H) y 4-cumarato CoA ligasa (4CL), son claves y proporcionan
la base para numerosas ramificaciones de la misma que daran lugar a gran
cantidad de metabolitos. Asi, a través de una serie hidroxilaciones y
metilaciones, a partir de fenilalanina se produce feruloil-CoA, que
probablemente es el sustrato que se esterifica con los arabinoxilanos (Fry y col.,
2000; Lindsay y Fry, 2008), aunque otros autores han sugerido que el sustrato
es un feruloil-glucésido (Obel y col.,, 2003). En cualquier caso estos autores
coinciden en que la feruloilacidn tiene lugar en Golgi. Mediante un analisis
bioinformatico se predijo que diferentes miembros de la familia génica pfam
podrian actuar como transferasas feruloil-arabinoxilano (Mitchell y col., 2007),
hecho que se ha demostrado muy recientemente en arroz a través de la
obtencion de mutantes RNAIi para cuatro de estos genes (Piston y col., 2010).
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Figura 6. Ilustracién de la ruta potencial involucrada en la biosintesis de
fenoles de pared celular. PAL: Fenilalanina Amonio-Liasa, C4H: Cinamato 4-
Hidroxilasa, 4CL: 4-Cumarato CoA Ligasa, C3H: Cumarato 3-Hidroxilasa, HCT:
Hidroxicinamoil-CoA  sikimato/quinato  hidroxicinamoil = Transferasa,
CCoAOMT: Cafeoil-CoA O-MetilTransferasa, COMT: Acido Cafeico O-
MetilTransferasa, 3-Glc-Fer: feruloil glucésido. Los pasos no confirmados
estan indicados con lineas discontinuas. Modificado de Lindsay y Fry, 2008.

2. Uso de inhibidores de la biosintesis de pared celular

Se han descrito diferentes compuestos que afectan a la biosintesis de
distintos componentes de la pared celular. Estos inhibidores alteran la
proporcidn final de los componentes de la pared celular y la unién entre ellos, y
han sido de gran ayuda en el estudio de la formacién, organizacién y estructura
de la pared celular primaria y secundaria (Satiat-Jeunemaitre y Darzens, 1986;
Suzuki y col, 1992; Taylor y col, 1992; Vaughn y Turley, 1999, 2001); el
mecanismo de pérdida de rigidez y la extension de la pared celular (Hoson y
Masuda, 1991; Edelmann y Fry, 1992; Edelmann y Koéhler, 1995; Montague,
1995); la formacién de la placa celular y el proceso de citocinesis (Vaughn y
col, 1996; Nickle y Meinke, 1998); la relacidn entre citoesqueleto y celulosa
(Fisher y Cyr, 1998; DeBolt y col.,, 2007) y la organizaciéon de los complejos
celulosa sintasa (Mizuta y Brown, 1992). Asimismo, el uso de estos inhibidores
ha permitido abordar con éxito algunos aspectos de la biosintesis de la celulosa,
como es su relacién con la biosintesis de la calosa (Delmer, 1987; Delmer y
Amor, 1995).

2.1. Uso de inhibidores de la biosintesis de celulosa: diclobenil

Los inhibidores de la biosintesis de celulosa (CBIs) constituyen un grupo
variado de compuestos estructuralmente heterogéneos que afectan
especificamente al acoplamiento y/o a la deposicion de celulosa en plantas
superiores. Varios CBIs han sido comercializados como herbicidas, y han sido
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clasificados como el grupo L por el “Herbicide Resistance Action Committee”
(HRAC). Este grupo incluye diclobenil, clortiamida, isoxabén, taxtomina A,
flupoxam y quinclorac (Menne y Kécher, 2007). A continuacion se describira el
diclobenil (2,6-diclorobenzonitrilo o DCB), y su utilidad en el estudio de la
pared celular, ya que ha sido el inhibidor empleado durante la presente tesis
doctoral, y en un capitulo posterior se describiran ampliamente tanto este
como otros CBIs.

El DCB es uno de los CBIs mas utilizados y mejor caracterizados. Se
emplea en agricultura como herbicida de preemergencia de amplio espectro y
en investigacién como inhibidor de la sintesis de celulosa. Este compuesto
inhibe especificamente la sintesis de celulosa en plantas (Brummell y Hall,
1985; Hoson y Masuda, 1991; Corio-Costet y col,, 1991; Edelmann y Fry, 1992;
Shedletzky y col., 1992; Encina y col, 2002; Alonso-Simén y col., 2004), sin
afectar ni a la sintesis de otros polisacaridos de la pared celular (Montezinos y
Delmer, 1980; Blaschek y col., 1985; Francey y col., 1989) ni a otros procesos
metabolicos, como sintesis de ADN y proteinas, respiracién, fosforilacion
oxidativa, metabolismo lipidico, nucleotidico y de glucosa (Meyer y Herth,
1978; Montezinos y Delmer, 1980; Galbraith y Shields, 1982; Delmer, 1987).

A lo largo de la ultima década se han propuesto diferentes modos de
accion del DCB. En primer lugar se propuso que bloqueaba la iniciacién de la
biosintesis de celulosa a través de la inhibicién de la sintesis del sitosterol-p-
glucosido (Peng y col,, 2002). Este modo de accion se basaba en los siguientes
resultados obtenidos con DCB: i) inhibicion de la sintesis in vivo de sitosterol-p-
glucésido, ii) reduccién de la incorporacién de glucosa radioactiva en esteroles
de fibras aisladas de algodon a través de la inhibicién de la formacién de UDP-
glucosa o mediante otro efecto indirecto y iii) reversion de las propiedades
inhibitorias del DCB por aplicacién de sitosterol-pB-glucésido. Este modo de
accién resulta cuestionable debido tanto a que las condiciones experimentales
utilizadas eran forzadas y a que aun no ha sido probado de forma categérica
que la sintesis de celulosa se inicie a partir de sitosterol-B-glucésido.

Un segundo modo de accién propuesto consistiria en la alteraciéon de la
cristalizacion de la celulosa mas que en la polimerizaciéon de la glucosa. La
propuesta de este modo de accién parte de la observaciéon de que una severa
reduccion de la sintesis de celulosa se acompafia de una alteraciéon en la
orientacion de las microfibrillas restantes de celulosa, tal y como sucede en el
mutante deficitario de celulosa rswi1, asi como en células de Arabidopsis
tratadas con DCB 1 uM. Es probable que la alteracién de la cristalizacién de la
celulosa ocurra a través de una desorganizacién de los microtibulos tal y como
se observo en células epidérmicas de Arabidopsis (Himmelspach y col.,, 2003).
De acuerdo con este modo de accién esta el hecho de que la reduccién del
contenido celuldsico en células de alubia habituadas a DCB se acompafia de la
acumulacién de un B-1,4-glucano no cristalino (Encina et al., 2002; Garcia-
Angulo et al,, 2006).

Se han propuesto tres posibles dianas para el DCB:

(a) Utilizando un analogo estructural del DCB se identific6 un
polipéptido de 12-18 kDa como posible diana para este inhibidor (Delmer y
col,, 1987). Este polipéptido no se corresponde con la celulosa sintasa, ya que se
disocia facilmente de la membrana; mas bien se trataria de una proteina
moduladora de la especificidad de la glicosiltransferasa.
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(b) Otros autores (Nakagawa y Sakurai, 1998), utilizando anticuerpos
frente a CesA1l de tabaco, concluyeron que el DCB se uniria especificamente a
esta proteina, de modo que alteraria su conformacién haciéndola resistente a la
degradacién proteolitica. Ademas, el mutante rswi, cuyo locus RSW1 codifica
para la subunidad CesAl, presenta dos caracteristicas semejantes a las
provocadas por DCB: contenido reducido de celulosa y acumulaciéon de un (-
1,4-glucano no cristalino (Arioli y col., 1998). Pero en ningun caso se demostré
una unién directa DCB-CesA1, hecho que hace suponer que el enriquecimiento
en CesA1l fue un efecto colateral de la aplicacion del DCB.

(c) La tercera diana propuesta es la proteina asociada a microtubulos
MAP20 (Rajangam y col., 2008). Se trata de una proteina citosoélica, altamente
expresada durante la formacion de pared secundaria, con capacidad de unién in
vitro e in vivo a los microtibulos. Estos autores demostraron que el DCB se une
a esta durante la sintesis de celulosa. MAP20 participa en la sintesis de celulosa
acoplando las proteinas CesA a los microtubulos y la idea de que es la diana del
DCB se basa en que la unién especifica a DCB bloquea el acoplamiento de las
proteinas CesA a los microtubulos.

2.2. Habituacién de cultivos celulares a CBIs

A pesar de que los CBIs son herbicidas altamente especificos y activos en
concentraciones relativamente bajas, es posible obtener cultivos celulares
habituados a crecer en presencia de CBIs, mediante la exposicion prolongada a
concentraciones crecientes del inhibidor. La utilizacién de cultivos celulares
frente a la utilizacion de plantas completas, tiene varias ventajas: (i) la
posibilidad de tener gran cantidad de células en un espacio reducido al mismo
tiempo, donde es facil controlar y manipular diferentes condiciones, y (ii) la
capacidad de seleccionar lineas celulares con determinadas caracteristicas.

La habituacién de cultivos celulares a CBIs refleja la capacidad de las
células de sobrevivir con una pared celular modificada, siendo por tanto una
técnica muy util para profundizar en el conocimiento de la plasticidad
estructural y composicional de la pared celular. Hasta el momento se han
habituado con éxito cultivos celulares de distintas especies a CBIs como DCB
(Shedletzky y col,, 1990, 1992; Wells y col., 1994; Nakagawa y Sakurai, 1998;
2001; Sabba y col., 1999; Encina y col.,, 2001, 2002; Alonso-Simén y col., 2004;
Garcia-Angulo y col., 2006, 2009a), isoxabén (Corio-Costet y col., 1991; Diaz-
Cacho y col,, 1999; Sabba y Vaughn, 1999; Manfield y col., 2004), quinclorac
(Alonso-Simén y col, 2008) y taxtomina-A (Girard-Martel y col, 2008),
mostrando los cultivos habituados una serie de caracteristicas comunes:
menores tasas de crecimiento, células con morfologias irregulares, tendencia a
crecer en agregados, y paredes celulares con contenidos en celulosa reducidos
compensados por otros componentes de la pared.

2.2.a. Habituacién a DCB

Aunque basicamente el mecanismo de habituacién es comun (un
reemplazamiento de la celulosa por otros componentes de la pared celular), los
detalles del proceso dependen del tipo de pared (tipo I y tipo II). La mayoria de
los cultivos celulares habituados a DCB presentan paredes tipo I: tomate
(Shedletzky y col., 1990), tabaco (Shedletzky y col., 1992; Wells y col., 1994;
Nakagawa y Sakurai, 1998, 2001; Sabba y col.,, 1999) y alubia (Encina y col,
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2001, 2002; Alonso-Simén y col,, 2004; Garcia-Angulo y col,, 2006). En general
en especies con pared tipo I la reduccion en celulosa estuvo acompafiada por la
reduccion en hemicelulosas y un incremento en pectinas. Ademas se han
descrito otras modificaciones asociadas a la habituacion a DCB, como la
presencia de un B-1,4-glucano débilmente unido a celulosa, el incremento en las
uniones pectina-xiloglucano y en actividad XET, reducciones en
arabinogalactano proteinas, cambios en niveles de extensinas y modificaciones
en la composicion del xiloglucano (Shedletzky y col., 1992; Encina y col., 2002;
Garcia-Angulo y col.,, 2006; Alonso-Simén et al., 2007, 2010a y b). En cambio en
una especie con pared tipo II como cebada (Shedletzky y col, 1992) la
reduccion en celulosa, fue compensada en lineas generales con incrementos en
glucano mixto.

2.2.b. Deshabituacion

La mayoria de los cambios originados por la habituacion a DCB
revirtieron cuando los cultivos celulares habituados se cultivan durante largos
periodos de tiempo en medio sin DCB (Shedletzky y col.,, 1990; Encina y col,,
2002; Garcia-Angulo y col,, 2006). Sin embargo, estos cultivos, denominados
deshabituados, retuvieron algunas de las modificaciones de la pared celular
asociadas a la habituacion, como la presencia de un (3-1,4-glucano no cristalino.
Cabe destacar que los cultivos deshabituados de alubia resultaron ser mucho
mas tolerantes al DCB que los no habituados (Encina y col.,, 2002), hecho que se
explico en parte por la elevada capacidad antioxidante mostrada por los
cultivos deshabituados (Garcia-Angulo y col., 2009a). Mediante anadlisis FTIR se
comprobd que la deshabituacion sigue una ruta diferente a la de la habituacion
(Garcia-Angulo y col., 2009b).
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3. Objetivos

El objetivo general de este trabajo es estudiar la plasticidad estructural
de la pared celular tipo II utilizando cultivos celulares (callos y suspensiones)
de maiz habituados al inhibidor de la biosintesis de celulosa diclobenil (DCB).
Este objetivo general se ha abordado a través de los siguientes objetivos
parciales:

1. Revisar los usos de los inhibidores de la biosintesis de celulosa
como herramientas en el estudio de la pared celular. Como punto de
partida se llevara a cabo una exploracién amplia de las investigaciones que han
utilizado compuestos capaces de inhibir la sintesis de celulosa orientados al
analisis de la pared celular de plantas. Esta revision proporcionara el
fundamento actualizado sobre el que se cimentara el desarrollo posterior del
trabajo.

2. Seleccionar y caracterizar lineas celulares de maiz capaces de
crecer en presencia de concentraciones letales de DCB. La habituacién de
cultivos celulares a inhibidores de la biosintesis de celulosa conlleva
modificaciones en la composicién y estructura de las paredes celulares tipo I.
Se estudiara el efecto inhibitorio del herbicida DCB sobre el crecimiento de
cultivos celulares de maiz, mediante la obtencion de curvas dosis-respuesta.
Seguidamente se habituaran los cultivos celulares a concentraciones letales de
DCB mediante subcultivo continuado en concentraciones crecientes del
herbicida, partiendo de una concentraciéon equivalente a la Iso. Se analizaran los
habitos de crecimiento y morfologia (macroscopica y microscopica) de los
cultivos habituados, y se hara una caracterizacidon general de las modificaciones
de la pared celular originadas durante la habituacién a través del uso de una
amplia bateria de técnicas espectrofotométricas, cromatograficas e
inmunocitoquimicas.

3. Analizar mediante técnicas de gendmica y protedmica cambios
involucrados en la habituacion de células de maiz a DCB. Anilisis
genomicos de lineas celulares de especies con pared tipo I tolerantes a
inhibidores de la biosintesis de celulosa mostraron gran cantidad de genes
diferencialmente expresados, entre los que destacan aquellos relacionados con
la biosintesis de celulosa y hemicelulosas. Se utilizaran técnicas de RT-PCR para
analizar la expresion de genes supuestamente asociados a la habituacién a DCB,
principalmente aquellos implicados en la biosintesis de celulosa y fenoles.
Ademas se llevara a cabo un anadlisis del proteoma de células habituadas y no
habituadas para detectar cambios originados por la habituacién en cualquier
proceso metabdlico. Con el fin de estudiar la posible estabilidad de los cambios
asociados a la habituacién se analizara también la expresion génica de cultivos
deshabituados.

4. Analizar el perfil fendlico de la pared celular primaria de células
de maiz con niveles reducidos de celulosa. Las principales modificaciones en
las paredes de las células habituadas de otras especies consisten en la
compensaciéon de la disminucién de celulosa con un aumento en otros
componentes de la pared. Se estudiara mediante técnicas cromatograficas
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(HPLC) posibles variaciones cuantitativas y cualitativas en el contenido fenélico
de las paredes celulares durante el proceso de habituacién a DCB, y durante el
ciclo de cultivo.

5. Investigar los cambios que experimenta el metabolismo del acido
cinamico en el protoplasma y en la pared celular de células habituadas a
DCB. Tratando de profundizar en el conocimiento del posible papel del
componente fendlico en la habituacion de células de maiz a DCB, se realizaran
experimentos de incorporacién de acido cindmico (precursor de los fenoles de
la pared celular) radiomarcado. Mediante técnicas de anadlisis de radioactividad
se analizaran los cambios cualitativos y cuantitativos del componente fenoélico
en distintos compartimentos celulares.
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Capitulo I

Cellulose Biosynthesis Inhibitors:
Their Uses as Potential Herbicides and as Tools in
Cellulose and Cell Wall Structural Plasticity Research

José Luis Acebes, Antonio Encina, Penélope Garcia-Angulo,
Ana Alonso-Simon, Hugo Mélida, Jests Miguel Alvarez

Area de Fisiologia Vegetal. Fac. Ciencias Biolégicas y Ambientales. Universidad de Leén, E-
24071 Ledn, Spain

Abstract

Cellulose biosynthesis inhibitors (CBIs) form a heterogeneous group of structurally
unrelated compounds that specifically affect the assembly or the deposition of cellulose. With
the exception of thaxtomin A, the only naturally occurring CBI, all other CBIs are synthetic
compounds. A number of them (dichlobenil, isoxaben and flupoxam) are used as herbicides
and, as such, are listed as group L in the Herbicide Resistance Action Committee classification of
herbicides. Recently, targets for isoxaben and dichlobenil have been provided. Other
compounds, such as triazofenamide, CGA 325'615, the aminotriazine AE F150944 or the
thiazolidinone named compound 1 have proven to be CBIs, but they have not yet been
commercialized. Finally, some drugs seems to display a dual effect, acting as CBIs in some cases
(i.e., depending on the species or their concentration), or as auxin herbicide (quinclorac) or
plant growth retardant (ancymidol) in other circumstances.

CBIs have been used to elucidate cellulose biosynthesis—unraveling the organization
of cellulose synthase (CESA) complex including the assembly between CESA subunits—and the
relation between cortical microtubules and cellulose deposition, as some CBIs interfere with
the microtubule-guided deposition of cellulose microfibrils.

In recent years, several Arabidopsis CBIl-resistant mutants have been reported.
Frequently, but not always, their mutations were related to genes directly involved in cellulose
biosynthesis. In other cases, the effects of CBIs on plant growth have been used to associate the
phenotype of a set of mutants to the impairment in their cellulose biosynthesis machinery.

The habituation of cell cultures to grow in the presence of high concentrations of
different CBIs has been proven to be a powerful tool for insight into the mechanisms underlying
the plasticity of plant cell wall structure and composition. CBI-habituated cell cultures reflect
the ability of cells to adapt their metabolism and modify their cell walls in order to cope with
these new stressful conditions.

New perspectives in CBI uses imply the selection of habituated cells having walls with a
reduction in their cellulose content; the manipulation of levels and/or modification of matrix
polysaccharides, rendering cell walls with new physicochemical properties; the study of the
relationship between cellulose synthesis and other C-sink processes such as phenylpropanoid
synthesis; or the elucidation of putative new targets implied in cellulose biosynthesis.

INTRODUCTION

Cellulose biosynthesis inhibitors (CBIs) constitute a varied group of
structurally unrelated compounds that specifically affect the assembly or the
deposition of cellulose in higher plants (Figure 1, Table 1). Two remarkable
reviews focused on CBIs were afforded in 1999 (Sabba and Vaughn) and 2002
(Vaughn), but a set of important data has been raised since then, and the global
view of CBIs is now more panoramic.
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Several CBIs have been commercialized as herbicides, and therefore
appear as group L in the Herbicide Resistance Action Committee (HRAC)
classification of herbicides. This classification includes dichlobenil,
chlorthiamid, isoxaben, flupoxam and quinclorac (but in this case indicated
only for monocots, and it is considered an auxinic herbicide in group O) (Menne
and Kdécher, 2007).

Some other compounds have also been cited as promising herbicides,
such as triazofenamide and triaziflam (Wakabayashi and Boger, 2004), but until
now they have not been commercialized or included in this group. Finally, some
drugs have been described to display a dual effect (i.e, quinclorac or
ancymidol), acting as CBIs in some cases (i.e., depending on the species, or their
concentration) and showing an additional mode of action in other
circumstances.

The amount of information about each of these compounds is unequal.
The objective of this chapter is to show a current view of this kind of
compound, attending also to the description of CBI-related mutants and the use
of CBIs to elucidate cellulose biosynthesis, and to give insight into the
mechanisms underlying the plasticity of plant cell wall structure and
composition by means of the habituation of cell cultures to CBIs.

Cellulose Biosynthesis

In recent years, a considerable amount of information regarding
cellulose biosynthesis in higher plants has been provided, and some reviews
have been reported (Somerville, 2006; Joshi and Mansfield, 2007; Mutwil et al.,
2008; Taylor, 2008; Bessueille and Bulone, 2008), so that only a brief
presentation of cellulose biosynthesis will be introduced now. Cellulose
biosynthesis machinery is located in the plasma membrane, forming ‘rosettes’,
which constitute a transmembrane system (Figure 2). In plants, these rosettes,
or cellulose synthase (CESA) complexes, are viewed as hexamers, using freeze-
fracture electron microscopy. Each monomer comprises six cellulose synthase
proteins, resulting then in 36 individual CESA proteins by rosette, able to
synthesize 36 B-(1,4)-glucan chains that will form a microfibril (Doblin et al.,
2002). The CESA complexes seem to be assembled in the Golgi apparatus and
then exported via exocytosis to the plasma membrane (Somerville, 2006). CESA
interacts with the cytoskeleton so that microtubules seem to guide the
movement of CESA complexes (Paredez et al., 2006).

In Arabidopsis thaliana, primary cell wall CESA complexes are integrated
by three unique types of CESA subunits named CESA1, CESA3 and CESA6-
related (CESA2, 5 and 9) (Persson et al., 2007), in such a way that CESA3 and
CESA6 physically interact (Desprez et al.,, 2007). Other proteins are claimed to
form part of the complex, such as a cytoskeletal-anchored sucrose synthase,
which could channel UDP-glucose to CESA (Amor et al., 1995); a membrane
anchored endo-B-(1-4)-glucanase named KORRIGAN (Nicol et al., 1998), which
seems to act decreasing cellulose crystallinity (Takahashi et al., 2009); a plasma
membrane protein denominated KOBITO (Pagant et al., 2002); COBRA, an GPI-
anchored protein (Schindelman et al., 2001); etc. However, an exact role for
these additional proteins has not yet been provided. In secondary cell walls,
CESA complexes are composed of three unique types of CESA subunits, too:
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CESA4, CESA7 and CESAS8 (Atanassov et al., 2009; Timmers et al., 2009), but in
this case purified CESA complexes did not contain any further protein
(Atanassov et al.,, 2009). Analyses of cellulose biosynthesis in other species
reflect similar results to that obtained in Arabidopsis.

Cellulose microfibril formation can be divided into three steps: (i)
initiation, using UDP-glucose as the donor substrate; (ii) polymerization of
glucose into B-(1,4)-glucan chains, and (iii) crystallization of B-(1,4)-glucan
chains into a microfibril (Peng et al., 2002). Based on in vitro experiments, it has
been proposed that cellulose biosynthesis is initiated from a sitosterol-f3-
glucoside as primer molecule (Peng et al., 2002).

CELLULOSE BIOSYNTHESIS INHIBITORS
Dichlobenil

Dichlobenil or 2,6-dichlorobenzonitrile, is the simplest and one of the
most studied CBIs. A related herbicide, chlorthiamid (2,6-dichlorothio-
benzamide), is converted to dichlobenil in soil as a consequence of
microorganism metabolism (Beynon and Wright, 1968). Dichlobenil has been
marketed since the 1960s under different trade names (Casoron, Barrier,
Silbenil, H 133). Although less effective on monocots (Sabba and Vaughn, 1999),
dichlobenil has been extensively used as a broad spectrum preemergence
herbicide (Verloop and Nimmo, 1969). The preemergence action of dichlobenil
is based on the impairment of seedling growth more than on the inhibition of
seed germination. In this way, in the French bean, root growth is 30 times more
sensible to dichlobenil than seed germination (Encina, unpubl.). Iso values in
the micromolar range have been measured for the effect of dichlobenil on root
growth: 1 pM on Lepidium sativum (Glinther and Pestemer, 1990); 0.4 puM on
Arabidopsis (Heim et al., 1998); 4 uM on the French bean (Encina, unpubl.), and
2 uM on maize (Mélida, unpubl.).

Rapidly expanding cells such as suspension or callus-cultured cells
(Shedletzky et al., 1990, 1992; Corio-Costet et al., 1991a, b; Encina et al., 2001,
2002; Mélida et al., 2009); seedling roots and hypocotyls (Himmelspach et al.,
2003; DeBolt et al, 2007b); and pollen tubes (Anderson et al, 2002) are
sensible to dichlobenil in the nano-micromolar range [Iso: 50 nM for soybean
suspension-cultured cells (Corio-Costet et al,, 1991b); 0.5 uM and 0.3 uM for
French bean callus and suspension-cultured cells, respectively (Encina et al.,
2001, 2002); and 1.5 pM for maize callus (Mélida et al., 2009)]. The ability of
this herbicide to arrest cell plate formation (but not nuclear division [Galbraith
and Shields, 1982]) and cell elongation (Vaughn et al., 1996; Sabba et al., 1999;
Encina et al,, 2001, 2002; Vaughn, 2002) is under the typical dichlobenil-growth
retarding and dichlobenil-dwarfing effects (Sabba and Vaugh, 1999 and refs.
therein).

Dichlobenil symptomatology also includes radial root or hypocotyl
swelling (Umetsu et al, 1976; Eisinger et al, 1983; Montague, 1995;
Himmelspach et al., 2003; DeBolt et al, 2007b), inhibition of root-hairs and
secondary-root development, and induction of necrotic lesions (Barreiro,
unpubl.). Many later effects are also associated with mitotic disrupter
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herbicides (Vaughn, 2002), and curiously, to many abiotic stresses (Potters et
al,, 2007).

Very early studies related the phytotoxic effect of dichlobenil to the
inhibition of ATP production by its phenolic degradation products, 2,6-dichlo-
3-hydroxybenzonitrile and 2,6-dichloro-4-hydroxybenzonitrile (Moreland et al.,
1974). However, in the same year it was demonstrated that dichlobenil itself
impaired the incorporation of radiolabelled glucose into cellulose (Hogetsu et
al, 1974). Since then, dichlobenil has been demonstrated to inhibit the
biosynthesis of cellulose in a wide range of systems by using the same
experimental procedure (e.g., Montezinos and Delmer, 1980; Brummell and
Hall, 1985; Hoson and Masuda, 1991; Corio-Costet et al., 1991b; Edelmann and
Fry, 1992; Shedletzky et al., 1992; Garcia-Angulo et al., 2009), and nowadays no
doubts about the specific effect of dichlobenil on cell wall biosynthesis exist.

In plants, the effect of dichlobenil on cellulose biosynthesis seems to be
specific, since matrix polysaccharides synthesis is not inhibited upon a short
term dichlobenil treatment (Montezinos and Delmer, 1980; Blaschek et al,,
1985; Francey et al,, 1989). However dichlobenil has also been reported to
inhibit non-cellulosic polysaccharides synthesis in algae (Arad et al., 1994;
Wang et al, 1997). Other cellular processes such as DNA synthesis, protein
synthesis, respiration, oxidative phosphorylation, phospholipid metabolism,
nucleoside metabolism and glucose metabolism (including glucose uptake) are
not affected by dichlobenil (Meyer and Herth, 1978; Montezinos and Delmer,
1980; Galbraith and Shields, 1982; Delmer et al., 1987).

Besides this specific effect of dichlobenil on cellulose synthesis, several
papers address the side effect of dichlobenil on cellulose microfibril orientation
(Sugimoto et al., 2001), cellulose-synthesizing complexes organization/motility
(Herth, 1987; Mizuta and Brown, 1992; DeBolt et al., 2007b; Wightman et al,,
2009) and microtubule organization (Himmelspach et al., 2003).

Mode of action

Despite dichlobenil being recognized and used as a specific CBI since
decades (Hogetsu et al,, 1974), its mode of action is still unclear. Dichobenil
inhibited the in vivo synthesis of sitosterol-B-glucosides, and exogenous
addition of sitosterol-pB-glucosides reverted dichlobenil effects (Peng et al,
2002). Based on these findings, an effect for dichlobenil on blocking the
initiation steps of cellulose biosynthesis could be hypothesized. However, the
need of a primer for in vivo cellulose biosynthesis is now under controversial as
experimental conditions used by Peng et al. (2002) seemed to be highly forced
and it has been demonstrated that in vitro biosynthesis of cellulose did not
require any primer (Somerville, 2006).
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Figure 1. Structures of selected CBIs.
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Table 1. Some data about selected CBIs. Accepted chemical names, Iso on
fresh weight gain of bean calluses, Iso on Arabidopsis root growth, and
selected references about CBIs. (a) Garcia-Angulo, unpubl,; (b) Heim et al,,
1998; (c) Heim et al., 1989; (d) Heim et al., 1998; (e) Desprez et al., 2002; (f)
Scheible et al., 2003; (g) Hoffmann and Vaughn, 1996 (on Lepidium sativum
root); (h) Heim et al., 1998; (i) Sharples et al., 1998; (j) Walsh et al., 2006.

Iso
Isobean i i
CBI Chemical name ° a Arabidopsis References
calluses root
growth
Delmer, 1987
Dichlobenil 2,6-dichlorobenzonitrile 0.5 uM 0.4 pr Delmer et al,,
1987
N-[3-(1-ethyl-1- Huggenberger
Isoxaben m.ethylpropyl)]-S- 30M 4.5 nM’; et 2.11., 1982
isoxazolyl]-2,6- 1nM% 1.5 nm¢ | Heimet al,,
dimethoxybenzamide 1990
(A 4-nitroindol-3-yl lf(l)r;gzet al,
- ] _ f
Thaxtomin A d?(?:;alin?rif{ie) 0.6 nM 25-50 nM Fry and Loria,
PP 2002
1-[4-chloro-3-[(2,2,3,3,3- O’Keeffe and
pentafluoropropoxymethyl) g Klevorn, 1991
Flupoxam phenyl]-5-phenyl-1H-1,2,4- 2nM (6 nM’) Hoffman and
triazole-3-carboximide Vaughn, 1996
1-(3-methyl phenyl)-5- .
Triazofenamide | phenyl-1H-1,2,4-3 triazole- 15 nM 39 nM" Heim etal,
. 1998
3-carboximide
5-tert-butyl-
carbamoyloxyl-3-(3- i Sharples et
Compound 1 trifluoromethyl) phenyl-4- 20 uM <3uM al,, 1998.
thiazolidinone
1-cyclohexyl-5-(2,3,4,5,6-
, pentafluorophenoxy)-1 _ Pengetal,
CGA 325615 )4,2,4,6-thiatriazin-3- 0.5nM 2001
amine
N2-(1-ethyl-3-
phenylpropyl)-6-(1-fluoro- . Kiedaisch et
AEF150944 1-methylethyl)-1,3,5- InM al, 2003
triazine-2,4-diamine
Koo etal,,
1996
. L Koo etal,,
Quinclorac 3,7-dichloro-8-quinoline 10 uM 8 uM 1997
carboxylic acid
Tresch and
Grossmann,
2003
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Figure 2. Model of a cellulose synthase complex (rosette). Each subunit
(represented as a lobe) contains six CESA proteins, corresponding to three
different CESA types (highlighted in the insert by different grey saturation).
Other proteins seem to act in the cellulose biosynthesis process, such as
sucrose synthase (Susy), KORRIGAN (Kor), a microtubule associated protein
(MAP), and other ones, not represented here (see the text). Putative targets
for some CBIs have been highlighted in boxes (IXB: isoxaben; Compl:
compound 1; DCB: dichlobenil).

A remarkable characteristic of cell walls from dichlobenil-habituated
cells (as it will be detailed further) is the accumulation of a non-crystalline B-
.1,4)-glucan (Encina et al, 2002; Garcia-Angulo et al, 2006). Moreover, a
number of reports point to dichlobenil as a disruptor of the organization,
motility or dynamics of the CESA complexes (Herth, 1987; Mizuta and Brown,
1992; DeBolt et al., 2007b). Taken together these results it has been proposed
that dichlobenil effect on cellulose biosynthesis would result in an alteration of
cellulose crystallization rather than of an inhibition of glucose polymerization.
At this respect it is interesting to note that the rsw1 Arabidopsis mutants on
CESA1 protein, with disassembled CESA complexes, have reduced cellulose
contents and accumulate a non-crystalline B-(1,4)-glucan (Arioli et al., 1998).
Three putative targets for dichlobenil have been reported until now. By
using a photoreactive analogue of dichlobenil, 2-6-dichlorophenylazide, Delmer
et al. (1987) reported a small protein of 12-18 kDa as the dichlobenil target.
This small protein resulted easily dissociated from membrane preparations
and, therefore, it is unlikely to be a CESA protein. The authors hypothesize for
dichlorophenylazide-tagged protein a regulatory role, probably modulating the
glycosyl-transferase specificity (Delmer et al., 1987).
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Table 2. Selected cellulose-deficient mutants in Arabidopsis. Some of them
have a mutation in CesA loci, whereas others present a mutation in different
genes. [soxaben-resistant mutants are indicated in bold.

Mutant
Locus Phenotype Gene product Reference
alleles
Temperature-sensitive,
rswi-1 radially expande:d.c_ells, Arioli et al., 1998
dwarf, normal division
planes Cellul
CesAl rswi-2 Late embryonic, radially s nthaes:cc;stzl tic Gillmor et al., 2002
1-20 expanded cells, dwarf, };ubunit CESXl Beeck L 2002
rswi- normal division plane ’ eeckman et al,
Post-embryonic,
rswi-10 radially expanded cells, Fagard et al., 2000
dwarf
Post-embryonic, dwarf, ~
elil-1; 1-2 accumulation ectopic gggg Delgado etal,
lignin
Increased production of Cellulose
CesA3 s synthase catalytic .
cevl ethylene and jasmonate, subunit, CESA3 Ellis et al., 2002
stunted root
ixr1-1; 1-2 Semi-dominant, Scheible et al., 2001
isoxaben-resistant
Collapsed irregular
xylem walls, thinner cell Cellulose
CesA4 irx5 wall, weak stem, adult synthase catalytic | Taylor etal., 2003
plants slightly smaller subunit, CESA4
than wild type
Post-embryonic,
stunted root and dark-
grown hypocotyls,
prcl-1to 1-12 radially expanded cells, Cellulose Fagard et al,, 2000
CesA6 gapped cell walls, synthase catalytic
normal microfibril subunit, CESA6
orientation
ixr2-1 .Seml-domlna.nt, Desprez et al., 2002
isoxaben-resistant
Collapsed irregular
xylem walls, thinner cell Cellulose
CesA7 irx3 walls, weak stem, adult synthase catalytic ;g}(;l(;)r etal, 1999,
plants slightly smaller subunit, CESA7
than wild type
Collapsed irregular
CesA8 irx1 xylem walls, weak stem, s ntﬁil:lc(;stzl tic Turner and Somerville,
adult plants slightly Y . y 1997; Taylor et al., 2000
- subunit, CESA8
smaller than wild type
Dwarf, radially o
expanded cells, less and Type {L;l;gmsw
Kob1 kob1-1;1-2 disorganized p Pagant etal., 2002
. B membrane
microfibrils in cell .
. . protein
elongation zone in root
Conditional root
expansion, T-sensitive,
Cob cobl-1 radially expanded cells GPI-anch.ored Schindelman et al, 2001
and stunted root, protein
reduced cell expansion
in root
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Table 2. (Continued)

Mutant
Locus alleles Phenotype Gene product | Reference

Post-embryonic, dwarf,

korl-1 radially expanded cells

Nicol et al., 1998

Late embryonic, dwarf,
Kor1 kor1-2 randomized division Zuo et al,, 2000

planes, aborted cell
plates Membrane-
Temperature-sensitive, bound endo-B-
radially expanded cells, 1,4-glucananse
rsw2-1to 4 dwarf, randomized Lane etal, 2001
division planes, aborted
cell plates

Collapsed xylem cells,
no growth phenotype

Conditional root
expansion, stunted root,
dark-grown hypocotyls,
radially expanded cells,
Pom1 normal microfibril
orientation

irx2-1; 2-2 Molhoj et al., 2002

poml-1to 11 Hauser et al., 1995
Chitinase-like

protein (AtCTL1)

Ectopic deposition of
elp1 lignin, incomplete cell Zhong et al,, 2002
walls in some pith cells

Late embryonic,

. . Mannose-1-
increased radial hosphatase
Cyt1 cytl-1; cyt2 expansion, incomplete P uarr)l vl Lukowitz et al., 2001
cell walls, excessive guanyly.
transferase

callus accumulation

Temperature-sensitive,
radially expanded cells,
dwarf, longer lag-time
before appearance
phenotype then rswl
and 2

Rsw3 rsw3-1 Glucosidase 11 Burn et al,, 2002

Some years later, Nakagawa and Sakurai (1998) published the specific
binding of dichlobenil to the catalytic subunit of cellulose synthase. By using a
specific antibody against CESA1, it was possible to detect this protein in
microsomal fractions of dichlobenil-habituated and control tobacco BY-2 cells.
Dichlobenil-habituated cells had reduced contents of cellulose but more CESA1
protein than controls. Following these authors, CESA1 would result stabilized
upon dichlobenil binding, rendering it more stable against proteolytic
degradation (Nakagawa and Sakurai, 1998). In any case it was demonstrated a
direct binding between dichlobenil and CESA1, and therefore the CESA1l
enrichment in dichlobenil-habituated cells is likely to be a side effect of
dichlobenil action.

Long ago, it was demonstrated that dichlobenil stimulates the
accumulation of CESA complexes in the plasma membrane of wheat (Herth,
1987). Recently, live-cell imaging of transgenic plants carrying a yellow
fluorescent protein (YFP)-CESA6 fusion showed that a short-term treatment
with dichlobenil inhibited the motility of these complexes in Arabidopsis cells
and promoted their hyperaccumulation at sites in the plasma membrane that
may coincide with loading areas of CESA complexes from Golgi (DeBolt et al.,
2007b). Further studies confirmed that dichlobenil also slowed the movement
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of CESA complexes beneath the zones of formation of secondary wall
(Wightman et al., 2009). These findings may reveal the interference of
dichlobenil with the circulation of CESA complexes between Golgi and plasma
membrane.

In recent times, a microtubule associated protein MAP20 in secondary
cell walls of hybrid aspen has been reported as a target for dichlobenil
(Rajangam et al, 2008). MAP20 is a small cytosolic protein strongly
upregulated during the formation of secondary cell wall. It shares a conserved
domain with a classical microtubule associated protein, TPX2, demonstrated to
bind microtubules and proteins that use microtubules as guiding templates. In
fact, MAP20 binds to microtubules both in vitro and in vivo. Rajangam et al.
(2008) have demonstrated that dichlobenil specifically binds to MAP20 during
cellulose synthesis but it does not prevent the binding of the protein to
microtubules. Linking up MAP20 function with dichlobenil effects, these
authors propose that MAP20 has a specific role in cellulose biosynthesis by
coupling CESA proteins with microtubules and that dichlobenil inhibits
cellulose biosynthesis by decoupling cellulose synthesis and microtubules
through MAP20 inactivation. Finally it is suggested that the small polypeptide
described by Delmer et al. (1987) might be a putative ortholog of MAP20
(Rajangam et al., 2008).

Isoxaben

[soxaben (N-[3-(ethyl-1-methyl propyl)]-5-isoxazolyl-2,6-dimethoxy-
benzamide) marketed as Flexidor, Gallery or EL-107 is a selective pre-
emergence herbicide widely used for season-long control of dicot weeds in
winter cereals (Huggenberger et al, 1982) and for weed control in turf,
ornamentals and nursery stocks (Sabba and Vaughn, 1999). The pre-emergence
action of isoxaben is based on the ability to impair seedling growth instead of
preventing germination (Desprez et al., 2002). Isoxaben is very active in the
nanomolar range; Iso values of 1.5 nM (Desprez et al., 2002), 4.5 nM (Heim et al.,
1989) and 20 nM (Lefebvre et al., 1987) have been reported for the inhibition
of Arabidopsis (Desprez et al., 2002; Heim et al, 1989) and Brassica napus
(Lefebvre et al., 1987) seedlings growth. [soxaben symptomatology evokes that
of dichlobenil. Arabidopsis seedlings treated with isoxaben show a typical dwarf
phenotype caused by the inhibition of hypocotyl and root elongation. Moreover,
isoxaben-treated organs typically expand radially, have reduced elongation
rates, accumulate callose and show ectopic lignification (Desprez et al., 2002;
Cafio-Delgado et al., 2003). As dichlobenil, isoxaben also arrests cell plate
formation (Samuels et al., 1995; Vaughn et al., 1996; Durso and Vaughn, 1997).
At this respect, isoxaben seems to act in a different manner as it has been
reported that cell plates of isoxaben-treated BY-2 tobacco cells are reduced in
both cellulose and callose, whereas dichlobenil treatment did only affect
cellulose biosynthesis. In accordance with this, isoxaben effect is more
pronounced due to the inhibition of cell plate formation at an early stage
(Durso and Vaughn, 1997; Sabba and Vaughn, 1999). Later, DeBolt et al.
(2007b) demonstrate that both dichlobenil and isoxaben promoted the
formation of callose on Arabidopsis seedlings by inducing the expression of
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Pmr4, a pathogen- or wound-induced callose synthase gene (Nishimura et al,,
2003).

[soxaben is also very active at inhibiting the growth of in vitro cultured-
cells. Isp values in the nanomolar range have been reported for different
systems: 170 nM for Arabidopsis calluses (Heim et al., 1989); 80 nM for soybean
cell suspensions (Corio-Costet et al, 1991a, b), and 10 nM for French bean
calluses (Diaz-Cacho et al., 1999).

It has been conclusively demonstrated that isoxaben specifically inhibits
the glucose incorporation into cellulose in plants, without affecting other
metabolic processes such as photosynthesis, respiration, carotenoid or
tetrapyrrole biosynthesis (Lefebvre et al., 1987; Heim et al., 1989, 1990; Corio-
Costet et al,, 1991b; Cano-Delgado et al,, 2003). The reported Iso values for the
inhibition of [!4C]glucose incorporation into cellulose are again in the
nanomolar range: 10 nM for Arabidopsis (Heim et al., 1990) and 40 nM for
soybean (Corio-Costet et al, 1991b). Although preliminary results would
indicate an effect of isoxaben on protein synthesis (Lefebvre et al., 1987), more
accurate experiments demonstrated that the inhibition of protein synthesis, if
produced, was not a direct effect of isoxaben (Heim et al., 1990).

Mode of action

The knowledge about the mode of action of isoxaben greatly advanced
after the discovery of two loci in Arabidopsis, Ixr1 and Ixr2, that conferred
resistance to isoxaben (Heim et al., 1989, 1990). Early studies demonstrated
that the natural isoxaben-tolerance of some weeds was directly related with a
decreased sensitivity at the target site more than with an enhanced herbicide
detoxification or reduced herbicide uptake (Heim et al., 1991; Scheneegurt et
al,, 1994). Therefore the idea of ixr mutations affecting the herbicide target was
very attractive.

Nowadays it is known that ixrl and ixr2 carry mutations in CESA3 and
CESAG6 proteins respectively (Scheible et al., 2001; Desprez et al., 2002). No
isoxaben-resistant mutants affecting CESA1 (the third “Musketeer” required for
cellulose biosynthesis during primary cell wall formation) have been identified,
suggesting that CESA1 is not a target for isoxaben (Robert et al., 2004). The ixr
mutations affect to the C terminus of CESA, far from its active site, making
difficult for isoxaben to directly interfere with the catalytic site of the protein
(Desprez et al., 2002). Most probably, ixr mutants would become isoxaben-
insensitive by a conformational change of the target protein.

It is not clear how isoxaben inhibits the cellulose biosynthesis. It has
been hypothesized that isoxaben would recognize, directly or indirectly, an
isoxaben-sensitive site in the interaction between CESA3 and CESA6. By this
way, isoxaben binding would destabilize the rosette (or each rosette
constituting particles) leading to an inhibition in the cellulose biosynthesis. In
this sense it has been demonstrated that isoxaben causes the clearing of YFP-
CESA6-tagged complexes from the membrane (Paredez et al.,, 2006; DeBolt et
al, 2007b). An alternative model explains that an isoxaben-induced
conformational change on CESA proteins would block the putative membrane
channel needed for the extrusion of the growing cellulose microfibril (Desprez
etal., 2002).
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As for others CBIs, the inhibition of cellulose biosynthesis by isoxaben is
accompanied by side effects on cytoskeleton organization and cell longevity. As
dichlobenil, isoxaben disrupts microtubule stability and orientation (Paredez et
al, 2008). Same authors demonstrated that isoxaben effect on cortical
microtubules is directly linked to the inhibition of cellulose biosynthesis rather
than to an alteration of cell wall integrity (Paredez et al., 2008). Recently, it has
been demonstrated that isoxaben (like thaxtomin A) specifically induce
programmed cell death in suspension-cultured Arabidopsis cells (Duval et al.,
2005, 2009).

Thaxtomin A

The modified dipeptide thaxtomin A (a 4-nitroindol-3-yl containing 2,5-
dioxopiperazine) is the main phytotoxin produced by Streptomyces scabiei, the
causative agent of common scab disease (King et al., 1992). Thaxtomin A has
been reported to have an Iso value of 25 to 50 nM on seedling growth of
Arabidopsis (Scheible et al.,, 2003). At nanomolar concentrations thaxtomin A
causes dramatic cell swelling and root or shoot thickening due to cell
hypertrophy (Scheible et al., 2003). Thaxtomin A (1-3 uM) also inhibited
normal cell elongation of tobacco protoplasts in a manner that suggested an
effect on primary cell wall development (Fry and Loria, 2002).

The inhibition of cellulose synthesis by thaxtomin A induces a
genetically controlled cell death in a wide variety of plant species and tissues
and in a concentration-dependent manner (Duval et al., 2005). Programmed
cell death involves fragmentation of nuclear DNA and requires active gene
expression and de novo protein synthesis. It was recently demonstrated that
this programmed cell death occurs by the activation of common stress-related
pathways that would somehow bypass the classical hormone-dependent
defense pathways (Duval and Beaudoin, 2009).

Sublethal concentrations of several auxins reduced severity of scab
disease (McIntosh et al.,, 1985) by enhancing tolerance to thaxtomin A (Tegg et
al,, 2008). Although the mechanism of auxin inhibition of thaxtomin A toxicity is
not understood, it could be related to the reversion of programmed cell death
by auxins (Gopalan, 2008), or to direct competition for a putative cellular
binding since several auxins share chemical similarities to the thaxtomin A
molecule (Tegg et al., 2008).

Recently thaxtomin A has been used to select scab disease-resistant
potato plants, by means of a cell culture approach. This inhibitor was used as a
selection agent applied to potato cells culture media: the surviving variants
were recovered and used to regenerate complete plants (Wilson et al., 2009).

Mode of action

The mode of action of thaxtomin A is not known. It has been reported
that the symptoms are similar to those caused by CBIs such as dichlobenil and
isoxaben (King and Lawrence, 2001; Scheible et al., 2003). In fact, the reduction
of seedling growth was accompanied by a reduction of the incorporation of
[1#C]glucose into the cellulosic fraction of dark-grown seedlings of Arabidopsis,
that was parallel to a significant increase in the incorporation into pectins,
while the incorporation into hemicelluloses was slightly increased (Scheible et

36



Capitulo I

al, 2003; Bischoff et al, 2009). Additional evidence for the inhibition of
cellulose biosynthesis was obtained with Fourier transform infrared (FTIR)
microspectroscopy. FTIR spectra of thaxtomin A-treated hypocotyls cluster
tightly with those of wild-type hypocotyls treated with CBIs (e.g., isoxaben or
dichlobenil) and with mutants known to be defective specifically in cellulose
synthesis (e.g., rsw1-2 and kor-2) (Robert et al,, 2004).

However, it was reported that thaxtomin A also causes substantial
wilting in several species after postemergence applications, a symptom
dissimilar to that caused by known CBIs (King and Lawrence, 2001).

The modifications in cell wall composition caused by thaxtomin A were
accompanied by changes in the expression of CesA genes and additional cell
wall related genes both in primary (Korrigan and Kobitol) and secondary
(CesA7, CesA8, Cobra-like 4, Irx8, and Irx9, Cad9) cell wall synthesis (Bischoff et
al, 2009). The alteration in the expression of CesA genes of Arabidopsis
seedlings results in a depletion of CESA complexes from the plasma membrane,
coinciding to their accumulation in a microtubule-associated compartment
(Bischoff et al., 2009).

Changes in the expression of genes associated with pectin metabolism
and cell wall remodeling were also detected after a treatment with thaxtomin A,
as it was the case of a pectin acetylesterase and two pectin methylesterases that
were found to be upregulated by thaxtomin A (Bischoff et al., 2009). This result
agrees with previous data on compensation of the loss of cellulose by an
increased amount of pectin with a lower degree of esterification (Burton et al.,
2000).

The modification of cell wall composition caused by a thaxtomin A
treatment causes an additional cell wall reinforcement by triggering ectopic
lignification by a high up-regulation of several genes involved in lignin
biosynthesis (Bischoff et al., 2009). Thaxtomin A treatment also provoked the
induction of a set of defense genes (Cafo-Delgado et al., 2003, Bischoff et al,,
2009).

Other CBIs

Triazol carboximide herbicides (flupoxam and triazofenamide)

Flupoxam (1-[4-chloro-3-(2,2,3,3,3-pentafluoropropoxymethyl) phenyl]-
5-phenyl-1H-1,2,4-triazole-3-carboximide), and triazofenamide (1- [3-methyl
phenyl]-5-phenyl-1H-1,2,4-triazole-3-carboximide), are triazole-carboximide
herbicides. Flupoxam, commercialized as Quatatim or KNW-739, inhibits the
root growth of watercress (Lepidium sativum) by 50% at a concentration of 6
nM. Because flupoxam induces classic club root morphology it was initially
characterized as a mitotic disrupter (O’Keeffe and Klevorn, 1991). However,
Hoffman and Vaughn (1996) reported later that the effect of flupoxam on
watercress roots was different from that expected of a mitotic disrupter
although they did not propose an alternative mode of action. By cluster analysis
of FTIR spectra, a close relationship among Arabidopsis seedlings treated with
flupoxam, dichlobenil, isoxaben and cellulose-deficient mutants was observed
(Robert el al.,, 2004). The treatment of cotton fibers with flupoxam (and also
with isoxaben) causes spherical shapes and frequently induces cell division.
Fibers grown in the presence of isoxaben or flupoxam replaced the entire cell
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wall with a pectin sheath of chiefly deesterified pectins, indicating that both
herbicides effectively disrupt cellulose biosynthesis and cause radical changes
in cell wall structure and composition (Vaughn and Turley, 2001).

The close analog of flupoxam, triazofenamide, was also initially
considered as a microtubule polymerization inhibitor (O’Keeffe and Klevorn,
1991). However, using staining and microscopic techniques, this mode of action
was later rejected (Hoffman and Vaughn, 1996). Heim et al. (1998) postulated
that triazofenamide was a cellulose biosynthesis inhibitor due to the symptoms
elicited in an Arabidopsis short-term test. Furthermore, triazofenamide inhibits
[14C]glucose incorporation into cellulose in a manner similar to isoxaben (Heim
et al, 1998). Nevertheless, the exact modes of action of the triazole-
carboximide herbicides are still unknown.

Compound 1

Compound 1 (5-tert-butyl-carbamoyloxyl-3-(3-trifluoromethyl) phenyl-
4-thiazolidinone) is a thiazolidinone which induces a potent and rapid
inhibition of [3H]glucose incorporation into the acid-insoluble cell wall fraction
of roots of dicot plants at nanomolar concentration (Sharples et al., 1998).
Although many aspects about the mode of action of compound 1 remained
unknown it was suggested that compound 1 and isoxaben should share a
common mode of action (Sharples et al., 1998) that should differ from the mode
of action of triazofenamide, since isoxaben-resistant mutants of Arabidopsis are
cross resistant to compound 1 (Sharples et al, 1998) but sensitive to
triazofenamide (Heim et al., 1998).

CGA 3257615

CGA 325°615 (1-cyclohexyl-5-(2,3,4,5,6-pentafluorophenoxy)-1 14,2,4,6-
thiatriazin-3-amine) is a herbicide that inhibits synthesis of crystalline cellulose
by interfering with glucan chain crystallization and causes an accumulation of
non-crystalline B-(1,4)-glucan associated with CESA proteins (Peng et al,
2001). Since oxidizing agents can reverse CGA 325’615 inhibition (Kurek et al.,
2002), it has been suggested that this inhibitor affects the oxidative state of the
zinc-finger domain of CESA proteins required for the assembly of rosettes,
which synthesize multiple -(1,4)-glucan chains in close proximity in order to
facilitate crystallization.

Recently it has been shown that CGA 325'615 treatment of Arabidopsis
hypocotyls induced internalization of CESA complexes in a microtubule-
associated CESA compartment -MASC- (Crowell et al., 2009). Accordingly to
these authors, in conditions of cellulose biosynthesis inhibition, CESA
complexes are recruited from the membrane into MASCs as a way to regulate
the cellulose synthesis. It is interesting to note that CESA complexes
internalization is obtained when cell growth is impaired by osmotic stress and
that MASCs abundance is negatively correlated with hypocotyl elongation
(Crowell et al., 2009). The door is open to speculate on the relationship
between CBISs, cellulose biosynthesis and CESA complexes dynamic.

AE F150944
The aminotriazine AE F150944 (N2-(1-ethyl-3-phenylpropyl)-6-(1-
fluoro-1-methylethyl)-1,3,5-triazine-2,4-diamine) is structurally distinct from
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other CBIs. AE F150944 effectively inhibited [!*C]glucose incorporation into
crystalline cellulose with Iso values of 16.7-nM, 3.67-nM and 0.37-nM during
primary wall synthesis in suspension cultures of the monocot Sorghum
halepense; and secondary and primary wall synthesis in cultured cells of the
dicot Zinnia elegans, respectively (Kiedaisch et al, 2003). AE F150944
specifically inhibits crystalline cellulose synthesis only in organisms that
synthesize cellulose via rosettes. Although it is believed that the effect of AE
F150944 is due to the destabilisation of rosettes (Kiedaisch et al.,, 2003), its
molecular target remains to be identified.

COMPOUNDS INHIBITING CELLULOSE BIOSYNTHESIS IN A
SECONDARY EFFECT

Some compounds traditionally classified in other categories, such as
growth retardants or auxinic herbicides, have also been shown to inhibit
cellulose biosynthesis. That is the case of quinclorac, an auxinic herbicide, or
ancymidol, an inhibitor of gibberellin biosynthesis. Also, some antimicrotubule
agents affect cellulose biosynthesis as a secondary effect.

Quinclorac

Quinclorac (3,7-dichloro-8-quinoline carboxylic acid) is a quinoline
carboxylic acid successfully used as an herbicide in crops of rice, barley,
sorghum, etc., in order to control monocot and dicot weeds (Grossmann and
Kwiatkowski, 2000). This synthetic substance was proposed to be auxin-like,
acting by stimulation of ethylene synthesis, accompanied by cyanide
accumulation in susceptible species (Grossmann and Kwiatkowski, 1995).
However, some symptoms characteristic of auxinic herbicides were absent in
the case of quinclorac, such as cell wall acidification due to stimulated H*-
ATPase activity (Theologis, 1987), stimulated respiration or increased RNA
content (Koo et al., 1991).

Subsequently, quinclorac was also proved to inhibit cell wall
biosynthesis in a dose-dependent manner in maize roots. As shown by Koo et
al. (1996), after only 3 hours of treatment, the herbicide inhibited the
incorporation of [14C]glucose into cell wall by 33%. The inhibitory effect
increased with longer treatments and higher quinclorac concentrations, and
affected not only cellulose, but also glucuronoarabinoxylans and, in a minor
extent, mixed-linked glucan. In contrast, dichlobenil only inhibited cellulose
biosynthesis in a parallel experiment. In a later work by Koo et al. (1997),
quinclorac effect on cell wall was tested in both susceptible and tolerant
grasses. Cell wall biosynthesis was repressed by the herbicide by 73 and 60%
in susceptible grasses, and in a minor extent (36 and 20%) in tolerant
counterparts. In addition, roots of tolerant grasses were sensitive to quinclorac,
but shoots were extremely tolerant, suggesting a tissue-specific response. This
specific response was attributed to the existence of an additional tolerance
mechanism or to a less sensitive cell wall synthesis in shoots than in roots. In
any case, based on results from these two works, Koo and coauthors proposed
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quinclorac to be a cell-wall biosynthesis inhibitor more than an auxinic
herbicide.

Nevertheless, Grossmann and Scheltrup (1997) kept on considering
quinclorac as auxin herbicide, since they proved that the compound promoted a
selective induction of ACC synthase, an enzyme that catalyzes the rate limiting
reaction in ethylene biosynthesis. Although ethylene itself is not the agent that
directly promotes plant death, the ethylene synthesis stimulation provokes the
accumulation of cyanide at physiologically damaging concentrations
(Grossmann, 1996, 2000). In addition, ethylene triggers biosynthesis of abscisic
acid, which reduces stomatal aperture and consequently, by the declining of
photosynthetic activity, causes overproduction of H202 which contributes to the
induction of cell death (Grossmann et al, 2001a). Subsequent work on
barnyard grass and maize showed no influence of quinclorac treatment on
cellulose biosynthesis (Tresch and Grossmann, 2003). However, long treatment
promoted a decline of mixed-linked glucan, similar to that promoted by
dichlobenil and also by potassium cyanide. Thus, the reduction of mixed-linked
glucan deposition was interpreted as an indirect effect of quinclorac through
the stimulated production of cyanide.

An extensive analysis of quinclorac action on cell walls was made on
French bean cultured-cells habituated to grow in lethal concentrations of this
herbicide (Alonso-Simoén et al., 2008). No reduction of cellulose content was
found in habituated cells, even at the highest quinclorac concentration used. In
contrast, habituated cells showed a lower amount of pectins in their cell walls
and extracellular material positively labelled by antibodies specific for highly
methyl esterified pectins. Thus, the lower pectin content of cell wall could be
due to a deficient de-esterification, which would partially prevent the correct
integration and persistence of some pectins in the cell wall. Consequently,
quinclorac was proved not to inhibit cell wall biosynthesis in these cells.

In a recent work by Sunohara and Matsumoto (2008), quinclorac effects
were compared with those promoted by the synthetic auxin 2,4-D in maize
roots. Both compounds stimulated the synthesis of ethylene and subsequent
accumulation of cyanide, in a larger extent in 2,4-D. However, cell death rate
induced by quinclorac was much higher. Thus, quinclorac toxicity was
attributed to reactive oxygen species production induced by this herbicide.
Finally, and considering that quinclorac caused similar symptoms to those
promoted by cyanide, and that the capacity of metabolize cyanide seems to be
different among plant species, the authors suggest that the difference in
cyanide detoxification capacity of the plant is the factor which determines if
cyanide or reactive oxygen species are primarily responsible of quinclorac
herbicide action. Previously, same authors had demonstrated that the tolerance
to quinclorac displayed by plant species as rice is related to an increased
antioxidant capacity able to cope with quinclorac-induced oxidative injury
(Sunohara and Matsumoto, 2004).

Ancymidol
Ancymidol is a plant growth retardant, that interferes with gibberellin

biosynthesis by the inhibition of the enzyme ent-kaurene oxidase, thus
reducing gibberellin content and further decreasing growth of ancymidol-
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treated plants (Shive and Sisler, 1976). Besides this retardant primary action,
some effect on cell wall and its polysaccharides have been described. For
instance, ancymidol made cells short and thick with galactose-rich cell walls in
pea (Tanimoto, 1987), suppressed cell wall extensibility of dwarf pea
(Tanimoto, 1994), and changed average molecular weight of cell wall pectins
(Tanimoto and Huber, 1997). Nevertheless, these modifications were reversed
by gibberellins treatments, and thus due to the inhibition of gibberellin
synthesis promoted by ancymidol. However, a recent work described a
cellulose biosynthesis inhibitor effect of this compound on tobacco BY-2 cells,
not reverted by gibberellin addition (Hofmannova et al., 2008). Ancymidol
application on cells resulted in malformations and cell death similar to those
induced by dichlobenil and isoxaben. In addition, ancymidol disoriented
microtubules and made the cellulose distribution not continuous, provoking
protoplasts to regenerate a sparse net of microfibrils, or not cellulose at all,
when treated with ancymidol 10 and 100 pM, respectively. This effect was
reversible by washing ancymidol from regenerating medium, but not by
addition of gibberellin. The mechanism by which ancymidol inhibited cellulose
synthesis remains unknown, but it was showed to be different to that of
isoxaben, and may be related with the control of cell expansion (Hofmannova et
al,, 2008).

Coumarin and Derivatives

Other kinds of chemicals have been shown to inhibit cellulose
biosynthesis. An important group is that formed by coumarin and its
derivatives. Coumarin inhibited specifically [!*C]glucose incorporation in
cellulose in cotton fibers, since no significant inhibition on [!*C]glucose
incorporation in callose or noncellulosic glucans has been appreciated
(Montezinos and Delmer, 1980). Coumarin was later observed to bind to
tubulin and thus to suppress microtubule dynamics (Madari et al., 2003). The
relationship between microtubules and cellulose have been repeatedly
analyzed, since the orientation of glucan microfibrils and cortical microtubules
were very similar or identical and the alignment hypothesis proposed that the
orientation of deposited cellulose is associated with underlying cortical
microtubules (Heath, 1974; Baskin, 2001). Paredez et al. (2006) visualized
cellulose synthase complexes moving along tracks apparently defined by
microtubules, confirming the functional relationship between these elements,
after some controversy about this alignment hypothesis.

Therefore, compounds that affect microtubules synthesis or orientation
should also affect cellulose deposition. In this sense, morlin (a coumarin
derivative) was discovered in a screening for compounds that inhibited
cellulose biosynthesis (DeBolt et al, 2007a). Morlin was shown to decrease
cellulose synthesis in a dose-dependent manner, promoting a reduction in
[14C]glucose incorporation in cellulose and a parallel increase in callose
biosynthesis. This compound also caused a change in cytoskeletal dynamics,
diminishing the velocity of both microtubule polymerization and CESA
complexes in plasma membranes. Nevertheless, the use of oryzalin (that
completely depletes all detectable microtubules) did not affect CESA complex
velocity, probing that the speed of cellulose synthases depends on
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polymerization of cellulose and not on microtubules, as have been previously
reported (Robinson and Quader, 1981). Then, DeBolt and co-authors (2007a)
propose three different hypotheses to explain morlin effects on both cellulose
synthesis and microtubules dynamics and organization: i) morlin could have
separated effect on both processes; ii) morlin might target a regulatory protein
that coordinated cellulose synthesis and microtubules; and iii) morlin targeted
a structural protein which interacted with both microtubules and CESA
complexes. In any case, the study of morlin action and its target will be a useful
tool to unravel the relation between cortical microtubules and cellulose
synthesis machinery.

Later, a chemical genetic screening for compounds that affected the
cortical microtubule-cellulose microfibrils was performed (Yoneda et al., 2007).
When cortical microtubule organization or cellulose microfibril deposition is
inhibited, plant cells lose their anisotropy and show swelling. Thus, compounds
that caused spherical swelling phenotype (SS compounds) were analyzed. In
addition to dichlobenil, two novel compounds that reduced cellulose deposition
were identified: SS14 and SS18. SS14 presents the same substructure as morlin
or coumarin, but without affecting the cortical microtubule orientation at all.
SS18 is a novel compound that might inhibit cellulose synthesis directly or
indirectly by affecting substrate synthesis or transport (Yoneda et al., 2007).

Triaziflam

Some other compounds that affect cellulose biosynthesis as well as other
cellular processes have been described, but little is known about their mode of
action. One example is triaziflam, which also affects photosynthetic electron
transport and microtubule formation (Grossmann et al., 2001b). The analysis of
this kind of chemicals may be useful to deepen in cellulose synthesis
mechanism and its relationships with many other cellular processes.

Oxaziclomefone

Oxaziclomefone is a herbicide that inhibits cell expansion in grass roots.
However it did not affect [14C]glucose incorporation into the main sugar
residues of their cell walls, including cellulosic glucose, so that it is not
considered properly as a CBI (O’Looney and Fry, 2005a, b).

CBI-RELATED MUTANTS

The selection of mutants with alterations in the composition and
structure of the cell wall provides a tool to identify new genes involved in
biosynthetic pathways, cell wall assembly or modifications of polymers in the
cell wall. Traditionally, the identification of cell wall mutants, whether
spontaneous or induced, was based on the search for (i) morphological changes
such as root radial swelling (Baskin et al., 1992) or reduction in hypocotyl
elongation (Nicol et al., 1998; Desnos et al., 1996), (ii) anatomical changes such
as low birefringence of the trichomes (Potikha and Delmer, 1995) or collapsed
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xylem (Turner and Somerville, 1997), or (iii) resistance to CBIs as isoxaben
(Heim et al,, 1989, 1990) or thaxtomin A (Scheible et al., 2001).

This classic mutational analysis, from phenotypes to genes (direct
genetics), presents two potential problems: often the mutations do not cause
visibly abnormal phenotypes due to gene redundancy, and in other cases, the
mutations are usually lethal when the affected genes are keys to the concerned
process. Therefore, it has resorted to other choices as the analysis of the
composition in neutral sugars by gas chromatography and mass spectroscopy
(Reiter et al.,, 1997) or tracking of FTIR spectroscopy alterations in the cell wall
(Chen et al., 1998; Mouille et al., 2003; Robert et al., 2004), or the use of reverse
genetics. In the last decade a large number of mutants have been involved in
the structure and/or synthesis of cell wall polysaccharides, including those
affected in the process of cellulose biosynthesis. We will focus on mutants
resistant to CBIs, mutants with changed sensitivity to CBIs, and those mutants
whose phenotype is similar to CBI-treated plants (Table 2).

Mutants Resistant to CBIs

The screening of Arabidopsis mutants resistant to CBIs has allowed
clarification, at least in part, of not only the mode of action of these compounds,
but also the composition and organization of the cellulose biosynthesis
“machinery” of primary cell walls.

[soxaben resistant mutants (ixr1-1 and ixr1-2) were the first resistant
mutants identified for CBIs (Heim et al., 1989, 1990). Semidominant mutations
at the ixr1-1 and ixr1-2 loci occur in a highly conserved region of the CESA3
near the carboxyl terminus (Scheible et al., 2001). Although the Ixr1 gene is
expressed in the same cells as the structurally related rswi1 (CesA1) cellulose
synthase gene, these two CesA genes are not functionally redundant (Scheible et
al, 2001). The ixr mutations appear to directly affect the herbicide target,
because resistant cell lines show no alterations in uptake or detoxification of
the herbicide (Heim et al, 1991). This mutation confers resistance to the
thiazolidinone compound 1, which suggests the same mode of action for both
herbicides (Scheible et al., 2001).

Another locus was identified later in the isoxaben resistant mutant (ixr2-
1) (Desprez et al., 2002). The ixr2-1 carries a mutation substituting an amino
acid close to the C terminus of the CESA6. Initially it was thought that the
presence of these two isoxaben-resistant loci (Ixr1 and Ixr2) could be due to
CESA3 and CESA6 were redundant. However, mutants with lost function
exclusively in CESA®6, like procustel (prcl1, Fagard et al., 2000) did not restore
the phenotype with the presence of CESA3. These observations suggested that
CESA6 and CESA3 were part of the same protein complex and that the inhibitor
directly or indirectly recognizes the place of partnership between the two
subunits (see Figure 2).

[soxaben-resistant mutants CESA3x1-1 I-2 gnd CESA6&r 2-1 along with
other cell wall mutants, have contributed to demonstrate that the complex
involved in the cellulose synthesis in primary cell walls contains three CESA
catalytic subunits. Through immunolocalization analysis, co-
immunoprecipitation and green fluorescent protein (GFP) gene fused
expression, it was found that two positions of CESA complexes have being
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invariably occupied by CESA1 and CESA3, while in the third position at least
three isoforms, CESA2, CESA5 and CESA9 may compete with CESA6 according
to the tissue and/or the cell development stage (Robert et al., 2004; Desprez et
al, 2007; Persson et al,, 2007; Wang et al., 2008). Partial redundancy between
CESA2, CESA5, CESA6 and CESA9 could explain the lower isoxaben resistance
showed by CESA6%2 mutants compared withCESA3xT (Desprez et al., 2007).

Other CBI mutants appear to have different mechanisms that could be
involved in the uptake and/or detoxification of the inhibitor rather than in
altered target sites. Such is the case of txrl, an Arabidopsis thaxtomin A-
resistant mutant, which presents a decrease in the rate of inhibitor uptake. The
mutated gene has been cloned and encodes a highly conserved and
constitutively expressed protein in eukaryotic organisms. This gene could be
involved in the regulation of a transport mechanism (Scheible et al., 2003).

By using MES mutagenesis, a putative Arabidopsis mutant resistant to
dichlobenil has been reported (Heim et al., 1998). This mutant (DH75) was four
times more resistant to dichlobenil than the wild type and did not show cross-
tolerance to isoxaben or triazofenamide. Although DH75 resistance-mechanism
remains unravelled, an alteration in herbicide metabolism has been pointed as
its putative cause (Sabba and Vaughn, 1999).

Mutants with Changed Sensitivity to CBIs

At the moment there are no mutants known to be resistant to other CBIs.
However, different mutants have been identified with changes in sensitivity to
CBIs. A mutant of Arabidopsis called css1 (changed sensitivity to cellulose
synthesis inhibitors) grows at rates lower than control but is less sensitive to
isoxaben and dichlobenil (Nakagawa and Sakurai, 2006). The css1 mutation
seems to affect a mitochondrial protein (At-nMat1a). Phenotypic analysis of this
mutant during the early developmental stages shows changes in several
metabolic processes such as amino acid synthesis, triacylglycerides
degradation, and in polysaccharides synthesis such as cellulose or starch.

On the other hand it has been observed that plants with loss-of-function
mutations in genes required for cell wall synthesis (CesA2, Cobra, Korrigan and
CesA6; see Somerville, 2006) were hypersensitive to CBIs like isoxaben and
dichlobenil (DeBolt et al.,, 2007b).

Some Mutants Show Similar Phenotypes to CBI-Treated Plants

As has been pointed out, plants treated with CBIs as isoxaben,
dichlobenil or thaxtomin A showed a decrease in stems growth, and root
swelling. When cellulose synthesis is affected, cells expand radially and
accumulate callose, lignin and other phenolic compounds (Desprez et al.,, 2002,
Bischoff et al., 2009). This phenotype is shared by many mutants with defects in
hormones synthesis or signaling pathways, in mutants with alterations in
endocytosis processes (Collings et al., 2008) and with reduced cellulose amount
(Lukowitz et al., 2001). Moreover, the application of isoxaben or dichlobenil in
control plants results in incomplete cell walls formation (Desprez et al., 2002),
an effect also observed in mutants deficient in cellulose (Arioli et al., 1998;
Fagard et al., 2000; Lane et al., 2001). Etiolated Arabidopsis seedlings treated
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with nanomolar concentrations of thaxtomin A display a FTIR spectral
phenotype that is most related to those of Arabidopsis CESA1%! mutant
seedlings, or Arabidopsis seedlings treated with CBIs like dichlobenil, isoxaben
or flupoxam (Scheible et al., 2003; Robert et al., 2004).

Some mutants in catalytic subunits of CESA complex have been isolated
and identified on the basis of this phenotype (Table 2), like a set of radial
swelling 1 (rsw1) mutants. The rsw1 have a mutation in the CesAI gene, which
results in a reduction in cellulose amount, accumulation of non-crystalline B-
(1,4)-glucan and radial expansion when plants grow at a restrictive
temperature of 31°C (Baskin et al.,, 1992; Arioli et al., 1998; Sugimoto et al,,
2001). Recent evidences suggest that subunits aggregation in the CESA complex
changes in extracts depending on the temperature at which CESA1s%! mutants
grow. At a restrictive temperature CESA proteins remain isolated, while at a
permissive temperature complexes are formed properly and co-precipitated in
a complex of 840 kDa (Wang et al., 2008).

Treatment with isoxaben and other CBIs causes ectopic lignification in
roots. A set of mutants also accumulates ectopic lignin. In a selection program
to detect mutants of this kind, elil was identified. The elil has a mutation that
affects a highly conserved domain of CesA3 gene (CesA3¢lil-L elil-2) (Cafio-
Delgado et al.,, 2000). Analysis of [1*C]glucose incorporation into cellulose in
different mutants showed that both eli1-1 and eli1-2 have a half reduction in the
incorporation of glucose into the acid insoluble fraction of their cell walls
(Cafio-Delgado et al., 2003). The low level of cellulose in elil is consistent with
the cell shape and growth reduction in other mutants as CesAl1"w! at the
restrictive temperature, and other mutants that have affected CESA in primary
cell wall as procuste (CesA6rr¢) and korrigan (kor, endo-f3-(1,4)-glucanase).
CesA3xrI-I mutants do not show reduction in cellulose or ectopic lignification
after treatment with isoxaben, while control plants showed not only reduction
in the synthesis of cellulose, but also showed ectopic lignification in all plant
organs, even in the most apical cells of the root that are normally actively
dividing (Cafio-Delgado et al., 2003). Many other mutants that show a reduction
in cellulose amount present an ectopic lignification (Table 2).

To date, no mutants with defects in cellulose synthesis in type Il primary
cell walls have been reported. However, the elo mutants are a class of barley
dwarfs initially described as being impaired in cell expansion (Chandler and
Robertson, 1999), that have characteristic features similar to cellulose
synthesis type [ mutants: all elo mutants show radial swelling of leaf epidermal
and root cortical cells, and lower levels of cellulose in their leaves compared
with the wild-type (Lewis et al., 2009). Elo genes have not been identified, but
the study of these mutants could be an excellent tool to understand the cell
expansion in plants with type II cell walls.

CBIS AS TOOLS TO RESEARCH THE STRUCTURAL
PLASTICITY OF CELL WALLS

The ability of plant cells to tolerate induced stresses by modifying their
cell wall composition and structure has been demonstrated in several works
(Iraki et al., 1989; Shedletzky et al., 1992; Encina et al., 2001, 2002; Mélida et
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al, 2009). By this meaning, CBIs are valuable tools for the analysis of cell wall
structure and biogenesis. These herbicides allow analysis of the connections
between the partially independent networks which make up the primary cell
wall, and the high plasticity of this structure to accommodate to unfavourable
conditions.

Habituation to CBIs

Although CBIs are highly specific and potent herbicides, cell cultures of
several species have been habituated to grow in the presence of CBIs by
incremental exposure over many culturing cycles. The cell culture utilization is
very advantageous with respect to the whole plant for two reasons: (i) the
possibility to have lots of cells in a reduced place at the same time, where it is
easy to control and manipulate different conditions, and (ii) the availability to
select cell lines with specific features. The habituation of cell cultures to CBIs
reflects the ability of cells to survive with a modified cell wall and is therefore a
valuable experimental technique for gaining an insight into the plasticity of
plant cell wall composition and structure. Several cell cultures have been
successfully habituated to CBIs such as dichlobenil, isoxaben, quinclorac and
thaxtomin A. Habituated cultures usually display some common features:
slower growing rates, irregularly shaped cells, a trend to grow in clumps when
are suspension cultured, and cell walls with reduced cellulose contents
compensated with other cell wall components.

Habituation to Dichlobenil

Two types of primary cell walls having different structure and
composition exist in higher plants: type I cell walls are found in dicots,
gymnosperms and most monocots, and type Il walls are found in graminaceous
plants, along with the other commelinoid monocots (Carpita and Gibeaut, 1993;
Carpita, 1996). Although the basic mechanism of habituation is common (a
replacement of the cellulose network for other cell wall components), the
details of the process depend on the type of cell wall, and therefore it has been
demonstrated that cells habituate to dichlobenil by using different strategies.
Most dichlobenil-habituated cultures belong to type I cell wall species, such as
tomato (Shedletzky et al., 1990), tobacco (Shedletzky et al., 1992; Wells et al,,
1994; Nakagawa and Sakurai, 1998, 2001; Sabba et al., 1999) and bean (Encina
et al,, 2001, 2002; Alonso-Simo6n et al.,, 2004; Garcia-Angulo et al., 2006). In
dichlobenil-habituated type I cell walls there is a marked decrease in the
amount of cellulose and hemicelluloses, whereas the quantity of esterified and
unesterified pectins is increased. Moreover, in dichlobenil-habituated BY-2
tobacco cells, pectins have been reported to be cross-linked with extensin to
form the main cell wall network (Sabba et al., 1999). There are other
modifications associated with dichlobenil habituation, such as the presence of a
non-crystalline $-(1,4)-glucan tightly bound to cellulose, the accumulation of
pectin-enriched cell wall appositions, a putative increase in the extent of
pectin-xyloglucan cross-linking and in xyloglucan endotransglucosylase
activity, reduced levels of arabinogalactan proteins and changes in the levels of
extensin (Shedletzky et al., 1992; Encina et al., 2002; Garcia-Angulo et al., 2006,
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Alonso-Simén et al, 2007), and modifications in xyloglucan composition
(Alonso-Simoén, unpubl.).

To date, barley (Shedletzky et al., 1992) and maize (Mélida et al., 2009)
are the only type II cell wall species reported to have been habituated to
dichlobenil. These dichlobenil-habituated type II cell walls also displayed a
modified architecture: they contained a considerably reduced level of cellulose
in the cell wall, effectively compensated for mechanisms (parallel to
modifications) quite different to those observed in dicots, and slightly different
between both species. Whereas barley cultures habituation implicated a higher
proportion of pB-glucan and a more extensive -cross-linking between
arabinoxylans, leading to walls with a reduction in pore size, maize habituated
cultures had a more extensive and phenolic cross-linked network of
arabinoxylans, without necessitating B-glucan or other polymer enhancement.
As a consequence of this modified architecture, walls from dichlobenil-
habituated maize cells showed a reduction in their swelling capacity and an
increase both in pore size and in resistance to polysaccharide hydrolytic
enzymes. From a molecular perspective the application of dichlobenil to maize
cell cultures disrupts the “cellulose biosynthesis machinery”, affecting to some
CESA subunits, but during the habituation, maize cells partially restore this
system overexpressing some of these genes (Mélida, unpubl.*). These cultures
have also altered the expression of genes involved in the synthesis of phenolic
compounds, which is in concordance with the increased arabinoxylans
feruloylation observed. The habituation represses a class of proteins usually
acting in detoxification of xenobiotics (glutation-S-transferases) and induces
other involved in stress and programmed cell death processes (Mélida,
unpubl.*).

Habituation to Isoxaben

[soxaben-habituated cultures seem to have a more heterogeneous
habituation mechanism than dichlobenil ones. Former isoxaben-habituated
cultures had the same cellulose-xyloglucan proportion than non-habituated
ones, and the habituation seemed to be more related to changes in the
herbicide target or in the detoxification than in wall modifications (Corio-Costet
et al, 1991a). However later results obtained with French bean (Diaz-Cacho et
al, 1999), tobacco (Sabba and Vaughn, 1999) and Arabidopsis cell cultures
(Manfield et al., 2004) showed cell wall changes similar to those described for
dichlobenil-habituated cultures. At least in Arabidopsis, isoxaben-habituation
does not appear to be mediated by stress response processes, nor by functional
redundancy within the CESA family (Manfield et al., 2004). Uniquely, amongst
the cellulose synthase superfamily, CsID5 was highly upregulated and might
play a role in the biosynthesis of the novel walls of habituated cells (Bernal et
al,, 2007).

Habituation to Other CBIs

French bean cells have been successfully habituated to grow in the
presence of lethal concentrations of quinclorac (Alonso-Simén et al., 2008),
such as it was formerly noted. Compared with non-habituated, quinclorac-
habituated cells showed irregular shape and accumulated an extracellular
material that was more abundant as the level of habituation increased.

* Datos correspondientes al Capitulo III del presente trabajo
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Cellulose content was not significantly affected by habituation. In contrast, the
distribution and post-depositional modifications of pectins (mainly
homogalacturonan and rhamnogalacturonan I) was affected by the habituation
process. These results reflect that habituation to quinclorac is not related to
cellulose biosynthesis processes.

Habituation to thaxtomin A has also been described in poplar cells
(Girard-Martel et al., 2008) and the thaxtomin A-habituated cell walls had less
cellulose and were enriched in pectins. The whole genome transcript profiling
analysis identified genes involved in many processes, including several genes
implicated in glucan and pectin biosynthesis, transcriptional regulation,
secondary metabolism and plant defence.

Dehabituation

Most of the cell wall changes induced during the habituation to
dichlobenil reverted when cells were dehabituated by culturing them in a
medium without the inhibitor (Shedletzky et al., 1990; Encina et al.,, 2002;
Garcia-Angulo et al., 2006). However, dehabituated cell cultures retained some
habituation-induced cell wall modifications like reduced levels of
arabinogalactan proteins and hydroxyproline-rich glycoproteins epitopes,
altered extractability of pectins, and the presence of an amorphous B-(1,4)-
glucan (Encina et al,, 2002; Garcia-Angulo et al., 2006). Most remarkably, apart
from stable changes in cell wall composition and structure, dehabituated cells
retained the capacity to cope with lethal concentrations of dichlobenil, as
dehabituated cells were 40 times more tolerant to dichlobenil than non-
tolerant cells (Encina et al., 2002). In an attempt to explain the dichlobenil
resistance of dehabituated cells it was found that these cells had a
constitutively increased peroxidase activity indicating a relationship between
habituation to dichlobenil and a high antioxidant capacity (Garcia-Angulo et al,,
2009).

NEW PERSPECTIVES IN CBI USES

CBIs represent a promising field of experimentation in order to obtain
novel herbicides. Active compounds geared towards cell walls are interesting
molecules to be commercialized as herbicides, taking into account their
assumed lack of toxicity for non-cellulosic organisms. As it has been shown in
this chapter, several putative targets for CBls have been recently hypothesized
as a consequence of new data that have been obtained, and more intense
research in this field can be predicted.

However, we are a long way from unraveling the exact mechanism of
action of most of these CBIs. As the cellulose biosynthesis process is better
understood, targets for different CBIs will be ascertained. Reciprocally, the use
of CBIs will have an important impact on cellulose biosynthesis studies.

Nowadays, there is growing interest in obtaining cell walls with
modified structures directed to change the quality and/or quantity of their
components for applications in fields such as food, feed, fibres or fuel. Some of
these applications are oriented toward producing dietary fibres with improved
properties and other significant polysaccharides in food processing such as
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pectins (Willats et al., 2006), feed products with better digestibility (Vogel and
Jung, 2001), natural fibres destined for the textile and paper industries
(Obembe et al., 2006), or lignocellulosic materials more suitable for biofuels
(Pauly and Keegstra, 2008).

Several approaches have been taken in order to obtain these modified
cell walls, such as the search for mutants affected in genes related to
polysaccharide biosynthesis, the manipulation of genes implied in the
modification of cell wall composition (Farrokhi et al, 2006), or the use of
enzymes and other proteins able to act on cell wall components (Levy et al,,
2002). A promising alternative to these approaches consists of the use of CBIs.
In fact, the habituation of cell cultures to diverse CBIs, as it has been mentioned,
results in the modification of cell wall composition and structure with
quantitative and qualitative changes in their components: CBI-habituated cell
walls often have a reduced content in cellulose, compensated by an increment
in other polysaccharides, mainly pectins. These cell walls have been
demonstrated to have new physicochemical properties such as modifications in
pore size, swelling capacity and resistance to polysaccharide hydrolytic
enzymes (Shedletzky et al., 1992; Mélida et al., 2009). These materials should
be also interesting as a suitable source for studying the relationship between
cellulose synthesis and other C-sink processes such as phenylpropanoid
synthesis (Mélida et al, 2009), or the elucidation of putative new targets
implied in cellulose biosynthesis.

As it has been repeatedly noted in this chapter, CBIs have contributed to
the clarification of the mechanism of cellulose biosynthesis and the
organization of CESA complexes. In addition to these contributions, in recent
years CBIs have been revealed as excellent tools for digging more deeply into
the basic processes of plant cell biology, such as the relationship between
cellulose biosynthesis and cytoskeleton (Himmelspach et al, 2003; DeBolt,
2007b; Paredez et al., 2008; Wightman et al.,, 2009), the mechanism of cell wall
sensing (Hamman et al., 2009), cell-wall based mechanisms of defence (Cafio-
Delgado et al.,, 2003; Bischoff et al., 2009), and the link between cell wall
disruption and programmed cell death (Duval, 2005; Bischoff et al., 2009).

CONCLUSION

CBIs are important compounds not only as commercialized herbicides
(or molecules with herbicide potential) but also as key tools to unravel the
cellulose biosynthesis mechanism. In recent years, a considerable amount of
information regarding CBIs has been acquired, and it has been directed as a tool
towards new research targets. In the future, it is probable that new CBIs will be
discovered, and new research on old and new compounds will open new paths
toward the comprehension of cell wall dynamics. However, a long road must be
covered to find the mechanism of action of every member of this group of
molecules. Surely, new advances in CBIs’ characterization will render a better
understanding of molecular relations between cellulose and other
polysaccharides, such as their interactions, synthesis and potential
modifications, and this knowledge would be oriented toward a better
understanding of the plasticity in the structure and composition of cell walls.
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Abstract

Growth of maize (Zea mays L.) callus-culture cells was inhibited using dichlobenil (2,6
dichlorobenzonitrile, DCB) concentrations = 1 pM; Iso value for the effect on inhibited fresh
weight gain was 1.5 puM. By increasing the DCB concentration in the culture medium, DCB-
habituated cells became thirteen times more tolerant of the inhibitor (Iso: 20 pM).

In comparison with non-habituated calluses, DCB-habituated calluses grew slower,
were less friable and were formed by irregularly shaped cells surrounded by a thicker cell wall.
By using an extensive array of techniques, changes in Type II cell wall composition and
structure associated with DCB habituation were studied. Walls from DCB-habituated cells
showed a reduction of up to 75% in cellulose content, which was compensated for by a net
increase in arabinoxylan content. Arabinoxylans also showed a reduction in their extractability
and a marked increase in their relative molecular mass. DCB habituation also involved a shift
from ferulate to coumarate-rich cells walls, and enrichment in cell wall esterified
hydroxicynnamates and dehydroferulates. The content of polymers such as mixed-glucan,
xyloglucan, mannans, pectins or proteins did not vary or was reduced.

These results prove that the architecture of type II cell walls is able to compensate for
deficiencies in cellulose content with a more extensive and phenolic cross-linked network of
arabinoxylans, without necessitating B-glucan or other polymer enhancement.

As a consequence of this modified architecture, walls from DCB-habituated cells
showed a reduction in their swelling capacity and an increase both in pore size and in
resistance to polysaccharide hydrolytic enzymes.

Keywords: arabinoxylan; callus culture; cellulose; dichlobenil; FTIR; maize.

Abbreviations: AIR, alcohol insoluble residue; AGPs, arabinogalactan proteins; AX,
arabinoxylan; CDTA, 50 mM cyclohexane-trans-1,2-diamine-N,N,N’ N’,-tetraacetic acid sodium
salt; DCB, 2,6-dichlorobenzonitrile or dichlobenil; FTIR, Fourier Transformed Infrared
Spectroscopy; GAX, glucuronoarabinoxylan; Hx; dichlobenil-habituated calluses growing in x
uM DCB; IDA, immunodot assay; mAb, monoclonal antibody; MPBS, PBS containing 4% fat-free
milk powder; M., average molecular weight; NH, non-habituated calluses; PBS, 0.1 M phosphate
buffer saline; PCA, Principal Component Analysis; Rha, Rhamnose; snCR, supernatant-Cellulose
Residue; TFA, trifluoroacetic acid.

Introduction

Previous works have demonstrated the remarkable ability of plant cells
to tolerate induced stresses (Iraki et al. 1989; Shedletzky et al. 1992; Encina et
al. 2001, 2002) by changing their cell wall composition and structure. The
herbicide DCB inhibits the polymerization of Glc into B-1,4-linked glucan and
may also affect B-1,4-glucan crystallization at the plasma membrane, but has
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little or no short-term effect on other physiological processes (Delmer 1987).
The habituation of cell cultures to cellulose biosynthesis inhibitors such as DCB,
reflects the ability of cells to survive with a modified wall and is therefore a
valuable experimental technique for gaining an insight into the plasticity of
plant cell wall composition and structure (Vaughn 2002).

There are two types of cell walls in higher plants. Type I cell walls are
found in dicots, gymnosperms and most monocots, and type Il walls are found
in graminaceous plants, along with the other commelinoid monocots (Carpita
and Gibeaut 1993; Carpita 1996). Cellulose, a linear (1,4)-B-D-glucan, is the
main load-bearing polysaccharide in both types of walls. In type I cell walls,
xyloglucan interlaces the cellulose microfibrils, forming the main load bearing
network in the wall. This cellulose-xyloglucan framework is embedded in a
matrix of pectic polysaccharides, homogalacturonann and rhamno-
galacturonans I and II. Type I cell walls also contain minor amounts of protein,
including basic proteins that can interact with the pectin network and with
other proteins through intermolecular bridges. Type II cell walls are
characterized by a reduction in xyloglucan, pectins and structural proteins, and
by a higher content of other noncellulosic-polysaccharides, such as acidic
xylans and ‘mixed-linkage’ (1,3)-(1,4)-B-D-glucan (Carpita et al. 2001). In the
case of graminaceous cell walls, matrix pectins are mainly substituted by
arabinoxylans and glucuronoarabinoxylan (GAX), which tether adjacent
cellulose microfibrils. Also frequent in graminaceous cell walls is the presence
of hydroxycinnamic acids (mainly ferulic and p-coumaric acid) ester linked to
a-L-Ara residues of arabinoxylans (Ishii 1997). Hydroxycinnamic acids
contribute to wall assembly by cross linking polysaccharides through the
oxidative coupling of feruloyl residues (Fry et al. 2000).

Most DCB-habituated cultures belong to type I cell wall species, such as
tomato (Shedletzky et al. 1990), tobacco (Shedletzky et al. 1992; Wells et al.
1994; Nakagawa and Sakurai 1998, 2001) and bean (Encina et al. 2001, 2002;
Alonso-Simon et al. 2004). In type I cell walls habituated to DCB, there is a
marked reduction in the amount of cellulose and hemicelluloses, whereas the
quantity of esterified and unesterified pectins is increased. Moreover, in DCB-
habituated BY-2 tobacco cells, pectins have been reported to be cross-linked
with extensin to form the main cell wall network (Sabba et al. 1999). Other
modifications have been associated with DCB habituation, such as the presence
of a non-crystalline B-1,4-glucan tightly bound to cellulose, the accumulation of
pectin-enriched cell wall appositions, a putative increase in the extent of pectin-
xyloglucan cross-linking, reduced levels of arabinogalactan proteins (AGPs) and
changes in the levels of extensin (Shedletzky et al. 1992; Encina et al. 2002;
Garcia-Angulo et al. 2006).

To date, barley cultures are the only cells with type II cell walls that have
been habituated to DCB (Shedletzky et al. 1992). DCB-habituated barley cells
showed a modified architecture: they contained a considerably reduced level of
cellulose in the cell wall and this reduction was effectively compensated for by
mechanisms (parallel to modifications) quite different to those observed in
dicots, which implicated a higher proportion of B-glucan and a more extensive
cross-linking between arabinoxylans, leading to walls with a reduction in pore
size. The present work addresses the selection and characterisation of a maize
cell line able to grow in the presence of lethal concentrations of DCB. The
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results show a novel type II cell wall architecture accompanied by unique cell
wall properties.

Materials and methods
Cell cultures

Maize callus cultures (Zea mays L., Black Mexican sweetcorn, donated by
Dr. S.C. Fry, Institute of Molecular Plant Sciences, University of Edinburgh, UK)
from immature embryos were grown in Murashige and Skoog media
(Murashige and Skoog 1962) supplemented with 9 uM 2,4-D at 25°C under light
(Lorences and Fry 1991), and subcultured monthly.

Habituation to dichlobenil

Calluses weighing 1.0 + 0.1 g were cultured in dichlobenil (supplied by
Fluka), in concentrations ranging from 0.01 to 100 uM. DCB was dissolved in
dimethyl sulfoxide (DMSO), which did not affect cell growth at this range of
concentrations. The cultures were incubated for 30 days, weighed (FW) and
heated at 60°C until constant weight was achieved (DW). Growth was
expressed as relative increase in FW and the Isp was calculated as the
concentration of DCB able to inhibit weight increase by 50% with respect to the
control.

Calluses were habituated to growth in different DCB concentrations by
stepwise transfers with gradual increments of DCB, beginning at 2 pM. At least
three subcultures of approximately 30 days were performed between each
increase in the DCB concentration. Growth curves were obtained for habituated
calluses growing in DCB and for non habituated calluses, by measuring the
relative increase in FW every 4-6 days.

Electron microscopy

Callus pieces were fixed in 2.5% (w/v) paraformaldehyde in 0.1 M
sodium phosphate buffer, pH 7.4, and post-fixed with OsO4 in the same buffer.
The samples were dehydrated in an increasing series of ethanol concentrations
and embedded in LR White Resin (London Resin Co. Ltd, Basingstoke, UK). This
was done by sequentially placing the segments in ethanol and resin (2:1, v/v)
for 8 h, ethanol and resin (1:2, v/v) for 8 h, and in pure resin. The samples were
transferred to a gelatin capsule, fresh resin added, and the resin polymerized at
60°C for 48 h. Blocks were sectioned (1.5-2 pm thick) with a LKB 2088
ultramicrotome. Ultrathin sections were mounted on copper grids and post-
stained with uranyl acetate and lead citrate before observation with a JEOL
(JEM-1010) electron microscope. Cell wall thickness was determined by
random measurement of cell walls from 30 cells.
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Immunolocation

For the immunolocation of cell wall components, the gelatine capsules
were polymerized at 37°C for 5 days. Sections were obtained (1.5-2 um thick)
and applied to multi-well slides (ICN Biomedicals, Cleveland, OH, USA) coated
with Vectabond reagent (Vector Laboratories, Burlingame, CA, USA). Sections
were incubated for 2 h with 0.1 M phosphate buffer saline (PBS) (0.14 M Nac(l,
2.7 mM KCl, 7.8 mM Na;HPO4-12 H20, 1.5 mM KH2PO4, pH 7.2) containing 4%
fat-free milk powder (MPBS) with the primary antibody at a 1/10 dilution.
After washing exhaustively with PBS, the sections were incubated in darkness
for 2 h with a 1/100 dilution of an antirat immunoglobulin G linked to
fluorescein isothiocyanate (Sigma) in MPBS at room temperature. Finally,
sections were washed with PBS and mounted in a glycerol/PBS-based antifade
solution (Citifluor AF1; Agar Scientific, London, UK) and observed using a Nikon
Eclipse-TS100 microscope with epifluorescence irradiation. Cellulose was
localized in sections using calcofluor white (fluorescent brightener 28, Sigma).
Xylans were probed by using mAb LM10 (specific for 1,4-3-xylans) (McCartney
et al. 2005) and LM11 (for xylans and arabinoxylans) (McCartney et al. 2005).
Cell wall esterified feruloyl groups were probed with LM12, a new antibody
developed at the Paul Knox laboratory, Leeds University. AGPs were probed
with mAbs LM2 (Smallwood et al. 1996), MAC207 (Pennell et al. 1989) and
JIM8 (Pennell et al. 1991).

Preparation and fractionation of cell walls

Calluses collected during growth in the early stationary phase were
frozen and homogenized with liquid nitrogen and treated with 70% ethanol for
5 days at room temperature. The suspension was then centrifuged and the
pellet washed with 70% ethanol (x6), acetone (x6), and air dried, in order to
obtain the alcohol insoluble residue (AIR). The AIR was treated with 90%
DMSO for 8 h at room temperature (x3) and then washed with 0.01 M
phosphate buffer pH 7.0 (x2). The washed AIR was then treated with 2.5 U ml-1
a-amylase obtained from porcine pancreas (Sigma type VI-A) in 0.01 M
phosphate buffer pH 7.0 for 24 h at 37°C (x3). The suspension was filtered
through a glass fibre, and the residue washed with 70% ethanol (x6), acetone
(x6), air dried and then treated with phenol-acetic-water (2:1:1 by vol.) for 8h
at room temperature (x2). This was finally washed with 70% ethanol (x6),
acetone (x6) and air dried in order to obtain the cell walls.

For cell wall fractionation, dry cell walls were extracted at room
temperature with 50 mM cyclohexane-trans-1,2-diamine-N,N,N’,N’,-tetraacetic
acid sodium salt (CDTA) at pH 6.5 for 8 h and washed with distilled water. The
residue was retreated with 0.1 M KOH for 2 h (x2) and washed with distilled
water. Then 4 M KOH was added to the residue for 4 h (x2), and washed again
with distilled water. The extracts were neutralized with acetic acid, dialysed
and lyophilized, representing CDTA, KOH-0.1M and KOH-4M fractions,
respectively. The residue after 4 M KOH extraction was suspended in water,
adjusted to pH 5 with acetic acid, and dialysed. After centrifugation, the
supernatant was filtered and lyophilized; this was referred to as the
supernatant-Cellulose Residue (snCR) fraction. The residue was hydrolysed for
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2.5 h at 120°C with 2 M trifluoroacetic acid (TFA), and after centrifugation, the
supernatant was lyophilized and referred to as the TFA fraction.

Cell wall analyses

Cellulose was quantified in crude cell walls with the Updegraff method
(Updegraff 1969), using the hydrolytic conditions described by Saeman
(Saeman et al. 1963) and quantifying the glucose released by the anthrone
method (Dische 1962).

Tablets for Fourier transform infrared (FTIR) spectroscopy were
prepared in a Graseby-Specac press from small samples (2 mg) of cell walls
mixed with KBr (1:100, w/w). Spectra were obtained on a Perkin-Elmer
instrument at a resolution of 1 cm 1. A window of between 800 and 1800 cm,
containing information about characteristic polysaccharides, was selected in
order to monitor cell wall structure modifications. All spectra were normalized
and baseline-corrected with Spectrum v 5.3.1 (2005) software, by Perkin-
Elmer. Data were then exported to Microsoft Excel 2003 and all spectra were
area-normalized. Cluster analysis was performed using the Ward method, and
the Pearson coefficient was selected as distance measurement. Principal
component analysis (PCA) was performed using a maximum of five principal
components. All analyses were carried out using the Statistica 6.0 software
package.

The total sugar content of each fraction was determined by the phenol-
sulfuric acid method (Dubois et al. 1956) and expressed as the glucose
equivalent. Uronic acid content was determined by the m-hydroxydiphenyl
method (Blumenkrantz and Asboe-Hansen 1973) using galacturonic acid as a
standard. Xyloglucan content was obtained by the iodine-staining method
(Kooiman 1960). Neutral sugar analysis was performed as described by
Albersheim (Albersheim et al. 1967). Lyophilized samples of each fraction were
hydrolysed with 2 M TFA at 121°C for 1 h and the resulting sugars were
derivatized to alditol acetates and analysed by gas chromatography (GC) using
a Supelco SP-2330 column.

The quantification of (1—3,1—4)-B-glucans was carried out using a
direct and specific enzymatic assay with the (1—3,1—>4)-B-glucan endo-
hydrolase from Bacillus subtilis (Mccleary and Codd 1991).

To measure cell wall degradability, cell walls were hydrolyzed
(5 mg ml1) in a mixture of Cellulase R-10 (0.1%), Mazerozyme R-10 (0.1%) and
purified Driselase (0.01%) dissolved in sodium acetate 20 mM (pH 4.8)
(Grabber et al. 1998). Aliquots were taken at 2, 6, 24, 48 and 72 h, clarified by
centrifugation and assayed for total sugars following the method described by
Dubois et al. (1956).

In vitro measurement of cell wall swelling examined the relative volume
increase that took place after re-hydrating dry walls in 8 mm diameter tubes
(Encina et al. 2002).

For amino acid analysis, cell walls were hydrolyzed in 6 N HCI at 110°C
for 24 h, filtered through Whatman paper and dried by speed-vac. Soluble
amino acids were derivatized by using phenyl isothiocyanate, and then
separated, identified and quantified following the method described by Alonso
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et al. (1994). Total protein content was estimated by summation of the amounts
of amino acids measured.

Assay of esterified phenolic acids

Cell walls (10 mg) were treated in the dark with 1 M NaOH, at room
temperature for 12 h to saponify phenolic esters. The solution was acidified by
addition of TFA and partitioned against ethyl acetate (x2). The ethyl acetate
phases were pooled and mixed with a solution containing 1% 8,5-diferulic acid,
5,5-diferulic acid, 8-0-4 diferulic acid, p-coumaric acid and ferulic acid as
internal markers, then vacuum-dried and re-dissolved in propan-1-ol. Portions
of the propanol solution were subjected to TLC on silica-gel in benzene/acetic
acid (9:1, v/v).

Gel-permeation chromatography

Hemicellulosic fractions were size-fractionated by gel-permeation
chromatography on Sepharose CL-4B (120-125 ml bed-volume in a 1.5 cm
diameter column) in pyridin:acetic acid:water (1:1:98, by vol.) at 0.3 ml min-.
The column was calibrated with commercial dextrans of known weight-average
relative molecular mass, and hemicellulose average molecular weight (Mw) was
obtained using the Kav(1/2) method (Kerr and Fry 2003), with the calibration
curve [log Mw=-4.999 Kay1/2) + 7.849] obtained for this column. The M,
estimates are nominal rather than absolute because of conformational
differences between dextran and hemicelluloses.

Porosity measurements

Porosity was determined using the technique developed by Baron-Epel
et al. (1988). Cells at the logarithmic stage of growth were resuspended in
10 mM 2-amino-2(hydroxymethyl)-1.3-propanediol (Tris) (pH 5.5), 10 mM
CaClz, and 0.5 M mannitol in order to induce plasmolysis. They were then
suspended in a medium with fluorescein isothiocyanate-dextrans (Sigma) at a
final concentration of 500 pg ml-1. Fluorescence was observed using a Nikon
Eclipse-TS100 epifluorescent microscope equipped with a Nikon B-2 A filter
(450-490 nm excitation, 510 nm dichroic mirror and 520 nm barrier filter).

Immunodot assays

For immunodot assays (IDAs), aliquots of 1 pl from KOH-0.1M and KOH-
4M fractions containing 5 pg of total sugars were spotted onto nitrocellulose
membrane (Schleicher & Schuell, Dassel, Germany) as a replicated dilution
series and probed as described by Willats et al. (1999) and Garcia-Angulo et al.
(2006). All primary antibodies (JIM8, LM11 and LM12) were used at 1/5
dilutions.
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Results
Effect of DCB on callus cultures and habituation

In order to determine the effect of DCB on maize callus cultures we
tested its inhibitory effect on fresh weight gain (Fig. 1). The weight gain of non-
habituated calluses (NH) was slightly stimulated at low concentrations of DCB
but was diminished by DCB concentrations equal to or higher than 1 pM. The Iso
was 1.5 uM for FW.

Maize calluses tolerance to lethal concentrations of DCB was achieved by
gradually increasing the concentration of the inhibitor in the culture medium,
beginning at 2 pM. After 12 subcultures of an average of 30 d each, maize cells
were capable of growth in 12 yM DCB (H12). As for non-habituated cell
cultures, a stimulation of FW gain was observed for the lowest DCB
concentration used. In the case of H12 cells, the I5o value for FW inhibition gain
was approximately thirteen times higher (20 uM).

Characterization of callus cultures and cells
Habituated cells (H12) growing on DCB had longer lag phases and less

FW was accumulated (Fig. 2). Moreover, H12 cells had a higher DW/FW ratio
and cell wall yield per DW than non-habituated ones (Table 1).

150 -
100 +
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Relative increase in FW (% of control)
Relative increase in fresh weight
T

O =
O -
001 01 1 10 100 0 5 1 15 20 25 30
Dichlobenil (uM) Time (days)
Figure 1. Growth inhibition curves of maize Figure 2. Relative increase in FW of maize
calluses by increasing concentrations of DCB callus cultures during the culture. Open
after 30 days of culture. Open circle non- circle non-habituated calluses, filled circle
habituated calluses, filled circle habituated to habituated to 12 pM DCB (H12) calluses.
12 uM DCB (H12) calluses. Values are means * Values are means * SD of six measurements.

SD of six measurements.
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H12 calluses were darker and less friable, and formed hard
protuberances during growth. H12 cells were rather irregular (Fig. 3b) in
comparison with NH cells, which were more or less isodiametrically shaped
(Fig. 3a). Groups of cells with thicker walls, apparently arising from the same
cell, were frequent in habituated cell preparations (Fig. 3b).

Table 1. Variation of some characteristics of cell lines during habituation.

Cell type DW/FW? Wall DW/callus DW?  Cell wall thickness (um)®  Cell wall swelling®
NH 0.0399 £ 0.0074 0.2409 = 0.0052 0.1344 + 0.0343 1.72+0.19
H12 0.0623 £ 0.0100 0.5451 + 0.0029 0.2137 £0.1113 0.80+0.13

Cell wall swelling is represented as relative increase in volume.
Values are means * SD of ?10, 30 or °6 measurements.

Cell wall analysis

Ultrastructure and porosity

NH cells were surrounded by a uniform cell wall (Table 1), in
comparison with H12 cell walls, which were less uniform (Fig. 3d) and 1.6
times thicker than those from NH ones (Fig. 3c). H12 cell walls (Fig. 3b) were
less calcofluor-stained than NH cell walls (Fig. 3a), probably due to the
reduction in cellulose.

Figure 3. Sections of NH (a) and H12 (b) callus calcofluor stained. Ultra-
structural appearance of cell walls of NH (c¢) and H12 (d) callus. Bars = 50 pym
(a,b), 2 um (c, d).

H12 cell walls half-swelled compared with NH ones (Table 1), but
porosity increased (Table 2); limiting diameter of dextrans to be excluded for
cell walls increased from 6.6 to 12 nm when NH and H12 cells were compared,
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although long incubation times were required by 9 nm of diameter dextrans to
go through H12 cell walls.

Table 2. Comparison of porosities of NH and H12 cell walls.

Molecular Mass of FTIC- Stokes Diameters NH H12
Dextrans (kDa) (nm)
10 4.6 +a +b ¢ +++
20 6.6 --- 4+
40 9 -—- -—+
70 12 -— - -— -

+, Dye penetrates >80% of cell walls; -, dye penetrates <20% of cell walls.
# Measurement at 30 min; > measurement at 60 min; “ measurement at 120 min.

FTIR spectroscopy

Changes in the cell wall during the habituation process were monitored
by FTIR spectroscopy. Twelve representative FTIR cell wall spectra from non-
habituated and habituated to different DCB concentrations calluses were
analyzed. FTIR spectra from habituated cell walls showed differences in
wavenumbers corresponding to cellulose, phenolic components, arabinose and
proteins. They also showed variations in the main phenolic linkage: ester bonds
(data not shown). To elucidate differences among these spectra, a multivariate
analysis was performed (Fig. 4a).

Principal components 1 and 3 (PC1 and PC3) were used to discriminate
between groups of spectra. Cell walls from non-habituated cells were located
on the negative side of PC1 and PC3; when the habituation process began, the
points corresponding to the cell walls of habituated calluses were displaced to
the positive side of PC1 and PC3. Generally, the more habituated the calluses,
the more positive the PC1 and PC3 placement. Non-habituated calluses treated
for short periods with 6 uM DCB displaced to the positive side of PC1 but to the
negative side of PC3, suggesting that the changes in cell walls promoted by DCB
were different in habituated and non-habituated cells.

PC3 was more discriminative than PC1. PC3 loading factor plot (Fig. 4b)
showed a negative area at the fingerprint region 950-1,175 cm, indicative of
polysaccharides. In this area, correlated negative peaks could be identified,
mainly at 1,160, 1,105, 1,060 and 1,040 cm-1, indicative of cellulose (Carpita et
al. 2001). Also, two major protein negative absorbances at 1,550 and 1,650 cm!
were detected. Thus, spectra located at the negative side of PC3, i.e. NH-seemed
to have a relatively higher amount of polysaccharides -mainly cellulose- and
proteins. In contrast, PC3 showed positive peaks at several wavenumbers
indicative of aromatic rings: 1,630 (ring conjugated C=C), 1,600 (aryl ring
stretching symmetric), about 1,500 (phenolic ring), and 1,425, 1,180 and 843
(aromatic C-H out of bending) cm'l. The peak at 856 cm corresponds to
furanoid ring (i.e. Araf); and 1,381, 1,376 and 1,312 cm! correspond to
polysaccharides (Kacurakova et al. 1999).

Summing up, the expected changes in cellulose were accompanied by
changes in other components, like arabinose, phenolics and proteins, and
multivariate analyses demonstrated that during habituation, cell walls
underwent gradual modifications.

69



Capitulo I1

1o}
a
g
.
Hig™
& L
of Hﬁ

. HE I
= g ’ 5 T
Dol v
]
o

10}

15}

20t R

-20 -15 -10 -5 ] 5 10 15 20 25
PC 1 (37.11%)

1.2

oaf

04

SN AR

-4}
-oaf
12 :
[ [ [ [ [ [} [ [} [ [ [
o o [ ) [ [} () [} [ [ o
o r-- w [y} =T o (] — (] o o

Wavenumber (cm™)
Figure 4. (a) Principal component analysis of callus spectra. A plot of the first
and third PCs is represented based on the FTIR spectra of non-habituated
(NH) and habituated calluses (Hy?, x DCB concentration (u M), n number of
subcultures in that concentration). NHe!, non-habituated calluses treated for 5
days with 6 uM DCB. (b) Factor loadings for PC3.

Cellulose content

The increase in DCB concentration during the habituation process
caused a reduction in cellulose content (Fig. 5). This reduction correlated with
the habituation level until H6. H12 walls had about 25% of the amount of
cellulose found in their NH counterpart, with no further change as the level of
tolerance increased.
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Figure 5. Cellulose content of cell walls isolated from calluses at different
DCB tolerance levels. NH, non-habituated callus; Hy(n), habituated callus,
where x DCB concentration (uM), and n number of subcultures in that
concentration. Values are means # S.D. of three measurements.

Cell wall fractionation and sugar analysis

Cell wall fractionation (Fig. 6) showed that the bulk of polysaccharides
were extracted from the cell walls by alkali treatment: KOH-0.1M and KOH-4M
fractions. These two fractions, plus the TFA fraction, accounted for about 90%
of the total cell-wall sugar content. A net increase in the yield of sugars per dry
cell wall weight was observed during the habituation to DCB (0.38 in NH vs.
0.48 in H12). This effect was mainly due to a notable increase in
polysaccharides extracted with strong alkali (KOH-4M fraction). The total
amount of CDTA-extracted polysaccharides was reduced during habituation to
DCB, while a slight increase in polysaccharides tightly bound to cellulose (TFA
and snCR fractions) was detected. As regards the polysaccharides extracted
with diluted alkali (KOH-0.1M fraction), an increase in intermediate levels of
tolerance was measured.

Table 3. Xyloglucan (XyG) and mixed-linked glucan (MLG) content of KOH
fractions and crude cell walls respectively

XyG MLG

Cell type KOH-0.1M KOH-4M
NH 2.84+0.19 19.93 + 0.42 2.75+0.12
H12 1.63 £ 0.07 12.01+0.63 1.92 +0.09

Data units: pg-mg-! wall DW. Values are means #* SD of three measurements.
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Figure 6. Total sugars in cell wall fractions at different DCB habituation
levels. NH, non-habituated calluses; Hx, habituated calluses where x DCB
concentration (pM). Calluses with at least eight subcultures in medium
containing the indicated concentration of DCB were used. Results came from a
representative experiment.
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Figure 7. Sugar composition of fractions from cell walls of NH (open square),
H4 (light grey square), H6 (dark grey square) and H12 (black square) calluses.
Rha rhamnose, Fuc fucose, Ara arabinose, Xyl xylose, Man manose, Gal
galactose, Glc glucose, Uro uronic acids.

GC analysis of cell wall fractions (Fig. 7) showed that KOH-0.1M and

KOH-4M fractions were composed mainly of Ara and Xyl followed by uronic
acids, Gal and Glc, whereas minor fractions such as CDTA and snCR were
composed of the same monosaccharides and enriched in uronic acids. The
detected variations in the amount of sugar extracted in KOH-0.1M and KOH-4M
and TFA fractions were paralleled by variations in Ara and Xyl. Especially
important is the gradual enrichment in Ara and Xyl found in KOH-4M and TFA
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fractions throughout the habituation process. The reduced levels of Glc reflect
the poor levels of xyloglucan and mixed-linked glucan in these cell walls. These
two polysaccharides are even further reduced after habituation (Table 3).
Therefore, a net enrichment in arabinoxylans, concomitant with a reduction in
cellulose, was the main change observed in cell wall composition involved in
DCB habituation.

Gel-permeation chromatography

Gel-permeation chromatography showed differences in the molecular
mass of hemicellulosic polysaccharides (Table 4). Interesting changes took
place in the 4M KOH extractable polysaccharides (Fig. 8). At low and medium
habituation levels the My of 4M KOH extracted polysaccharides was reduced,
but in the H12 fraction a significant increase took place; there was a net shift
towards higher molecular masses and a new peak appeared close to the void
volume. This peak was isolated and GC-analysed; Ara and Xyl accounted for
about 78% (data not shown). In the KOH-0.1M fractions, the opposite tendency
was observed: H4 and H6 increased, whilst H12 increased only slightly (Table
4).
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Figure 8. Elution profiles of 4M-
KOH-extractable polysaccharides
from NH (a) and H12 (b) calluses.
Markers blue dextran (V,), dextrans
of 510, 150, 69.8, 40, 10 kDa, and
sucrose.

Figure 9. TLC of phenolics alkali
extracted from NH and H12 maize
walls. Abreviations in the TLC panel
represent the position of migration of
the following standards: (8,5), 8,5-di-
ferulic acid; (5,5), 5,5-diferulic acid; (8-
0-4), 8-0-4 di-ferulic acid; (Cou), p-
coumaric acid; (Fer), ferulic acid.
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Table 4. Average molecular weight (M) of the hemicellulosic fractions

Celltype  KOH-0.1M (kDa) KOH-4M (kDa)
NH 80.28 748.85

H4 446.11 298.18

H6 467.34 467.16

H12 134.75 2612.35

The M,, was obtained using the Kay(1/2) method, with the calibration curve [log
Mw=-4.999 Kay(1/2)+ 7.849] obtained for this column.

Protein content and amino acid composition of the cell wall

DCB habituation changed protein content and amino acid composition of
cell walls (Table 5). The insoluble protein content of cell walls was reduced in
H12 cells by 30%. Expressed as a percentage of total amino acid, an increase in
Glu and a reduction in Asp, Pro, Tyr, and Phe was detected in H12 cell walls.

Table 5. Amino acid composition (mol%) of insoluble protein from cell walls.

Amino Acid Cell type

NH H12
Asp 114 29
Glu 114 36.9
Hyp 2.3 1.7
Asn 4.2 1.1
Ser 0.9 0.6
Thr 3.0 2.6
Ala 100 7.6
Pro 3.7 1.7
Tyr 31 1.7
Val 183 154
Ile 3.7 3.4
Leu 4.5 55
Phe 6.5 3.7
Trp 9.1 6.8
Lys 3.0 4.5
Arg 4.8 3.6

Values represent the mean of two independent assays.

Cell wall immunoanalysis

Due to increased levels of arabinoxylans in habituated cells, cell walls
were probed with LM10 (McCartney et al. 2005), specific for 1,4-B-xylans, and
LM11 (McCartney et al. 2005) specific for xylans and arabinoxylans. LM11
epitope was only found in habituated cell walls (Fig. 10b), although the IDA
showed that NH cell walls can also bind it, but clearly to a lesser degree (Fig.
11b and e). According to fractionation results, most LM11 labelling appears in
the 4M-KOH fractions. No epitopes for LM10 were found in any of the cell types
probed (data not shown). Cell wall esterified feruloyl groups were probed with
LM12 (Fig. 10c and d). LM12 epitope was found in both cell types but the
immunofluorescent labelling in H12 cells (Fig. 10d) seemed weaker than that of
NH (Fig. 10c). IDA for LM12 (Fig. 11c and f) showed that most labelling was
found in 0.1M-KOH fractions, and was reduced in habituated ones.
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Figure 10. Inmunofluorescent
localization of (1->4)-B-D-
xylan/arabinoxylan (LM11: a,
b), feruloylates (LM12: ¢, d)
and arabinogalactan-proteins
(JIM8: e, f) of NH (a, c, e) and
H12 (b, d, f) maize cells. Bars
20 um (a, b, e, f), 50 um (c, d).

In the case of AGPs, different results were found depending on the
antibody used. Whereas no type of cell bound MAC207, both control and
habituated cells bound LM2 (data not shown). The difference was in JIMS8,
where only NH cells bound it (Fig. 10e). IDAs for this antibody (Fig. 11a and d)
showed that habituated cells had progressively lesser labelling as habituation
level increased.
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Figure 11. Immunodot
assays of KOH cell wall
fractions from NH, H4, Hé6
and H12 calluses, probed
with monoclonal antibodies
with specifity for arabino-
galactan proteins (JIM8: a,
d), xylan/arabinoxylan
(LM11: b, e) and feruloylates
(LM12: ¢, f).
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Cell wall degradability

NH cell walls were quickly and completely degraded by cell wall
digesting enzymes, with a total sugar yield of 821 and 1000 pg mg?! being
released after 6 h and 72 h of incubation, respectively (Fig. 12). In the
hydrolytic conditions assayed, H12 cell walls were significantly more resistant
to enzymatic degradation than NH cell walls, and a reduction of 40% in the
yield of sugars released was measured after 72 h of incubation. Thus, the
modifications that take place during habituation seem to build a strengthened
cell wall in response to DCB.

Fig. 12. Cell wall degradability of
(open circle) NH and (filled circle) 1000
H12 calluses. Values are means * s
SD of nine measurements. a
E 800 -
'
£
o 600 -
o
@
w
S 400
©
w
@
2 200 4
w
0 = T T T
0 20 40 60 80

. . Time (hours)
Discussion

Maize calluses have been successfully habituated to lethal DCB
concentrations, by gradually increasing the concentration of the inhibitor in the
culture medium. This habituation procedure led to progressive widespread
changes in callus growth and morphology: habituated calluses grew more
slowly, formed hard protuberances, and were darker and harder. Their cells
were more irregularly shaped, with a thicker and more irregular cell wall,
which contributed to a higher dry weight in proportion to total dry weight. All
these characteristics resembled those of other previously described cellulose-
inhibitor-habituated cell cultures, such as DCB habituated tomato cell
suspensions (Shedletzky et al. 1990), and DCB- or isoxaben-habituated bean
calluses (Diaz-Cacho et al. 1999; Encina et al. 2001).

As far as we know, only one other example of a Type II cell wall species
(barley) habituated to DCB has been reported to date (Shedletzky et al. 1992).
DCB-habituated barley cells also showed a reduced growth rate. However they
showed net differences when compared to DCB-habituated maize cells: their
cells were not larger than controls, were more isodiametrically-shaped and did
not possess thicker cell walls. These differences could be explained -at least
partially- by taking into account the different callogenic origin of both cultures.
Barley cell cultures were generated from endosperm tissue (Shedletzky et al.
1992) whereas our maize cells were generated from immature embryos.

It has been suggested previously that the mechanism of habituation to
DCB and other cellulose biosynthesis inhibitors relies on the ability of the
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habituated cells to divide and expand under conditions where cellulose
synthesis is inhibited. In fact, maize and barley habituated cultures showed
cellulose reductions of up to 70-75%. Both DCB-habituated barley and maize
cell cultures compensated for the reduction in cellulose with a higher quantity
of hemicellulosic polysaccharides, while uronic acids hardly varied. However,
the increment in hemicellulosic polysaccharides had different origins in the
cultures: in DCB-habituated barley cells, the only polysaccharide where the
proportion rose was mixed-linked glucan, which increased its content four-fold,
to reach more than 100 pg mg! cell wall. However in DCB-habituated maize
cells, the reduction in cellulose was paralleled by a net increase in
arabinoxylans, whereas other hemicelluloses such as B-glucan and xyloglucan
were reduced. Thus, we have proved for the first time that the architecture of
type II cell walls is able to compensate for deficiencies in cellulose content
without requiring a mixed glucan increment. In this modified architecture, the
reduction in cellulose content is compensated for mainly by an increment in
arabinoxylan content, whose characteristics appear modified in comparison
with those of non-habituated cells.

The enhanced arabinoxylan content of habituated cells was appreciable
by probing with LM11, an antibody that binds to xylan or arabinoxylan with a
low degree of substitution (McCartney et al. 2005). LM 11 labeling of habituated
cell walls was much more intense than in non-habituated cell walls.
Additionally, the LM11-binding pattern of habituated cell walls shows that
LM11 epitopes are mainly localized in cell junctions, in thicker cell walls and in
dispersed cell wall areas, pointing to particular cell wall strengthening in some
areas.

Arabinoxylans in DCB-habituated maize cells also showed differences in
extractability, mean molecular mass and in formation of phenolic bridges, when
compared with non-habituated cells.

Cell wall fractionation, GC and IDA for LM11-epitopes of KOH-extracted
polysaccharides confirmed the reported net increase of AX in DCB-habituated
cells, and showed a shift of AX from mild-alkali-extracted fractions (0.1M-KOH)
to strong-alkali-extracted fractions (4M-KOH) and cellulose tightly bound
fraction (TFA), pointing to a more extensive cross-linked hemicellulosic
network.

Strong-alkali-extracted AX from habituated cell walls also showed a
significant increase in My. This result can be explained by an increase in the
polymerization and/or substitution degree of AX. This is an interesting result
taking into account the fact that a major factor controlling AX increase in My, is
their cross-linking through the formation of dehydroferulates, and that alkali
treatment has been reported to prevent this by releasing ester bonded feruloyl
groups (Kerr and Fry 2004). Therefore, an alternative explanation for this
result could be the increment in alkali resistant phenolic bridges (ether-linked
phenolic groups), which would render highly cross-linked AX even after the
alkali treatment.

Phenolics have an important function in Type II cell walls, as
hydroxycinnamic acid derivatives contribute to wall assembly by cross linking
polysaccharides through oxidative coupling. Therefore, we tested whether
phenolics could contribute to the global tightening in our “stressed” cell walls.
FTIR data pointed to an enhanced contribution of phenolics in DCB-habituated
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cells, as peaks assigned to phenolic ester (1,725 cm-1) and aromatic rings
(1,515, 1,600, 1,630 cm'1) were more pronounced. Furthermore TLC showed
interesting changes in phenolic profiles: as described for DCB-habituated barley
cultures, there was a shift from ferulic acid-rich walls to p-coumaric acid-rich
walls (Shedletzky et al. 1992). In addition, in our DCB-habituated maize cells, an
enrichment in 5,5 and 8,5 dehydroferulates, and in other compounds with low
Rf, which could correspond to trimers or tetramers, was noticed. Therefore,
these results indicated a general increase in hydroxycinnamic acid derivatives
and in particular, in oxidative coupled derivatives. LM12 immunolocation
showed that feruloyl groups were distributed mainly in cell wall areas next to
plasmalemma. In conclusion, DCB-habituated maize cells not only showed
enrichment in arabinoxylans: they seemed to have a different GAX structure,
together with an enrichment in phenolic compounds, which contributes to its
cross-linking.

Other polymers do not seem to make a relevant contribution to
modifications in the cell wall architecture of DCB-habituated maize cells.
Mannose content was very low in both non-habituated and in habituated cells,
so that mannan contribution to DCB-habituation was negligible. Xyloglucan
levels were very low too, less than 20 pg mg1 cell wall, and they were even
lower in habituated cells. CDTA-extracted pectins were present in a low
proportion (lower than 20 pg mg? cell wall) and did not undergo changes
throughout the habituation process. Lastly, protein content was even lower
than in their non-habituated counterparts, as was shown by FTIR spectroscopy,
total Kjeldhal nitrogen determination, and immunochemical approaches. It is
interesting to note that this reduction affected some groups of proteins but not
others: i.e. LM2 probed AGPs apparently did not vary, whereas JIM8 probed
AGPs reduced, as was ascertained using immunolocation and IDAs.

According to Carpita’s model (Carpita et al. 2001), type II cell walls are
mainly constituted by two domains: a framework of cellulose microfibrils
interlaced with tightly adherent B-glucans, GAX of low degrees of arabinosyl
substitution and glucomannans; this is then embedded in a matrix which
provides an interstitial domain interconnecting the B-glucan-coated
microfibrils, constituted by GAX, which is more highly substituted by arabinosyl
residues, additional glucomannan and some pectins. According this model, cell
wall porosity would be controlled by the content of GAX with a higher degree of
arabinosyl substitution, taking into account that this polysaccharide constitutes
the major pore-determining interstitial material between the microfibrils
(Carpita et al. 2001). In an interesting experiment conducted in order to study
xylanase penetration in wheat endosperm, Beaugrand et al. (2005) found
complementary evidence that AXs acts to control pore size, as they observed
that this penetration was intrinsically linked to AX degradation, and was
facilitated by progressive cell wall disassembly. In DCB-habituated maize cells,
cellulose microfibrils would be more interspersed by a larger interstitial AX,
which determined the notable increment observed in their pore size, in
comparison to non-habituated cells. In contrast, reported cell wall porosity of
DCB-habituated barley cells was notably minor, this fact being consistent with a
higher content in (3-glucan, which would be interspersed between microfibrils,
consequently reducing pore size between them.
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The observed reduction in swelling capacity of DCB-habituated maize
cell walls could be related both to the enrichment in their phenolic component
-which would increase cell wall hydrophobicity- and to a hydrogen bonding
increase due to AX enhancement, both in concentration and in molecular mass,
in an opposite way as that described for expansin action: expansins would lead
to an enhancement in cell wall swelling capacity breaking hydrogen bonds to
release steric constraint of microfibril movement (Thompson 2005; Yennawar
etal. 2006).

Another consequence of the modification in cell wall architecture
associated with DCB habituation is the change in cell wall degradability. In this
respect, the expectation would be that the reduction in crystalline cellulose and
the increase in matrix polysaccharides would contribute to enhanced cell wall
degradability. However cell walls from DCB-habituated maize cells proved to be
less susceptible to enzymatic hydrolysis than non-habituated cell walls. The
most probable explanation for this result is related to a phenolic enriched cell
wall. Cell wall feruloylation, and particularly increased dimerization of ferulate,
has been shown to reduce cell wall degradability by reducing matrix
polysaccharide accessibility to hydrolytic enzymes (Grabber 2005 and
references therein). Additionally the enrichment in p-coumaric acid of our DCB-
habituated cell walls would also contribute to a reduction in their degradability
as has been previously reported for ruminal digestibility of some grasses
(Burritt et al. 1984).

In summary, maize cell cultures from immature embryos have been
successfully habituated to DCB. Habituated cells showed a modified cell wall
architecture in which the significant reduction in cellulose content was
compensated for by an increment in GAXs, which were of a higher molecular
mass, more strongly cell wall bound, and more interlaced by means of phenolic
bonds. Other cell wall components do not seem to play a significant role in the
habituation process. In contrast to previously described type II cell wall
architecture, in DCB-habituated maize cells induced to have reduced cellulose
content, B-glucan does not fulfill an important role in the acquisition of
functional type II cell wall architecture. As a consequence and in contrast to
that previously described, the swelling capacity and wall digestibility of maize
habituated cell walls was diminished, whereas pore size became bigger. Future
studies need to be conducted in order to examine in greater depth the
interaction between GAX and phenolics, and to ascertain the genetic control of
these modifications in type II cell wall architecture.
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Abstract

The biochemical and molecular processes involved in the habituation of maize cells to
growth in the presence of the cellulose biosynthesis inhibitor dichlobenil (DCB) were
investigated. DCB affects the synthesis of cellulose both in active and stationary growth phases
and alters the expression of several CesA genes. Of these, ZmCesA5 and ZmCesA7 seem to play a
major role in habituating cells to growth in the presence of DCB. As a consequence of the
reduction in cellulose, the expression of several genes involved in the synthesis of
hydroxycinnamates is increased, resulting in cell walls with higher levels of ferulic and
p-coumaric acids.

A proteomic analysis revealed that habituation to DCB is linked to modifications in
several metabolic pathways. Finally, habituated cells present a reduction in glutathione
S-transferase detoxifying activity and antioxidant activities.

Plant cell adaptation to the disturbance of such a crucial process as cellulose
biosynthesis requires changes in several metabolic networks, in order to modify cell wall
architecture and metabolism, and survive in the presence of the inhibitor. Some of these
modifications are described in this paper.

Keywords: abiotic/environmental stress; acclimation - physiological; cell walls; maize;
cellulose; dichlobenil; phenylpropanoid.

Introduction

Plant cells are surrounded by an extracellular matrix, the primary cell
wall, which is involved in many important processes such as cell elongation,
biotic/abiotic stress response, and cell shape maintenance (Ray et al., 1972). It
is also believed to be responsible for an elaborate cell wall integrity mechanism
(Hamann et al, 2009). The primary plant cell wall consists of cellulose
microfibrils embedded in a network of matrix polysaccharides (hemicelluloses
and pectins) and structural proteins, the nature and proportions of which differ
according to each plant species (Carpita and Gibeaut, 1993), organ, cell type
within a tissue, cell development phase and even location within a single cell
(Knox, 2008). Most plant species (all dicots and some monocots) have type-I
primary cell walls, where xyloglucan, homogalacturonan and rhamno-
galacturonan I comprise the principle constituents of matrix polysaccharides
(reviewed by Scheller and Ulvskov, 2010). Graminaceous plants (such as maize)
and other commelinoid monocots have a cell wall, called type-II, the
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architecture and composition of which differ markedly from that characteristic
of other angiosperms. In type-II cell walls, the role within the cell wall of the
above cited polysaccharides is replaced by (glucurono) arabinoxylans and
mixed-linked glucan (Carpita, 1984; Burton and Fincher, 2009).

Compared with type-I, type-II cell walls contain higher amounts of
hydroxycinnamates or cell wall phenolics. These phenolics, mainly ferulic acid
and p-coumaric acid, are found substituting arabinoxylans by ester-linking a-L-
arabinosyl residues (Smith and Hartley, 1983; Wende and Fry, 1997). Even in
type-II cell walls, phenolics are minor components of the cell wall, however,
their contribution to cell wall structure is crucial. It has been demonstrated by
in vivo experiments, that ester-linked hydroxycinnamates can undergo
oxidative-coupling cross-linking adjacent arabinoxylan molecules (Fry et al.,
2000; 2004; Parker et al, 2005; Burr and Fry, 2009). By means of its
polysaccharide cross-linking activity, phenolic-coupling regulates, mediates or
alters a number of cell wall properties, contributing to cell wall assembly,
causing cell wall stiffening and growth cessation, promoting tissue cohesion,
strengthening cell wall structure in response to biotic and abiotic stresses and
limiting cell wall biodegradability (Buanafina 2009). Ferulic and p-coumaric
acids are synthesized through the phenylpropanoid pathway (Vogt, 2010). The
first step of this route is the deamination of L-phenylalanine by phenylalanine
ammonia lyase (PAL) to cinnamic acid. Subsequent enzymatic steps catalyzing
hydroxylations and methylations produce feruloyl-CoA, which is ester-linked to
arabinoxylans (Fry et al.,, 2000; Lindsay and Fry, 2008). Recently, it has been
demonstrated in rice that members of the pfam gene family may act as
arabinoxylan feruloyl transferases (Piston et al., 2010).

Cellulose is synthesized at the plasma membrane by an enzymatic
complex and is deposited directly into the cell wall in a directional manner
(Somerville, 2006; Mutwil et al., 2008; Taylor, 2008), undergoing a dynamic
reorientation following deposition which enables its anisotropic expansion
(Anderson et al.,, 2010). Cellulose biosynthesis machinery is located in the
plasma membrane, forming ‘rosettes’ or cellulose synthase (CesA) complexes.
In plants, CesA complexes are organized as hexamers, presumably consisting of
36 individual CesA proteins, and some other proteins. It is thought that the
CesA complexes are assembled in the Golgi apparatus and then exported to the
plasma membrane via exocytosis (Somerville, 2006). Arabidopsis (type-I cell
wall) and maize (type-II cell wall) have ten and twelve CesA genes, respectively
(Holland et al., 2000; Richmond, 2000; Appenzeller et al., 2004).

Characterization of mutants affecting CesAl and CesA3 proteins
demonstrated that these two proteins are essential to production of cellulose in
Arabidopsis primary walls (Desprez et al,, 2007; Persson et al.,, 2007; Daras et
al., 2009). Other Arabidopsis CesA, such as CesA2, CesA5, CesA6 and CesA9 are
also involved in primary cell wall formation but their functions are partially
redundant (Desprez et al, 2007; Persson et al, 2007). In contrast,
characterization of Arabidopsis mutants for AtCesA4 (IRX5: irregular xylem 5),
AtCesA7 (IRX3) and AtCesA8 (IRX1) revealed that these three proteins are
essential for secondary cell wall formation (Taylor et al., 1999; 2000; 2003; Ha
et al, 2002) and do not affect cellulose biosynthesis in primary cell walls
(Turner and Somerville, 1997; Ha et al., 2002).
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As cellulose represents the main load bearing polysaccharide in cell
walls, the habituation of plant cell cultures to lethal concentrations of cellulose
biosynthesis inhibitors has emerged as a valuable tool for the study of
important mechanisms involved in plant survival, such as cell wall plasticity
(both structural and compositional) to cope with cell wall integrity disrupting
factors (Acebes et al., 2010).

Although the basic mechanism of habituation is common (a replacement
of the cellulose network for other cell wall components), the details of the
process depend on the type of cell wall, and thus it has been demonstrated that
cells habituate to cellulose biosynthesis inhibitors by using different strategies
(Acebes et al., 2010 and refs. therein). In Arabidopsis, isoxaben-habituation
does not appear to be mediated by stress response processes, nor by functional
redundancy within the CesA family (Manfield et al., 2004). Amongst the
cellulose synthase superfamily, CsID5 (cellulose synthase-like D5) is highly
upregulated and it might play a role in the biosynthesis of the walls of
habituated cells (Bernal et al., 2007). Dehabituation is a feasible strategy to
unravel those habituation-related components that are stable (i.e. those
changes putatively associated to mutations or epigenetic changes in DNA).
Thus, it has been demostrated that most of the cell wall changes induced during
habituation reverts when cells are dehabituated by culturing them in a medium
without the inhibitor (Shedletzky et al., 1990; Encina et al., 2002; Garcia-Angulo
et al., 2006; 2009; Alonso-Sim6n et al, 2010). However, dehabituated cell
cultures retain some habituation-induced modifications. In the case of bean cell
cultures the study of DCB dehabituated cells proved that habituation to DCB
relied both in reversible (those affecting to cell wall composition and structure)
and stable changes (a high guaiacol type peroxidase activity) (Garcia-Angulo et
al,, 2009).

Maize cell cultures have been habituated to lethal concentrations of DCB
(12uM; H12) (Mélida et al. 2009). DCB-habituated cells present modified cell
wall architecture with a strong reduction in cellulose which is compensated, at
least partially, by a more extensive network of highly feruloylated
arabinoxylans in the stationary growth phase.

In this paper, we describe the effect of the herbicide DCB on non-
habituated, habituated and dehabituated maize cells at biochemical and
molecular levels. In the habituated cells, differences associated with the cell-
culture stage were studied. We analyzed the effect of DCB on the expression of
genes involved in the biosynthesis of cellulose and hydroxycinnamates. We also
applied a proteomic approach to detect changes in the overall metabolism of
maize cells habituated to DCB. Based on these results, we also determined
detoxifying and antioxidant enzymatic activities associated with DCB
habituation.
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Results

DCB habituation process implies a reduction in the cellulose content
of maize cells

The effect of DCB on cellulose content was assayed in different maize cell
cultures (Figure 1). Our results show that cellulose content was not
significantly affected when maize cultures were incubated with DCB for a brief
period of time (NH/DCB) compared to non-treated cultures (NH). However, in
H12 cultures, a strong reduction in cellulose content was observed: 61% in
active growth phase and 53% in stationary phase compared with NH cultures.
No evidence of cellulose loss during cell wall isolation was found, indicating
that the reduction of cellulose content in H12 culture was not due to its loss
during the experimental procedure.
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Figure 1. Cellulose content of cell walls isolated Figure 2. Effect of DCB on the growth

from non-habituated (NH), habituated to 12uM of non-habituated (NH), habituated
DCB (H12; collected in the active growth or in to 12uM DCB (H12) and
the stationary phase), dehabituated (DH; in the dehabituated (DH) maize cell

stationary  phase) and  non-habituated cultures expressed as the
supplemented with DCB for 5-6 days (NH/DCB) concentration of DCB (uM) required
maize cell cultures analyzed by the Updegraff to inhibit weight increase by 10%
method. Values are means * S.D. of 3 (I10), 50% (Iso) and 90% (Iso) with
measurements. Growth measured as relative respect to control.

increase in fresh weight of the cells was reduced
by 389% and 12.4% in H12 and DH cells
respectivelly with regard to NH.

Our results also show that the reduction of cellulose can be reversed
when DCB is subsequently removed for a long period (more than a year) from
the culture media (DH cultures).

We also tested the ability of DH cultures to cope with lethal con-
centrations of DCB, expressed as the concentration of DCB required to inhibit
fresh weight gain by 10% (I10), 50% (Is0o) and 90% (Is0) with respect to the
control (Figure 2).

The I10, Iso and Igg values of the DH cultures were comparable to those of
the NH cultures, but very dissimilar to those of H12 cultures (about ten times
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higher), indicating that DH cultures incubated with DCB display behaviour
similar to maize cultures which have never been cultured in the presence of
DCB.

DCB affects the expression of some CesA genes

As DCB strongly reduces cellulose content in H12 cultures, we further
investigated whether the expression of the maize CesA genes is affected (Figure
3), using RT-PCR. Our results show that, although the cellulose content was not
altered in maize cells treated briefly with DCB (NH/DCB), the presence of this
inhibitor downregulated ZmCesA3, 5, 8 and induced ZmCesA7. However, in the
habituated H12 cultures, in which a strong decrease in total cellulose content
was observed, ZmCesA1/2, 3, 7, and 8 were induced in the growth phase, while
ZmC(CesA7 continued to be induced and ZmCesA5 repressed, in the stationary
phase. Finally, in DH cultures, with cellulose content similar to that of the non
treated cells, only the expression of ZmCesA5 gene was induced. ZmCesA4, 9, 10,
11 and 12 were also analyzed, but no mRNA was detected in these maize cells.

It has been shown that a mutation in the maize ZmBkZ gene implies a
severe reduction in cellulose content (Ching et al, 2006). We therefore
analyzed whether the presence of DCB could also affect the expression of the
ZmBk2L3 gene, as it is the only member of the family expressed during primary
cell wall biosynthesis (Brady et al., 2007). In this case, our results indicate that
the expression of ZmBkZ2L3 gene was not affected by the presence of DCB in the
culture media.
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Figure 3. Relative ZmCesA gene expression analyzed by RT-PCR of different
maize cell cultures and culture phases (key as in Figure 1). T, more mRNA
accumulation than control (NH); i«, less mRNA than control. ZmCesA4,
ZmCesA9, ZmCesA10, ZmCesA11, ZmCesA12 and ZmMAP20 were not detected.
ZmMAPZ20: Microtubule associated protein 20, ZmBk2L3: Brittle stalk 2 Like 3.

Recently, a microtubule associated protein MAP20 in secondary cell
walls of hybrid aspen has been reported as a target for DCB (Rajangam et al.,
2008). It was demonstrated that DCB specifically binds to MAP20 during
cellulose synthesis in secondary walls. Based on this research, we analyzed the
expression of a putative ZmMAP20 gene but no mRNA could be detected in
maize cell cultures, which only have primary cell wall.
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DCB affects cell wall phenolics content

In addition to the cellulose content, we have also analyzed the effect of
DCB on cell wall phenolic content. Our results show that a short-term DCB
treatment (NH/DCB) was sufficient to produce quantitative modifications in
the content of cell wall esterified phenolics (Figure 4), resulting in a decrease in
ferulic acid and a strong increase in p-coumaric acid compared to the NH
cultures. In H12 cultures, an increase in both ferulic and p-coumaric acids
content was measured, showing that H12 cell walls are phenolic-enriched
compared to control cells. Finally, our results show that DH cultures had a
slightly higher amount of p-coumaric acid but showed a reduction in ferulic
acid compared to non-treated cells.
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Figure 4. Ferulic (A) and p-coumaric acid (B) content of cell walls isolated
from different maize cell cultures (key as in Figure 1) released by treatment
with 1M NaOH and measured by HPLC-PAD. Values are mean * SD of three
measurements.

DCB affects the expression of genes involved in the phenylpropanoid
pathway

As DCB habituation in H12 maize cultures involves a shift from ferulate
to coumarate-rich cells walls and an enrichment in cell wall esterified
hydroxycinnamates and dehydroferulates (Melida et al., 2009), we also
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analyzed the expression of the phenylpropanoid genes involved in the
production of p-coumaric and ferulic acid, and feruloyl-CoA (Figure 5A). Results
show that the majority of these genes were induced in the H12 cultures during
the growing stage, with the exception of CCoAOMT, which was repressed
(Figure 5B). When these H12 cultures reached the stationary phase, all the
genes analyzed were repressed, with the exception of COMT, which was
induced.

In the short-term DCB-treated cultures (NH/DCB), several genes were
also induced. In contrast, in the dehabituated cells, only 4CLc and both methyl
transferases (COMT and CCoAOMT) were induced.
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Figure 5. A. Phenolic biosynthetic pathway, from phenylalanine to

arabinoxylan feruloylation. Dashed arrows indicate putative pathways. B.
Relative expression of the genes involved in the synthesis of phenolic
compounds of different maize cell cultures (key as in Figure 1). T more mRNA
content than control; 4, less mRNA content than control. PAL: Phenylalanine
Ammonia-Lyase, C4H: Cinnamate 4-Hydroxylase, 4CL: 4-Coumarate CoA
Ligase, C3H: 4-Coumarate 3-hydroxylase, HCT: Hydroxycinnamoyl-CoA
shikimate/quinate hydroxycinnamoyl Transferase, CCOAOMT: Caffeoyl-CoA
O-MethylTransferase, COMT: Caffeic acid O-MethylTransferase.

Overall effects of DCB on the metabolism of the habituated cells

In order to attain an overall idea of the effect of DCB on the maize cell
habituation process, we compared the proteome of the H12 and NH cell
cultures. The 2-DE-based proteomics approach enabled us to compare 906
proteins from the total amount initially isolated (1445 for NH vs. 1217 for H12)
(Supplementary Figure 1 online). Twenty seven proteins were identified in only
one of the two cell lines (19 absent and 8 present only in H12) and 44 proteins
were found to be missregulated (20 downregulated and 24 upregulated in
H12). From all the sequenced proteins, we were able to identify 15 proteins
(Table 1). Habituation induced carbohydrate metabolism (enolase 1 and
glyceraldehyde-3-phosphate dehydrogenase) and some stress-related proteins
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(peroxidase and heat shock protein), and repressed some nitrogen and
ethylene metabolism proteins (3-isopropylmalate dehydrogenase 2, glutamine
synthetase 2, 1l-aminocyclopropane-1-carboxylate oxidase 1). Surprisingly,
some proteins, such as glutathione S-transferases (GST), which are commonly
thought to be involved in herbicide detoxification processes, were repressed in
H12 cells compared to the control NH cells.

Table 1. Identification of proteins by MALDI-TOF/MS or by LC-nanoESI-Q-
TOF-MS/MS after spot excision of 2-D gels, with an indication of their
theoretical and experimental isoelectric point and molecular mass.

Protein group Protein name (accession no.) (Spot no.) Theoretical pI /MM  Experimental pI /MM
Present only in H12 Peroxidase 52 precursor (ACG45093) (1) 6.86 / 35350 -/ 37055
Heat shock protein 70 (CAA47948) (2) 5.10 /71517 -/-
Translation initiation factor 5A (NP_001105606) (3) 5.61/17714 -/ 20552
Elongation factor 1-alpha (P17786) (4) 9.19 / 49599 -/ 59693
Induced in H12 Glyceraldehyde-3-phosphate dehydrogenase (CAC80387) (5) 9.01 /45751 5.70 / 38442
Enolasel (NP_001105896) (6) 5.20 / 48262 5.17 / 36871
Translation initiation factor 5A (NP_001105606) (7) 5.61/17714 5.96 /19911
Putative xylanase inhibitor (BAB89707) (8) 7.52 /38873 5.16 /38408
Repressed in H12 Glutathione S-transferase2 (NP_001105366) (9) 5.77 / 24726 5.81 /25640
3-isopropylmalate dehydrogenase 2 (ACG41069) (10) 5.62 /43142 4.90 /53129
Glutamine synthetasel (NP_001105725) (11) 6.42 / 46300 5.34 /49092
1-aminocyclopropane-1-carboxylate oxidase (ACG35410) (12) 4.99 /34753 5.15 /41100
Absent in H12 Glutathione S-transferase6 (ACG38008) (13) 5.52 /25750 5.63 /25049
Glutathione S-transferase7 (NP_001105593) (14) 5.29 /25414 -/ 27463
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Figure 6. Activity of glutathione S-tranferase (GST), glutathione reductase
(GR), guaiacol type peroxidase (GPOX), ascorbate peroxidase (APOX) and
catalase (CAT) in non-habituated (NH), habituated to DCB (H12) and non-
habituated supplemented with DCB (NH/DCB) maize cultured cells. Values
are means * SD (n= 10) and are expressed as pmol min-! mg prot-1.
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Glutathione S-transferase, glutathione reductase and catalase
activities are reduced in the maize H12 cells

In order to confirm the proteomic results indicating that GST enzymes
were repressed in H12, we analyzed the GST activity spectrophotometrically.
Our results confirmed that GST activity was reduced in H12 cells compared to
the control NH cells (Figure 6). In addition to GST activity, we also analyzed
several antioxidant activities (summarised in Figure 6). Results obtained
indicate that antioxidant activities such as guaiacol type peroxidase (GPOX) and
ascorbate peroxidase (APOX) did not significantly change in H12 cells.
Furthermore, these H12 cells presented a reduction in antioxidant activities,
such as glutathione reductase (GR) and catalase (CAT) activities. In contrast, a
short-term incubation of NH cells in the presence of DCB rendered an increase
in all activities tested (Figure 6).

Discussion

Maize calluses were habituated to lethal concentrations of the DCB
herbicide by gradually increasing the concentration of the inhibitor in the
culture medium. It has previously been suggested that the mechanism of
habituation to DCB and other cellulose biosynthesis inhibitors relies on the
ability of the habituated cells to divide and expand under conditions where
cellulose biosynthesis is inhibited (Vaughn, 2002), but the molecular changes
involved in habituation to DCB are poorly understood at present.

In this paper, we show that H12 cell walls present a reduction of more
than 50% in cellulose content in the stationary phase, similar to that reported
in previous research (Mélida et al, 2009), and that in addition, they also
present a strong reduction in cellulose (more than 60%) during the active
growing phase. However, when the herbicide was removed from the culture
media, maize cells were able to restore normal levels of cellulose. A similar
behaviour was observed with DCB-habituated tomato (Shedletzky et al., 1990)
and bean cells (Encina et al., 2002; Garcia-Angulo et al., 2006), indicating that
plant species having a type-I (tomato and bean) or type-II (maize) wall share
some common mechanisms resulting from the removal of the herbicide in the
culture media.

It was also reported in a type-I plant specie such as bean that
dehabituated cells retain the capacity to cope with lethal concentrations of DCB
(Encina et al., 2002; Garcia-Angulo et al., 2009). Interestingly, we show here
that this is not the case for type-Il, as when the dehabituated cells were newly
incubated with DCB they presented a similar behaviour to that of non-
habituated cells.

During the active growing phase of the H12 cultures, maize cells induced
the expression of several CesA genes: ZmC(CesA1l/2, 3, phylogenetically grouped
with the Arabidopsis thaliana CesA1 gene involved in the synthesis of cellulose
in the primary cell wall. Interestingly, in tobacco cells habituated to 1 uM DCB, a
higher amount of the protein celA1 was found, also homologous to AtCesA1l
(Nakagawa and Sakurai, 1998). H12 cultures also induced the expression of
ZmCesA7 and 8, grouped with Arabidopsis thaliana CesA proteins involved in
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the synthesis of cellulose in the primary to secondary cell wall transition
(Appenzeller et al., 2004; Taylor, 2008). In addition to AtCesA1, AtCesA3 is also
involved in primary cell wall cellulose biosynthesis (Desprez et al., 2007;
Persson et al., 2007). However, expression of maize CesA genes most closely
related to AtCesA3 was not detected (ZmCesA4 and 9) or was not altered
(ZmC(CesA5) in the active growing phase of H12 cells.

Once cells stopped growing (stationary growth phase), the most CesA
gene expression was similar to that of control cells, with the exception of
ZmCesA5, which remained repressed, and ZmCesA7, which continued to be
induced. Thus, and bearing in mind that caution must be taken when results of
gene expression are extrapolated to protein levels, it could be suggested that
ZmCesAS5 is, at least partially, replaced by ZmCesA7 in the rosettes. As cellulose
requirements increase (active growing phase), other CesA proteins
(ZmCesA1/2, ZmCesA3 and ZmCesA8) may also replace ZmCesA5 in the
rosettes. As a consequence of (partially) removing ZmCesA5 from the rosettes,
maize cells would be able to grow in the presence of the herbicide. A similar
behaviour occurs in Arabidopsis, as when AtCesA3 (the most closely related
protein to ZmCesA5) is removed from the rosettes in plants mutated for this
gene (ixr1-1 and ixrl-2), these plants become more resistant to the cellulose
biosynthesis inhibitor isoxaben (Scheible et al., 2001). In isoxaben-habituated
cells, not only AtCesA3, but also AtCesA1l, and 6 were downregulated (Manfield
etal., 2004).

It is noteworthy that the expression of ZmCesA5 was induced in
dehabituated maize cells, even when maize cells had been grown without DCB
for at least one year. However, when dehabituated cells were newly incubated
with DCB, they were similarly or slightly more sensitive to the herbicide than
control cells. In this case, the increased amount of ZmCesA5 did not affect the
total content of cellulose. Thus, this result reinforces the idea that the
presence/absence of ZmCesA5 within the rosette could be a critical aspect
determining the sensitivity/resistance of the cells to growth in the presence of
DCB in the culture media.

Recently, a Microtubule Associated Protein (MAP20) has been reported
as a target for DCB in secondary cell walls of hybrid aspen (Rajangam et al,,
2008). Linking up MAP20 function with DCB effects, it was proposed that
MAP20 has a specific role in cellulose biosynthesis by coupling CesA proteins
with microtubules, and that DCB inhibits cellulose biosynthesis by decoupling
cellulose synthesis and microtubules through MAP20 inactivation (Rajangam et
al.,, 2008). The connection between microtubules and cellulose synthesis has
been proved in recent years (Paredez et al, 2006; Gutierrez et al., 2009).
However, the expression of ZmMAP20 was not detected in maize cultured cells,
indicating that ZmMAP20 could be the target of DCB during secondary cell wall
synthesis but not during primary cell wall formation.

Mutations in a maize brittle-stalk (ZmBkZ2) gene strongly reduce the total
cellulose content in the secondary cell wall (Ching et al., 2006). However, the
only member of this family that is expressed in cells producing primary walls
(ZmBk2L3) (Brady et al., 2007) was not affected in the maize cultures analyzed
in this research, suggesting that this gene is not involved in any DCB responses
in this case.

94



Capitulo II1

Maize cells habituated to DCB presented a significant increase in
arabinoxylans (Mélida et al., 2009). Here we show that the phenolic compounds
(mainly ferulic acid, but also p-coumaric acid) involved in the arabinoxylans
cross-link increased in the H12 cell walls. This supports the idea that a more
cross-linked network of arabinoxylans is acting as a mechanism to counteract,
at least partially, the reduction of cellulose in the H12 cell walls.

Although cells dehabituated to DCB were able to restore the normal
levels of cellulose, they presented a significant reduction in ferulic acid in the
cell walls, suggesting that some metabolic modifications persist even when DCB
has not been present for more than one year in the culture media.

Application of DCB to non habituated cells caused a strong increase in p-
coumaric acid, suggesting that p-coumaric acid enrichment is a response to the
toxicity of DCB rather than a mechanism involved in the habituation process.
This is in agreement with previous research showing a relationship between p-
coumaric acid and cellular stresses (Zanardo et al., 2009).

The enrichment in phenolics in H12 cell walls was bound to a global
induction of the phenylpropanoid genes involved in the synthesis of these
compounds in the active growth phase. However, in the stationary phase, when
the cell wall had already been tightened, gene expression levels involved in this
metabolic pathway were repressed.

Among the three maize PAL genes analyzed, it is interesting to note that
ZmPALa and ZmPALDb genes seemed to be involved in short-term response
while ZmPALc gene may act in the long-term habituation process. Whereas in
control cells, ZmCCoAOMT seems to be the main methyl-transferase, our results
suggest that ZmCOMT partially replaced ZmCCoAOMT when DCB was present
in the culture media.

Plant reaction against DCB stress may involve a wide variety of
biochemical and physiological adaptations. In accordance with this idea,
habituation to DCB implies an induction of several proteins: a translation
initiation factor 54, that has been shown to be involved in RNA transport and
metabolism, regulating cell proliferation, growth and programmed cell death
(Feng et al,, 2007) and a heat shock protein 70, considered to play a role as a
biochemical stress indicator (Tomanek and Sanford, 2003). The fact that H12
cells presented an induction of a putative xylanase inhibitor is in line with the
fact that the H12 cells contained higher xylan levels compared to control cells
(Mélida et al., 2009). Similarly, an increase in peroxidase activity related to the
increased DCB resistance of DCB-dehabituated bean cells has also been
reported (Garcia-Angulo et al.,, 2009). In line with this result, maize H12 cells
showed an induction of the peroxidase 52 precursor, indicating that this
peroxidase activity could play an important role in maize cell habituation to the
herbicide.

Enolasel and glyceraldehyde-3-phosphate dehydrogenase were induced
in H12 cells. These enzymes catalyze the reversal conversion of hexose glucose
to pyruvate and it has been reported that hexoses can function as stress
indicators when cell wall integrity is impaired (Hamann et al., 2009). Therefore,
our results suggest that these two enzymes could play a role as indicators of
DCB stress.

Among the proteins that were repressed in H12 cells, two enzymes
involved in nitrogen metabolism were identified; 3-isopropylmalate
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dehydrogenase 2 and glutamine synthetase 1. A transcriptional relationship
between genes involved in carbon and nitrogen metabolism has previously
been suggested (Jackson et al., 1993). 1-aminocyclopropane-1-carboxylate
oxidase 1 was also repressed, suggesting a reduction of ethylene biosynthesis
in habituated cells.

It is noteworthy that several isoforms of GSTs were repressed in H12
cells. GSTs are enzymes involved in detoxification processes to protect plants
against xenobiotic damages like DCB (Genter et al., 1998) and are considered as
molecular markers of plant stresses (Edwards et al, 2000). A further
determination of the GST enzymatic activity confirmed that H12 cells were
deficient in this detoxifying activity. Therefore, GST activity does not play a
major role in DCB-habituated cells. In contrast, GST activity was enhanced
when non habituated cells were incubated short-term with DCB, indicating that,
as expected, GST is involved in the process of detoxification.

According to the level of antioxidant activities (GR, GPOX, APOX and
CAT) measured in DCB habituated cell cultures, it seems that these cells do not
rely on an antioxidant strategy to cope with this herbicide. However, as
expected, these activities were induced in maize cells treated short-term with
DCB. The behaviour of the H12 maize cells thus contrasted with that observed
in bean cells, in which antioxidant capacity is enhanced in habituation to this
herbicide (Garcia-Angulo et al., 2009). Results obtained by Garcia-Angulo et al.
(2009) did also show that bean dehabituated cells retained an increased GPOX
activity what would partially explain that they were more tolerant to DCB than
non-habituated cells. In accordance with this explanation, the lack of an
antioxidant strategy in the habituation to dichlobenil of maize cells would also
explicate that maize dehabituated cells do not differ in DCB sensitivity from
non-habituated cells.

The low level of detoxifying/antioxidant activities measured in maize
cells habituated to DCB would alternatively be explained as a way to reduce
H>02 scavenging, and secondarily, to ensure phenolic dimerization.

In this paper, we show that the habituation of maize cells to the
herbicide DCB implies several metabolic modifications: (i) a strong reduction in
cellulose and alteration in the expression of several Cellulose Synthase genes. Of
these, ZmCesA5 and ZmCesA7 seem to play a major role in habituating cells to
growth in the presence of this herbicide. (ii) Several phenylpropanoid genes
involved in the synthesis of hydroxycinnamates are induced, resulting in a
strong increase in these compounds in the cell wall. This could be understood
as a mechanism to reinforce a cellulose-deficient cell wall. (iii) Several
metabolic pathways are altered in habituated cells, such as carbon, nitrogen
and ethylene metabolism, as are other proteins typically involved in stress
responses. (iv) There is a notable reduction of glutathione S-transferase
detoxifying activity, showing that it is not involved in habituation to the
herbicide in maize cells. Moreover, this habituation process does not rely on
antioxidant strategies. In conclusion, our results show that both the reduction
in cellulose content and the increase in phenylpropanoid synthesis observed
during habituation of maize cultured cells to a cellulose biosynthesis inhibitor
such as dichlobenil provoke changes in gene expression, not only in the genes
directly related to cellulose biosynthesis and phenylpropanoid synthesis, but
also in others related to such varied aspects as carbon, nitrogen and ethylene
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metabolism, detoxification mechanisms, etc. Furthermore, this regulation of
gene expression is dependent on the growth phase of habituated cells, and
differs considerably from the changes observed in non-habituated cells exposed
to the herbicide. Considered together, these changes may be responsible for the
capacity displayed by cells to survive exposure to an inhibitor which affects a
process as crucial to plant cell as cellulose biosynthesis.

Methods
Cell cultures

Maize callus cultures (Zea mays L., Black Mexican sweetcorn) from
immature embryos were grown in Murashige and Skoog media (Murashige and
Skoog, 1962) supplemented with 9 uM 2,4-D at 25°C under light (Lorences and
Fry, 1991), and subcultured monthly. Cell cultures habituated to 12 uM DCB
(H12) were obtained from non-habituated (NH) after stepwise transfers with
gradual increments of DCB (Mélida et al., 2009), and were subcultured in 12 uM
DCB monthly for more than two years. Through long-term (up to 1 year)
culturing of H12 cells in a medium lacking DCB, dehabituated cultures (DH)
were obtained. For some experiments, NH cells incubated (for 5-6 days) in
medium supplemented with 6 uM DCB (NH/DCB) were used. In all cases, (H-
DH-NH/DCB) cells were compared with same aged NH cells at the same culture
cycle phase.

In order to obtain growth inhibition curves, calluses weighing 1.0 + 0.1 g
were cultured in DCB, in concentrations ranging from 0.01 to 100 pM. DCB was
dissolved in dimethyl sulfoxide, which did not affect cell growth at this range of
concentrations. The cultures were incubated for 30 days and weighed (FW).
Growth was expressed as relative increase in FW and the I, Iso and I9o were
calculated as the concentration of DCB required to inhibit weight increase by
10%, 50% and 90% respectively compared to non DCB treated cells (control).
Six replicates were used in each concentration, and no deviations are shown in
Figure 2, due to inhibition percentages are unique values.

Cell wall analyses

Calluses collected in the early stationary phase were frozen and treated
as previously described to obtain cell walls (Mélida et al., 2009). In some cases,
these were collected in two different growth phases; in the active growth or in
the stationary phases. On average, NH cells reached the active growth and
stationary phases 16 days and 25 days after subculturing, respectively. Twenty-
day-old and 30-day-old H12 cells were considered to be at the active growth
and stationary phases respectively (Mélida et al., 2009).

Cellulose was quantified in crude cell walls by the Updegraff method
(Updegraff, 1969) using the hydrolytic conditions described by Saeman et al.
(1963) and quantifying the glucose released by the anthrone method (Dische,
1962).

Ferulic and p-coumaric acids were analyzed by HPLC-PAD. Cell walls (10
mg) were treated in the dark under Nz with 1 M NaOH, at room temperature for
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16 h in order to saponify phenolic esters. The solution was acidified by addition
of trifluoroacetic acid and partitioned against ethyl acetate (x2). The ethyl
acetate phases were vacuum-dried and re-dissolved in propan-1-ol for
HPLC-PAD analysis.

HPLC-PAD analyses were performed using a Waters 2690 chroma-
tograph with a Waters 996 photodiode array detector. Separation was achieved
using a Kromasil C18 (Teknokroma) column (250 x 4.6 mm i.d.; 5 um particle
size). The mobile phase consisted of acidified (TFA) 10% acetonitrile (solvent
A) and a mix of 40% acetonitrile, 40% methanol and 20% water (solvent B) and
followed the binary gradient elution programme: initial conditions 90:10 (A:B),
changing to 25:75 after 25 min, then to 0:100 after 5 min and returning to the
initial conditions after 10 min. The mobile phase flow was 1 mL/min. The
elution profiles were monitored by UV absorbance at 325 and 280 nm.
Retention times were compared with freshly prepared standard solutions of
ferulic and p-coumaric acids. Calibration curves were used to quantify these
compounds.

Isolation of total RNA, RT-PCR and PCR

Total RNA was extracted with Trizol Reagent (Invitrogen), and 2 pg of
total RNA was reverse-transcribed using M-MLV Reverse Transcriptase
(Invitrogen). First-strand cDNA was generated using an oligo(dT)s primer and
1 ul of the first-strand ¢cDNA was used as a template in subsequent PCR
reactions. “No-RT” PCR assays were performed to confirm the absence of
genomic DNA contamination. For each assay, several numbers of cycles were
tested to ensure that amplification was in the exponential range.

The gene-specific primers used for the analysis of ZmCesA1 (AF200525),
ZmCesA2 (AF200526), ZmCesA3 (AF200527), ZmCesA5 (AF200529), ZmCesA6
(AF200530), ZmCesA7 (AF200531) were those previously described by Holland
et al. (2000). Due to the high sequence similarity between ZmCesAl and
ZmCesA2, the same primer was used for the analysis of both genes
(ZmCesA1/2). The primers used for the analysis of ZmCesA4 (AF200528),
ZmCesA8 (AF200532), ZmCesA9 (AF200533), ZmCesA10 (AY372244.1),
ZmCesA11 (AY372245.1), ZmCesA12 (AY372246.1), ZmBk2L3 (EF078698),
ZmMAPZ20 (AY110515.1) are shown in the Supplementary Table 1 online.

The sequences of the primers used for the analysis of Caffeic acid
0-MethylTransferase ZmCOMT (AY323283) and ZmUbiquitin (U29159) were
those previously described by Fornalé et al. (2006).

The gene-specific primers used for the analysis of Phenylalanine
Ammonia-Lyase ZmPALa (contig no. 3858636.2.1), ZmPALb (contig no.
2161072.2.3), ZmPALc (contig no. 2161072.2.1), Cinnamate 4-Hydroxylase
ZmC4Ha (contig no. 2521589.2.1), 4-Coumarate CoA Ligase Zm4CLa (contig no.
3106166.2.1), Zm4CLc (contig no. 1716323.2.1), Hydroxycinnamoyl-CoA
shikimate/quinate hydroxycinnamoyl Transferase ZmHCT (contig no.
2619423.2.1), Caffeoyl-CoA O-MethylTransferase ZmCCoAOMT (contig no.
2591258.2.1) and 4-Coumarate 3-hydroxylase ZmC3H (contig no. 2643622.2.1)
were derived from the “MAIZEWALL” database (Guillaumie et al., 2007).
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Protein extraction and 2D-PAGE

NH and H12 maize cells at the stationary phase (1g) were ground in
liquid nitrogen. Proteins were solubilized at 4°C in 1.2 mL of lysis buffer (7M
urea, 2M thiourea, 40mM Tris-HCI pH 8.0, 50 mM DTT, 4% CHAPS and 0.2%
Triton X-100) containing DNase I (53 u/mL-1), RNase (4.9 u/mL-1) and protease
inhibitors (1 mM PMSF, 50 mM leupeptin and 10 mM E-64). Protein extracts
were clarified twice by centrifugation at 16000 x g for 15 min at 4°C, and the
obtained supernatants were saved. Supernatants were precipitated with 15%
TCA for 30 min at 4°C and centrifuged at 16000 x g for 15 min. The pellet
containing the proteins was mixed with cold acetone (x3) and finally
resuspended in lysis buffer. Protein content was quantified by the Bradford
assay (Bradford, 1976).

For 2-D analysis, protein extracts were diluted in rehydration solution
(7M Urea, 2M thiourea, 18 mM Tris-HCI pH 8.0, 4% CHAPS, 0.5% IPG Buffer in
the same range as the IPG strip, and 0.002% Bromophenol Blue) containing
1.6% DeStreak Reagent (Amersham Biosciences). Three hundred pg of total
proteins was diluted in a final volume of 300 pl and loaded onto non-linear
pH 4-7, 18 cm immobilized pH gradient (IPG) strips (Immobiline DryStrips,
Amersham Biosciences) for the first dimension. Isoelectric focusing was
performed at 50V for 10 h, 500V in gradient for 1 h 30 min, 1000V in gradient
for 1 h 30 min, 2000 V in gradient for 1 h 30 min, 4000 V in gradient for 1 h 30
min, 8000 V in gradient for 2 h and 8000 V holding for 10 h, using EttanTM
[PGphor TM Isoelectric Focusing System (Amersham Biosciences). IPG strips
were then equilibrated with 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v)
glycerol, 2% SDS, a trace of Bromophenol Blue and 10 mg/mL-? DTT during 15
min, followed by a second equilibration step with the same buffer containing 25
mg/mL! iodoacetamide instead of DTT, for a further 15 min, with gentle
shaking. For the second dimension, the focused strips were loaded and run on
SDS-PAGE 12% polyacrylamide gels (26 x 20 x 0.1 cm) using Ettan DALTSsix
System (Amersham Biosciences), 30 min at 2.5 W/gel, followed by 17 W/gel
during 4 h. Gels were stained with CBB G-250 (Bio-Rad). The experiment was
repeated with two biological replicates and three experimental replicates per
biological sample. The stained gels were scanned with an ImageScanner
desktop instrument (Amersham Biosciences) and images were acquired using
the LabScan scanning application, in transmission mode, at (16 bits) grey scale
level, 300 dpi, zoom factor set at 1:1 (100%), and saved as TIFF (Tagged Image
File Format) files. Image analysis was performed using the ImageMasterTM 2D
Platinum 5.0 Software (Amersham Biosciences). The optimal parameters for
spot detection were: smooth=4, saliency=1.0 and minimum area=5. After
automatic spot detection, manual spot editing was carried out. Gel replicates
were used to obtain synthetic gels with averaged positions, shapes and optical
densities. To evaluate protein expression differences among gels, relative spot
volume (% Vol.) was used. This is a normalized value and represents the ratio
of a given spot volume to the sum of all spot volumes detected in the gel. Those
spots showing a quantitative variation = Ratio 1 and positive GAP were selected
as differentially expressed. Statistically significant protein abundance variation
was validated by Student’s t-Test (p<0.05). The selected differential spots were
excised from the CBB G-250 stained gels and identified either by PMF using
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MALDI-TOF MS or by peptide sequencing at the Proteomics Platform
(Barcelona Science Park, Barcelona, Spain). The MALDI-TOF MS analysis was
performed using a Voyager DE-PRO (Applied Biosystems) instrument in the
reflectron, positive-ion mode. Spectra were mass calibrated externally using a
standard peptide mixture. For the analysis, 0.5 mL peptide extract and 0.5 mL
matrix (5 mg/mL CHCA) were loaded onto the MALDI plate. When ions
corresponding to known trypsin autolytic peptides (m/z 842.5100, 1045.5642,
2111.1046, 2283.1807) were detected at adequate intensities, an automatic
internal calibration of the spectra was performed. Data were generated in PKL
file format, and were submitted for database searching in MASCOT server. The
software packages Protein Prospector v 3.4.1 (UCSF) (Mass Spectrometry
Facility, University of California) and MASCOT were used to identify the
proteins from the PMF data as reported previously (Carrascal et al., 2002). The
SEQUEST software (Thermo-Instruments, Spain) was used for preliminary
protein identification from the MS/MS analysis followed by manual sequence
data confirmation. Swiss-Prot and non-redundant NCBI databases were used
for the search. Searches were performed for the full range of molecular weight
and pl. No species restriction was applied. When an identity search produced
no matches, the homology mode was used.

Antioxidant enzyme assays

Glutathione S-tranferase (GST; EC 2.5.1.18), glutathione reductase (GR;
EC 1.8.1.7), guaiacol type peroxidase (GPOX; EC 1.11.1.7), ascorbate peroxidase
(APOX; EC 1.11.1.11) and catalase (CAT; EC 1.11.1.6) activities were assayed in
NH, H12 and NH/DCB callus-cultured cells. GST activity was determined
following the method described by Habig et al. (1974), based on an increase in
A3zso due to reduced reduction in glutathione and chloro-2,4-dinitrobenzene
complex formation (€340= 9.6 mM-! cm-1). GR activity was determined following
the method described by Edwards et al. (1990), by measuring the decrease in
Azs0 due to NADPH oxidation (€3120= 6.22 mM-1 cm'l). GPOX activity was
determined following the method described by Adam et al. (1995), based on an
increase in A470 due to guaiacol oxidation (g470= 26.6 mM-1 cm1). APOX activity
was determined following the method described by Hossain and Asada (1984),
by measuring the decrease in A290 due to ascorbate oxidation (€290= 2.8 mM-!
cm1). The method described by Droillard et al. (1987) was followed for CAT
activity measurement. This method is based on a decrease in A240 due to H20;
decomposition (g€240= 39.58 mM-1 cm1).

Suplementary Data

Supplementary Data are available at Molecular Plant Online.
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Supplementary Data

Supplementary Figure 1: 2-D resolution of the maize callus proteins.
Comparison of the total proteins of NH (A) and H12 (B) cultures. Numbers on
left indicate the positions of the relative molecular mass standards (x 1000)
and the pl/ is given at the top. Gels were loaded with 200 pg proteins, visualized
by silver staining. Average of 6 gels is shown. The open red circles correspond
to the selected spots analyzed by MALDI-TOF MS, which are listed in Table 1.
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Supplementary Table

genes:

1: primers sequences of ZmCesA and ZmMAP20

Gene (accession number)

Forward primer sequence

Reverse primer sequence

ZmCesA4 (AF200528)
ZmCesA8 (AF200532)
ZmCesA9 (AF200533)
ZmCesA10 (AY372244.1)
ZmCesA11 (AY372245.1)
ZmCesA12 (AY372246.1)
ZmBk2L3 (EF078698)
ZmMAP20 (AY110515.1)

5’-ggaagtggaaggtttgtactttg-3”

5’-cccctgtcactcgaagttct-3°
5’-caactgctagggaggtggaa-3”
5’-gtttatcccgaaggce-3°
5’-gtcaagatcgacccattcgt-3”
5’-ctttcatcgtcaggac-3°
5’-ttccatggttgcacagaaaa-3’

5’-tcgatcagcattctttttgce-3°

5’-tcaacaaaagaatgcatattaacaca-3’
5’-tacactgggcactggaatgt-3’
5’-ctgtcagccactctccacaa-3”
5’-actctgtctcactcag-3”
5’-acctacaccacccgcttcag-3”
5’-gacaattctgggtacc-3°
5’-atcagggaagccttgcatt-3°
5’-aagaagtgggggaacggtag-3’
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Abstract

Maize cultured cells habituated to the herbicide dichlobenil (DCB) are distinguished by
having a modified cell wall in which cellulose is partially replaced by a more extensive
arabinoxylan network. This paper examines the contribution of cell wall esterified hydroxy-
cinnamates to the DCB-mechanism of habituation. For this purpose, differences in the phenolic
composition of DCB-habituated and non-habituated cell walls, throughout the cell culture cycle
and the habituation process were characterized by HPLC. DCB habituation was accompanied by
a net enrichment in cell wall phenolics irrespective of the cell culture phase. The amount of
monomeric phenolics was two-fold higher in habituated cell walls. Moreover, habituated cell
walls were notably enriched in p-coumaric acid. Dehydrodimers were 5 to 6 fold enhanced as a
result of DCB habituation and the steep increase in 8,5-diferulic acid in habituated cell walls
would suggest that this dehydrodimer plays a role in DCB habituation. The variety of links
between monomeric phenolics was amplified during habituation to DCB, as new putative
dehydrodimers were detected in habituated cell walls. In summary, the results obtained show
that phenolics play a major role in maintaining the functionality of a cellulose impoverished cell
wall.

Keywords: Zea mays; maize; cell wall; DCB; dichlobenil; hydroxycinnamate; ferulic
acid; p-coumaric acid; HPLC.

Introduction

As with the other grass species and related commelinoid monocots,
maize cells have a characteristic primary cell wall (called type II cell wall) in
which the main structural net consists of cellulose microfibrils, embedded in a
matrix of arabinoxylans (AXs) substituted by cell wall phenolics
(hydroxycinnamates) (Carpita, 1984). These hydroxycinnamates are mainly
ferulic acid (FA) and p-coumaric acid (CA), which can ester-bond to lignin
(Higuchi et al., 1967), to the a-L-arabinosyl residues of AXs (Kato and Nevins,
1985; Smith and Hartley, 1983; Wende and Fry, 1997), to the a-D-xylosyl
residues of xyloglucan (Ishii and Hiroi, 1990), and probably to glycoproteins
(Obel et al., 2003).

Although hydroxycinnamates are minor components of the cell wall (FA
can account for up to 3% of graminaceous cell wall -Saulnier et al., 1999-), their
contribution to this structure is indispensable. In vitro experiments have long
demonstrated that FA can undergo oxidative-coupling mediated by peroxidases
and H;02 (Geissmann and Neukom, 1971). The identification and structural
elucidation of diferulates (also known as dehydrodiferulates = DFA) attached to
sugar residues [ie. Xyl-Ara-FA-(5-5)-FA-Ara-Xyl] has provided evidence that FA
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dimerization could cross-link cell wall polysaccharides (Grabber et al., 2000;
Ishii, 1997; Saulnier et al., 1999). Later, the results of in vivo experiments
indicated that ester-linked hydroxycinnamates can undergo oxidative-coupling
to cross-link adjacent AX molecules (Fry et al., 2000; Fry, 2004; Parker et al.,
2005). The polysaccharide cross-linking activity by phenolic-coupling
regulates, mediates or alters a number of cell wall properties: contributing to
cell wall assembly, causing cell wall stiffening and growth cessation, promoting
tissue cohesion, strengthening cell wall structure in response to biotic and
abiotic stresses, and limiting cell wall biodegradability (Buanafina, 2009; and
refs. therein).

The most frequent coupling products are DFAs. By alkaline hydrolysis of
cell wall polysaccharides several naturally-occurring diferuloyl esters have
been identified, ie. 5,5-DFA, 8,8"-DFA, 8,5-DFA and 8-0-4"-DFA (some of them
having different forms) (Lindsay and Fry, 2008; Obel et al.,, 2003; Ralph et al,,
1994; Waldron et al., 1996). In addition to dehydrodimers, trimers and even
tetramers have been also described as products of in vivo ferulate cross-linking
(Bunzel et al., 2003; 2006; Funk, 2005; Rouau et al.,, 2003). The presence and
relevance of oligoferulates is now well accepted and certain evidence would
indicate that esterified oligoferulates are more widespread and crucial than
dimers in cross-linking type Il primary cell walls (Fry et al., 2000; Lindsay and
Fry, 2008). In a recent paper, Burr and Fry (2009) demonstrated that after
oxidative coupling, strong benzyl-sugar ether bonds are formed via quinone-
methide compounds. The same authors proposed that these alkali-resistant
bonds play a major role in polysaccharide cross-linking (Burr and Fry, 2009).
Polysaccharide linking can occur (1) intracellularly before or during Golgi
vesicle transit to cell membrane and/or (2) wall-localized (in muro)
immediately following polysaccharide secretion or after wall integration (Fry et
al,, 2000; Mastrangelo et al.,, 2009; Obel et al., 2003).

We obtained maize (Zea mays L.) cell lines habituated to DCB, a well
known cellulose biosynthesis inhibitor which specifically inhibits the
polymerization of glucose into [-1,4-linked glucan (Delmer, 1987). The
habituation of cell cultures to cellulose biosynthesis inhibitors reflects the
ability of plant cells to modify cell wall structure and composition in order to
cope with abiotic stresses, and therefore represents a valuable tool for
improving our knowledge of the mechanisms involved in plant cell wall
plasticity and ability to maintain cell wall integrity (Vaughn, 2002). In spite of
showing a 75% reduction in cellulose content, DCB-habituated maize cells are
able to grow through the acquisition of a modified cell wall in which cellulose is
partially replaced by a more extensive network of AXs (Mélida et al., 2009).

The aim of this research was to investigate the phenolic component of
cellulose deficient cell walls by focusing on a study of the contribution of cell
wall esterified hydroxycinnamates to the DCB-habituation mechanism. To
achieve this objective, the phenolic profile of non-habituated (NH) and
habituated (H) maize cell walls was characterized by using HPLC-PAD.
Attention was paid to variations in the cell wall phenolic profile throughout
both a culture cycle of NH vs. H cells (attending to three different growth
stages) and DCB process of habituation (H cells able to grow in increasing
concentrations of DCB). Our initial hypotheses were that; i) DCB-habituated cell
walls should be enriched in cell wall esterified phenolics; ii) DCB-habituated
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cell walls would have a higher amount of FA dehydrodimers as a consequence
of a more cross-linked cell wall, and iii) that a qualitative variation in the
phenolic components should be observed between NH and H cells, among cells
with different levels of habituation to DCB, and also throughout the culture
cycle.

Results and Discussion

Differences between alkali-extracted phenolics from DCB-habituated
and non-habituated cell walls

Cell walls from callus-cultured maize cells at the early stationary (sta)
phase were alkali-extracted at room temperature in order to release the ester-
linked hydroxycinnamates (Fry, 1983). Compositional analysis of alkali-
extracted compounds (Fig. 1) indicated that this fraction was mainly composed
of monomeric trans- and cis- FA (4,6), trans- and cis- CA (3,5) and a set of
identified and putative DFAs (7-14). In the case of NH maize cells, two DFAs
were detected in measurable amounts: 5,5°-DFA (11) and 8-0-4"-DFA (14). The
8,5"-DFA (10) was also detected, but in trace amounts (Fig. 1, solid line).
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Fig. 1. HPLC-PAD elution profile of phenolic compounds after alkali
hydrolysis of cell walls from non-habituated (NH; solid line) and DCB-
habituated [H12(24); dotted line] maize callus-cultured cells at the early
stationary phase. Peaks were detected at 280 nm. Key to peak identity: 1,
vanillic acid; 2, vanillin; 3, trans-p-coumaric acid; 4, trans-ferulic acid; 5, cis-p-
coumaric acid; 6, cis-ferulic acid; 7, 8,8°-DFA aryltetralin; 8, D1; 9, D2; 10,
8,5"-DFA; 11, 5,5"-DFA; 12, D3; 13, D4; 14, 8-0-4"-DFA.
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Composition of alkali extracted phenolics from H12 cell walls differed
both quantitatively and qualitatively from those of NH cell walls. As a
consequence, proportions among major phenolics, and proportions between
monomers/dehydromers, underwent important changes in H12 cells.

Four putative dehydrodimers with elution times of 27.77 (8; D1), 29.17
(9; D2), 34.42 (12, D3) and 35.22 min (13, D4) were exclusively detected in H
cell lines (Fig. 1, dotted line). The absorption spectra of D1-4 compounds are
shown in Fig. 2. Together with these, 5,5-DFA (11), 8-0-4"-DFA (14), 8,5’-DFA
(10) were detected in measurable quantities and 8,8"-DFA aryltetralin (7) was
detected in trace amounts.
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Fig. 2. Absorption spectra of the putative new dehydrodimers detected in cell
walls from DCB-habituated [H12(24)] maize cell cultures using HPLC-PAD
(see Fig.1).

Changes in alkali-extracted phenolics throughout cell culture cycle

NH cells grew forming homogeneous and friable calluses with a short (2
days) accommodation (lag) phase. On average, NH cells reached the active
growth (grw) and sta phases 16 days and 25 days after subculturing,
respectively. At the end of the culture cycle, NH cells increased their fresh
weight 2.2-fold. H12 calluses did not differ greatly in appearance from NH ones.
However, H12 cell cultures had longer lag phases (10 days), reduced growth
rates and accumulated less FW (almost 30% less) at the end of the culture
cycle. Twenty day-old and 30 day-old H12 cells were considered at the grw and
sta phase respectively.

In order to gain further insight into changes in cell wall phenolics
throughout the cell culture cycle, NH and long-term DCB-habituated maize cells
[H12(24)] were sampled at their corresponding lag (2-5 days), grw (16-20
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days) and sta phase (25-30 days), respectively. Cell walls were prepared and
then alkali-extracted (Fig. 3). FA was the major monomeric phenolic in the
alkali extracted fraction of NH cell walls (Fig. 3a). Cell wall ester-linked FA
content did not vary greatly throughout the cell culture cycle, ranging from 3.9
to 4.4 pg mg1 cell wall. CA was also consistently detected in NH cells (about
0.2 pg mg? cell wall). Contrary to FA, NH cell walls were 1.67-fold more
enriched in CA when cells were collected later in the culture cycle (Fig. 3a).
Consequently the FA:CA mol ratio was reduced from 31.0 at the lag phase to
17.0 at the sta phase. The amount of ester-wall bound FA and CA found in our
experiment was within the range of values already reported for maize callus-
cultured cells (Lozovaya et al.,, 2000). However, Grabber et al. (1995; 1998)
found a significantly higher content of FA (14.5 pg mg-! cell wall) and CA (0.4 pg
mg! cell wall) when maize suspension-cultured cells were analysed. These
differences would point to variations in cell-wall bound phenolics which
depended on the in vitro culture system.
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Fig. 3. Variation throughout the culture cycle of the cell wall-esterified
phenolics from non-habituated (NH) and DCB-habituated [H12(24)] maize
callus-cultured cells. Walls from cells at the accommodation (lag), active
growth (grw) and stationary (sta) phase were purified, alkali extracted and
HPLC-PAD analysed as described in the experimental section. The content in
main (a) monomeric phenolic and (b) dehydrodiferulates is shown. Results
shown are representative of three independent experiments giving similar
data.
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No changes in the total amount of DFAs were noted throughout the cell
culture cycle of NH cells, with 5,5’-DFA and 8-0-4" being the main DFAs (Fig. 1
and Fig. 3b). Therefore FA:DFA ratio did not vary greatly throughout the cell
culture cycle of NH cells.

Several studies have indicated a positive correlation between FA cross-
linking and growth cessation in various monocot species (Azuma et al., 2005;
Kamisaka et al.,, 1990; MacAdam and Grabber, 2002). However, in relation to
DFA variation throughout the cell culture cycle, no correlation between those
two variables was established for our callus-cultured maize cells.

Total phenolic content of H12 cell walls was higher than that of NH cell
walls, independently of the cell culture phase (9.3 vs 4.6 pg mg-! cell wall at the
sta phase; Fig. 3). As H12 cells aged, a steep increase in FA content was
observed (Fig. 3a). Consequently, FA content of H12 cell walls was almost
double (x 1.9) that of NH ones at the sta phase. This result mirrored the finding
that xylose (Xyl) content of H12 was 1.5 times higher than that of NH cell walls
at the sta phase (125 vs. 184 pg mg1 cell wall; Mélida et al., 2009). Assuming
that 90% of xylosyl residues were derived from AX (Carpita, 1984) a Xyl:FA
ratios of 35 and 29 have been calculated for NH and H12 respectively. In other
words, although DCB-habituated cell walls were more feruloylated, this did not
imply a noticeable increase in the AX feruloylation degree.

H12 cell walls were notably enriched in CA (Fig. 3a) to the point that in
certain DCB-habituated cell lines, CA was the major phenolic (see H4, H6 and
H12(8) in Fig. 4a). The high CA content of H12 cell walls reduced FA:CA molar
ratio, which ranged from 2.8 to 6.5 throughout the H12(24) cell culture cycle
(compare with values of 31.0 to 17.0 calculated for NH cell walls). The presence
of a CA-rich cell wall associated with DCB-habituation has already been
described in barley (Shedletzky et al.,, 1992) cultured cells. This cell wall CA
enrichment is probably an effect of DCB exposure rather than a consequence of
DCB-habituation as: (i) a short-term treatment of NH cells with 6 pM DCB
causes the cell wall to accumulate CA, and (ii) H12 cells cultured in a medium
lacking DCB reduced CA to NH levels (Table 1).

Table 1. Composition of main monomeric phenolics of NH and H12 maize cell
walls in the presence or absence of DCB at the early stationary phase. FA:
ferulic acid; CA: p-coumaric acid.

[DCB] uM FA CA

pg mg! cell wall
NH 0 4.18 0.21
NH 6 2.23 2.15
H12 12 7.50 0.97
H12 0 2.23 0.29

Two of the most prominent features of H12 cell walls are the reduction
in AX extractability and the increase in AX average molecular weight (Mélida et
al,, 2009). Both are probably caused by a more extensive phenolic crosslinking
(Burr and Fry, 2009; Kerr and Fry, 2004; Lindsay and Fry, 2008), and therefore,
it would be expected for DCB-habituated cells to have an increased level of
DFAs in their cell wall. This assumption was confirmed in so far as DFA content
of H12 cell walls was on average 4 to 6-fold higher than that of NH cell walls. In
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base to DFA content, a 3-fold increase of Xyl:DFA ratio was estimated for H12
cell walls at the stationary phase.

The 8-5"and 8-0-4" DFAs were the predominant coupling products of FA
in H12 cell walls (Fig. 1 and Fig. 3b). Moreover, 8-5-DFA emerged as a
distinctive characteristic of DCB-habituated cell walls, as it was detected in a
measurable quantity in H12 cell walls alone.

Total amount of DFAs fell during the cell culture cycle of H12 cells, which
could indicate a reduction in FA dimerization as DCB-habituated cells stopped
growing (Fig. 3b). Assuming that a reduction in ester-linked DFAs due to a
putative AX sloughing is not plausible in callus-cultured cells, we suggest that
DFA reduction is the consequence of a DFA population becoming alkali-
resistant as a cell wall reinforcement mechanism in H12 cell walls. In this
respect, Burr and Fry (2009) demonstrated that oligoferulates attached to
sugar residues via alkali-stable bonds (ether-like) predominated in in vivo AX
crosslinking.

Changes in alkali-extracted phenolics during the habituation to DCB

DCB-habituation is a dynamic process. It has been demonstrated that
during the habituation of bean and maize callus-cultured cells to this herbicide,
the extent and type of cell wall modifications depended on two factors: i) the
concentration of the inhibitor in the culture medium, and ii) length of time cells
had been present in a given concentration of the inhibitor (Alonso-Simoén et al.,
2004). We were interested in discovering whether the cell wall phenolic profile
of habituated cells varied depending on the habituation level (i.e. concentration
of DCB in the culture medium and number of subcultures in 12 uM DCB; see
Supplementary material).

The habituation process was accompanied by both quantitative and
qualitative changes in the cell wall phenolic profile. The total amount of major
monomeric phenolics (FA+CA) fell as the habituation to DCB proceeded (Fig.
4a). At the same time, the amount of DFAs increased [H4 vs H12(24); Fig. 4 a].
Accordingly, it could be expected that a more extensive cross-linking of the AX
network would be observed, as length of habituation to DCB increased.

It is noteworthy that a shift from CA-rich to FA-rich cell walls was
observed as the habituation level increased. The relative proportion of each
DFA also changed, and a relative increase in 8,5"-DFA was observed during DCB
habituation [Fig 4b: H12(8) vs H12(24)]. This latter result, together with the
fact that 8,5"-DFA is a minor dehydroferulate in NH cell walls, would seem to
indicate that 8,5"-DFA plays a specific role in DCB habituation.

By using an in vivo radiolabelling strategy, Obel et al. (2003) suggested
that intra-protoplasmic FA dimerization is restricted to the 8,5° coupling
product. Considering 8,5"-DFA as a DCB habituation-related compound, it could
be hypothesized that DCB-habituation is linked to an enhanced intra-
protoplasmic coupling of FA. However, in a more recent paper, Lindsay and Fry
(2008) demonstrated that other DFAs (8,8"; 8-0-4"; 5,5%, 8,5'B) can be formed
intra-protoplasmically, at least in maize suspension-cultured cells, which makes
this explanation unlikely.

It has been shown that the addition of H202 to maize cells is followed by
an extensive in-muro FA cross-linking and that 8,5°-DFA (together with 5,5" and
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8-0-4-DFA) is especially responsive to this effect (Grabber et al., 1995, Lindsay
and Fry, 2008). This could indicate that 8,5-DFA is the predominant
dehydrodimer when an extra cross-linking occurs, as would happen in H12
cells.
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Fig. 4. Effect of exposure time to DCB on the cell wall phenolic composition of
DCB-habituated maize callus-cultured cells. Walls from cells at the early
stationary phase subcultured in 4 or 6 uM DCB, or 12 uM DCB for 240 (8), 480
(16) and 720 (24) days were prepared, alkali extracted and HPLC-PAD
analysed as in Fig. 1. Numbers in brackets indicate the number of subcultures
in the presence of 12 uM DCB. The content in main (a) monomeric phenolic
and (b) dehydrodiferulates is presented. Values are mean = SD of three
replicates.

Conclusions

Through compositional analysis and structural characterization of DCB
habituated cell walls it was possible to prove that these cells compensate for
the lack of cellulose without major consequences to their cell wall functionality.
The mechanism for such an accommodation consisted in producing a more
extensive network of AXs (Mélida et al., 2009).

In this paper it has been demonstrated that:
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1- DCB-habituated cell walls increase the total amount of monomeric
phenolics and dehydrodimers by a factor of 2 and 5-6, respectively. The
enhancement in DFAs is in agreement with a more extensive AX cross-linking,
contributing to the reinforcement of a cellulose impoverished cell wall.

2- In spite of having a net enrichment in FA and DFA, the AX
feruloylation degree in DCB-habituated cells did not change substantially.

3-A progressive increase in phenolics content was observed during the
culture cycle of H12, but not during that of NH.

4- Length of exposure to DCB in the habituation process is associated
with changes to the phenolic profile of DCB-habituated cell walls.

5- Although levels of 5,5 and 8-0-4"-DFA are elevated in H12 cell walls,
the steep increase in 8,5 in H12 cell walls regarding NH ones suggests that this
DFA plays a role in DCB habituation.

6- The variety of links between monomeric phenolics was increased by
the habituation to DCB, as four new putative dehydrodimers were detected in
H12 cell walls.

According to our results, we conclude that habituation to the cellulose
biosynthesis inhibitor DCB, produces a modified cell wall in which phenolics,
the units linking AXs, play a highly significant role in maintaining the
functionality of a cellulose impoverished cell wall. Based on the quantitative
and qualitative changes of cell wall phenolics, this probably indicates an altered
phenolic metabolism in DCB-habituated cells. Future work is needed to clarify
this particular issue together with others which have emerged from the results
presented in this paper.

Experimental
Cell cultures

Maize callus cultures (Zea mays L., Black Mexican sweetcorn) from
immature embryos were grown in Murashige and Skoog media (Murashige and
Skoog 1962) supplemented with 9 pM 2,4-Dichlorophenoxyacetic acid at 25°C
under continuous light (Lorences and Fry, 1991), and subcultured monthly.
Calluses were habituated to growth in different DCB (supplied by Fluka)
concentrations by stepwise transfers with gradual increments, beginning at 2
UM. At least three subcultures of approximately 30 days were performed
between each increase in the DCB concentration. To help understanding the
habituation process a scheme has been included as Supplementary material.
Habituated cultures were named as Hx(y), where x is DCB concentration (uM),
and y is number of subcultures in that concentration. Growth curves were
obtained for H and for NH calluses, by measuring the relative increase in fresh
weight at various culture times.

Phenolic acid analysis

Calluses were frozen and homogenised with liquid nitrogen and treated
with 70% ethanol for 5 days at room temperature. The suspension was then
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centrifuged and the pellet washed with 70% ethanol (x6), acetone (x6), and air
dried, in order to obtain the alcohol insoluble residue (AIR). The AIR was
treated with 90% DMSO for 8 h at room temperature (x3) and then washed
with 0.01 M phosphate buffer pH 7.0 (x2). The washed AIR was then treated
with 2.5 u ml-! a-amylase obtained from porcine pancreas (Sigma type VI-A) in
0.01 M phosphate buffer pH 7.0 for 24 h at 37°C (x3). The suspension was
filtered through a glass fibre, and the residue washed with 70% ethanol (x6),
acetone (x6), air dried and then treated with phenol-acetic-water (2:1:1 v/v)
for 8h at room temperature (x2). This was finally washed with 70% ethanol
(x6), acetone (x6) and air dried in order to obtain the cell walls.

Cell walls (10 mg) were treated in the dark under N> with 1 M NaOH, at
room temperature for 16 h in order to saponify phenolic esters. The solution
was acidified by addition of trifluoroacetic acid (TFA) and partitioned against
ethyl acetate (x2). The ethyl acetate phases were vacuum-dried and re-
dissolved in propan-1-ol for HPLC-PAD analysis.

HPLC-PAD analyses were performed using a Waters 2690 chromato-
graph with a Waters 996 photodiode array detector. Separation was achieved
using a Kromasil C18 (Teknokroma) column (250 x 4.6 mm i.d.; 5 pm particle
size). The mobile phase consisted of acidified (TFA) 10% acetonitrile (solvent
A) and a mix of 40% acetonitrile and 40% methanol (solvent B) and followed
the binary gradient elution programme: initial conditions 90:10 (A:B), changing
to 25:75 after 25 min, then to 0:100 after 5 min and returning to the initial
conditions after 10 min. The mobile phase flow was 1 ml/min. The elution
profiles were monitored by UV absorbance at 325 and 280 nm. Retention times
were compared with freshly prepared standard solutions of vanillic acid,
vanillin, CA, FA, 5,5-DFA, 8,8 nc-DFA, 8,5'nc-DFA (namely 8,5-DFA) and 8,5'B-
DFA. Calibration curves and published response factors (Waldron et al., 1996)
were used to quantify these compounds.
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Supplementary Figure 1 online

Scheme of the habituation process of maize callus cultured cells to DCB.
Calluses were habituated to growth in different DCB concentrations by
stepwise transfers with gradual increments. At least three subcultures of
approximately 30 days were performed between each increase in the DCB
concentration.

NH cultured
cells (control)

S S S L =

+4pM H4
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Abstract

The habituation of cell cultures to cellulose biosynthesis inhibitors such as dichlobenil
(DCB) reflects the ability of plant cells to modify the structure and composition of cell walls for
surviving in new environmental conditions, and represents a valuable tool to improve our
knowledge on the mechanisms involved in plant cell wall structural plasticity.

Maize cell lines habituated to lethal concentrations of DCB were able to grow through
the acquisition of a modified cell wall in which cellulose was partially replaced by a more
extensive network of arabinoxylans. A preliminary characterization of cell-wall phenolics in
DCB-habituated cells showed an overall enrichment in these compounds.

The advantages of radiolabelling and using cell-cultures to tracking and studying
polysaccaride feruloylation have been widely demonstrated in recent years. The aim of this
work was to investigate the phenolic metabolism of non-habituated and DCB-habituated maize
cells, by studying the [!*C]cinnamate fate in different intraprotoplasmic and wall-localised
fractions throughout the cell culture cycle.

Non-habituated and habituated maize cells did not markedly differ in their ability to
uptake [1*C]cinnamic acid from the medium. However, tracking the radiolabelling of low- and
high-M, [14C]cellular metabolites, interesting differences were found. Habituated cells displayed
a higher number and amount of [*C]low-M, compounds which could act as reserves of
[**Clhydroxycinnamoil units, later used for polysaccharide feruloylation.

DCB-habituated cells were highly enriched in esterified [14C]dehydrodiferulates and
larger coupling products, supporting the idea that a more cross-linked network of
arabinoxylans was acting as a mechanism to counteract the reduction of cellulose in habituated
cells. In sum, an extensive and premature cross-linking of hydroxycinnamates was observed in
DCB habituated cells as it was expected for a cellulose-deficient cell wall.

Keywords: cell wall; maize; dichlobenil; dehydrodiferulate; ferulate.

Abbreviations: AIR, alcohol insoluble residue; ASF, alcohol soluble fraction; BzA,
Benzene/acetic acid; CBI, cellulose biosynthesis inhibitor; CFM, cell free medium; DCB, 2,6-
dichlorobenzonitrile or dichlobenil; DFA, dehydrodiferulate; H, dichlobenil-habituated cells;
NH, non-habituated cells; TLC, thin-layer chromatography.

Introduction

Primary cell wall of the Poales (grasses, cereals and related plants) is
composed of a frame of cellulose microfibrils embedded in a hemicellulosic
matrix (arabinoxylans, xyloglucan and in some cases, mixed-linked glucans)
and smaller amounts of pectins and glycoproteins (Carpita and Gibeaut 1993).
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Poales cell walls are also characterized by the presence of hydroxycinnamates
or cell wall phenolics, mainly ferulic and p-coumaric acids, which are found
substituting arabinoxylans by ester-linking a-L-arabinosyl residues (Smith and
Hartley 1983; Kato and Nevins 1985). Hydroxycinnamates are susceptible to
oxidative coupling when exposed to hydrogen peroxide plus peroxidase
(Geissman and Neukom 1971) and it has been demonstrated that ester-linked
dehydrodiferulates formed can cross-link cell wall polysaccharides,
contributing to wall assembly (Fry 2004; Parker et al. 2005). 5-5"-dehydro-
diferulate was the first discovered dimer, and after this several other dimers
have been obtained by alkaline hydrolysis of plant cell wall polysaccharides
(Ralph et al. 1994; Waldron et al. 1996). Not only dimers, but also trimers
(Bunzel et al. 2003; Rouau et al. 2003; Funk et al. 2005) and tetramers (Bunzel
et al. 2006) have been characterised. The variety and complex structures
observed suggest that these oligomers of hydroxycinnamates may play an
important role in the architecture of the cell wall. Recently Burr and Fry (2009)
demonstrated that besides ester-linked diferulates, some alkali-stable (ether-
like) bonds contribute to polysaccharide cross-linking. Polysaccharide linking
can occur intracellularly, before or during Golgi vesicular transit to cell
membrane, and/or wall-localized, just following polysaccharide secretion or
after wall integration (Fry et al. 2000; Obel et al. 2003; Mastrangelo et al. 2009).
Once feruloylated polysaccharides are cross-linked and incorporated into the
cell wall, this structure undergoes a significant alteration in a number of
properties such as growth cessation, resistance to pathogens and insects, and
cell wall degradability (Buanafina 2009).

Due to the main role of the cellulose in the cell wall structure, cellulose
biosynthesis inhibitors (CBIs) have become valuable tools for the analysis of
cell wall structure and biogenesis (Sabba and Vaughn 1999; Vaughn 2002;
Acebes et al. 2010). Although CBlIs are highly specific and potent herbicides, cell
cultures of several species have been habituated to grow in the presence of
several CBIs by incremental exposure over many culturing cycles, such as
dichlobenil (2,6-dichlorobenzonitrile, DCB), which specifically inhibits the
polymerization of glucose into f(-1,4-linked glucan (Delmer 1987). The
habituation of different cell cultures to DCB (Shedletzky et al. 1990; Encina et
al. 2001, 2002) reflects the ability of plant cells to modify cell wall structure and
composition in order to cope with abiotic stresses, and therefore represents a
valuable tool for improving our knowledge of the mechanisms involved in plant
cell wall structural plasticity and ability to maintain cell wall integrity. We
obtained maize cell lines habituated to lethal concentrations of DCB (Mélida et
al. 2009), which in spite of showing a 75% reduction in cellulose content, were
able to grow through the acquisition of a modified cell wall in which cellulose
was partially replaced by a more extensive network of arabinoxylans. A
preliminary TLC characterization of cell-wall esterified phenolics in DCB-
habituated cells showed an overall enrichment in cell wall esterified
hydroxycinnamates and a shift from ferulic acid to p-coumaric acid enriched
cell walls.

The advantages of radiolabelling and using cell-cultures to tracking and
studying polysaccharide feruloylation and related items have been widely
demonstrated in recent years (Fry et al. 2000; Kerr and Fry 2003, 2004; Obel et
al. 2003; Encina and Fry 2005; Lindsay and Fry 2008; Burr and Fry 2009).
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Experiments involving [!4C]ferulate-feeding (Obel et al. 2003) do not
necessarily trace the major natural pathway to polysaccharide feruloylation,
but [1#C]cinnamate, which is metabolically inert in the apoplast, and just begins
to be metabolised when is taken up by the cells, does it (Lindsay and Fry 2008).

The aim of this work was to investigate the phenolic metabolism in DCB-
habituated maize cells, studying the [!4C]cinnamate fate in different
intraprotoplasmic and wall-localised fractions throughout the culture cycle of
non-habituated (NH) and DCB-habituated (H) maize cells.

Materials and methods
Cell cultures

Maize callus cultures (Zea mays L. Black Mexican sweetcorn) from
immature embryos were grown in Murashige and Skoog media (Murashige and
Skoog 1962) supplemented with 9 uM 2,4-Dichlorophenoxyacetic acid and 8%
agar at 25°C under light (Lorences and Fry 1991), and subcultured fortnightly.
Calluses were habituated to growth in lethal DCB (Fluka) concentrations
(12 uM) by stepwise transfers with gradual increments, beginning at 2 pM
(Mélida et al. 2009) and were transferred to medium supplemented with 6 pM
DCB, but without agar, to obtain maize DCB-habituated liquid cultured cells.

Chemicals

[14C]Cinnamic acid was prepared from L-[U-14C]phenylalanine (460
Ci/mol; Amersham) as described by Lindsay and Fry (2008), and stored at
-20°C.

Chromatography

Thin-layer chromatography (TLC) was carried out on plastic-backed
silica-gel plates with a fluorescent indicator (Merck) in benzene/acetic acid
(9:1, v/v; BzA). During development, TLC plates were exposed to 366-nm UV to
keep hydroxycinnamates as rapidly inter-converting single spot of cis/trans
isomers. Authentic markers were located under 254-nm UV radiation. Based on
HPLC retention times (Waldron et al. 1996), TLC Rg-values (Encina personal
communication), and previous published data (Lindsay and Fry 2008), six
putative dehydrodiferulates (DFAs) were suggested to appear. D3 co-migrated
with authentic 5-5"-DFA.

Radiolabelling of liquid cultures with [14C]cinnamate and assay of
radioactivity

Aliquots (500 pl) of NH and H maize cell-suspension cultures (1, 3, 5, 7,
9, 11, 13 and 15 days after sub-culturing) were transferred into flat-bottomed
vials (i.d. 11 mm) loosely capped with aluminium foil, where were then left for
1 h to “acclimatise” to their new environment (25°C and shaking, 150 rpm).
[14C]Cinnamic acid (2.7 kBq), in 10 pl H20, was then added to each vial. Samples
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of medium (10 pl) were removed at each time point (up to 2 h) and assayed by
scintillation counting. After 2 h the cultures were filtered obtaining cell-free
medium (CFM) and cells. Cells were washed and incubated (18 h) with 500 pl of
75% ethanol on a rotating wheel. The alcohol-soluble fraction (ASF) and dry
alcohol-insoluble residue (AIR) were collected. AIR was saponified with 0.5 M
NaOH for 18 h, to release esterified hydroxycinnamates, acidified by addition of
trifluoroacetic acid (TFA) and partitioned against ethyl acetate (x2). The ethyl
acetate phases were vacuum-dried and re-dissolved in propan-1-ol (named as
0.5M-AIR). The residue after 0.5 M NaOH saponification was then treated with
6 M NaOH 18h at 37°C in order to break alkali-stable (ether-like) bonds,
acidified, partitioned and vacuum-dried (named as 6M-AIR). Portions of all the
fractions (including the final residue after 6 M NaOH treatment) were assayed
by scintillation counting. Aliquots (15 pl) of CFM, ASF, 0.5M-AIR and 6M-AIR
were TLC-subjected. The TLC plates were autoradiographed on Kodak film, and
in some cases were cut into 1-cm strips, which were assayed for radioactivity.
Aqueous or ethanolic solutions were mixed with ten volumes of OptiPhase
(Wallac Oy), and dry samples were moistened in 2 ml of OptiScint (Wallac Oy).

Further experiments were carried out using 300 pl-aliquots of NH and H
maize cell cultures (7 and 15 days after sub-culturing), which were transferred
into flat-bottomed vials (i.d. 7.5 mm) and developed as indicated previously.
[14C]Cinnamic acid (1.6 kBq), in 10 pl H20, was then added to each vial, and
after 120 min H20; was added to some vials to give a final concentration of 1
mM. At selected time-points (up to 3 h) 750 ul of 100% ethanol containing 7%
formic acid were added to each culture vial, capped and left on a rotating wheel
for 18 h. ASF and AIR were obtained and assayed as before.

Results
Uptake of [14C]cinnamic acid from the medium

NH and H maize cell-suspension cultures did not markedly differ in their
ability to uptake [14C]cinnamic from the culture medium (Fig. 1). In most cases,
and independently of the cell line, the net uptake of 14C ceased after 30 min,
reaching 60 to 80% of total radioactivity added. Calculated on the base of the
radioactivity remaining in the medium after a 15 min incubation, [1*C]cinnamic
acid consumption rates among 2.9 and 4.7% min-! were estimated for both cell
lines, depending on the cell age.

The TLC analysis of the 14C-labelled compounds present in the cell
culture medium (Fig. 2) showed that both, NH and H maize cells, completely
removed the [1*C]cinnamic acid after 120 min incubation. Accordingly to the
peak of radioactivity detected at Rr0, the chemical nature of the 14C-labelled
compounds found in the culture medium would correspond to polymeric
and/or highly hydrophilic material.
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[*#C]radiolabelling of cellular metabolites along the culture cycle of
maize cells

Low-M; (ASF) and high-M; (0.5M-AIR/6M-AIR) cellular metabolites
were assayed throughout the culture cycle of NH and H maize cell cultures (Fig.
3). Samples were taken after 120 min [1*C]cinnamic acid feeding. ASF of NH
(Fig. 3a) did not contain many different compounds, just some low-Rr ones, and
the amount of these diminished along the cycle. The opposite fashion was
observed for H cells (Fig. 3b), where the number and the amount of compounds
increased when the culture cycle advanced, especially after day 9. Even free
p-[**C]coumarate was present in these cultures after day 7.

The cellular polymers (AIR fraction) were subjected to a sequential
fractionation in order to distinguish between alkali labile (ester linked units)
and alkali resistant (ether linked units) material.

After 0.5M-NaOH saponification of AIR (Fig. 3c and d) ester-bonded
[14#C]metabolites were expected to be released. Based on TLC results the total
amount and diversity of [14C]ester-linked compounds were higher in H cell
cultures than in NH ones. Ester-linked [14C]ferulate and p-[1*C]coumarate were
detected in both cell lines one day after subculturing. Quantitative and
qualitative differences between H and NH cells were found in the region where
DFAs (named as D1-D6) putatively migrate.
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Fig. 2 TLC of cell-free
medium (CFM) from non-
habituated (NH; open circle-
continuous line) and habi-
tuated (H; filled circle-dotted
line) to DCB maize cell
cultures (from 1 to 15 days
after subculturing). CFM
obtained as in Fig. 1, was
TLC chromatographed in
BzA. Strips (1 cm) were
assayed for 14C. External
markers (DFA4, 5-5'-
dehydrodiferulic acid; Fer,
ferulic acid and Cin,
cinnamic acid) were run and
located under UV prior to
scintillation-counting

On the base of co-migration with authentic 5-5"-DFA and Rg-values on
TLC using this and other solvent systems (Baydoun et al. 2004; Lindsay and Fry
2008) the putative assignation of spots to DFA was as follow:

D1: 8-5B'DFA
D2:8-0-4'DFA
D3:5-5'DFA
D4: 8-5'DFA
D5: 8-8'DFA
D6: 8-8A'DFA

In NH cells D1 (followed by D5) was the major [1#C]DFA. A strong
accumulation of putative [14C]8-5B’DFA was observed in 15-day-old cells. D1-
D6 were consistently detected throughout the culture cycle of H cells, and from
day 7 after subculturing, a substantial increase of radiolabelled DFAs was
detected. In any case the radiolabelling intensity of D1-D6 compounds was

6M-NaOH saponification (Fig. 3e and f) released relative alkali-stable
(ether-like) bonds. While only p-[1*C]coumarate was detected after this
treatment in NH cells (from day 7), [14C]ferulate, p-[1*C]coumarate and traces of
low-Rr compounds were detected in H cultures from day 3 after subculturing.
Interestingly, radioactive material at Rr0 that was detected only in aged
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NH cells (7 to 15 day-old) become radioactive shortly in H ones (1 day after
subculturing).

NH 7_ H

18357 9111315 1 357 9111315

135 7 9111315 1357 9111315

e f

—Cin -|_ :

—F
! —|_ N v -

s —Cou -|-

—5,5 1
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13 57 9111315 13 57 9 111315

Fig. 3 Autoradiography of TLCs of alcohol-soluble fractions (ASF; low-Mr
14C-compounds) (a and b), polymer-esterified [1*C]cinnamate-derivatives
(after 0.5M NaOH treatment) (¢ and d) and polymer-etherified (alkali-
stable) [1*C]cinnamate-derivatives (after 6M NaOH at 37°C treatment) (e
and f) from non-habituated (NH; a, ¢ and e) and DCB-habituated (H; b, d
and f) maize cell cultures. [1*C]Cinnamic acid (2.7 kBq) was fed to 500-pl
cultures aged 1, 3, 5,...15 days after subculturing. Samples were taken 120
min after feeding. Fractions were chromatographed in BzA and then
autoradiographed. The positions of the origin (Ori) and external standards
are indicated (Cin, cinnamic acid; Fer, ferulic acid; Cou, p-coumaric acid; 5,5,
5-5’-diferulic acid). “D1”-"D6” in ¢ and d indicate putative [1*C]dehydro-
diferulates. Spot D3 is identified as 5-5’-dehydrodiferulic acid
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Kinetics of radiolabelling between different pools along the culture
cycle

To achieve an overall picture of the distribution of radioactivity between
major pools throughout the culture cycle of NH and H maize cells, obtained
fractions (CFM, ASF, 0.5M-AIR, 6M-AIR and the final residue) were assayed for
14C (Fig. 4).

In the case of NH cultures a gradual increase in CFM fraction was
observed throughout the cell culture cycle up to 11-day old cells, but a decrease
was observed in 13- and 15-d-old cells. However, CFM fraction kept steady or
even decreased as H cell cultures aged. In average, CFM fraction accounted for
less radioactivity percentage in H cells than in NH ones throughout the cell
culture cycle.

The kinetics of [14C] partitioning into ASF fraction varied between cell
lines. In NH cell line, a gradual reduction of this pool was observed as cells aged.
In the case of H cells the level of ASF [14C] labelled compounds kept steady
throughout the cell culture cycle.
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Fig. 4 Distribution of radioactivity between major pools. Fractions from the
experiment reported in Fig. 1 and 3 were assayed for 1#C. Cell free medium
(CFM) and cellular material from non-habituated (NH) and DCB-habituated
(H) maize cell cultures were analysed. Cellular material was fractionated into
alcohol-soluble fraction (ASF) and alcohol-insoluble residue (AIR). The AIR
was sequentially fractionated into 0.5M-NaOH and 6M-NaOH extractable
material. All these fractions and the final residue after extractions were
assayed for 14C

In NH maize cells, the proportion of radioactivity incorporated into AIR
by 120 min increased as cells aged. Further, a sharp increase of radioactivity
recovered in this fraction (up to = 64%) was detected 15 days after
subculturing. When the kinetics of radiolabelling of the AIR fraction for H cells
was assayed a peak of incorporation was observed 7 to 9 days after
subculturing. With the exception of very aged cells, the proportion of
radioactivity recovered in AIR fraction was higher in H cell cultures than in NH
ones when cells with the same age were compared.

Most of the radioactivity incorporated into AIR, was fractionated into an
alkali labile fraction (0.5M-NaOH extractable material). Further, a variable
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proportion of AIR labelling needed strong alkali (6M-NaOH extractable
material) to be extracted or pooled in the final residue (6M-NaOH residue)
being regarded as alkali resistant [14C]-compounds. In NH cells a gradual
increment was observed in the proportion of this residue as cells aged. Both
alkali-labile and alkali-resistant [14C]-compounds were more abundant in H
cells that in NH.

Radioactivity incorporation to low-molecular-weight fraction of
7- and 15-d-old maize cultures

Seven- and 15-d-old maize cultures were deeper analysed as the
radioactivity was tracked in different pools during 180 min (adding H20; after
120 min). After approximately 10 (NH) or 30 (H) min, [1#C]cinnamate was
largely replaced by other [14#C]metabolites (Figs. 5, 7 and 8). Up to 26% of the
14C added remained as ethanol soluble [1*C]metabolites (ASF) in both 7- and
15-d-old cultures (Fig. 4) 120 min after feeding.

a b

- —Cin
B L —
Fer—L

& .““....“ N -  ceossssscsse

0 1 3 510 153060 90 120+1+10+60 01 3 5 1015306090 120+1+10+60

c d

Fig. 5 Autoradiography of TLCs of ASFs (low-Mr 14C-compounds) from 7 (a
and c) and 15-d-old (b and d) maize cultures; non-habituated (NH; a and b)
and DCB-habituated (H; ¢ and d). [**C]Cinnamate was fed (1.6 kBq) to 300 pl
cultures, which were harvested at 0, 1, 2,...120 min, as indicated. After 120
min H»0 (final concentration 1mM) was added to further cultures, which
were harvested after an additional period of incubation (+1, +10 and +60
min). ASFs were chromatographed in BzA and then autoradiographed. The
positions of the origin and external standards are indicated (key as in Fig. 3)

In contrast with NH cells in which free p-[14C]coumarate was detected in
traces (see 15-day-old NH cells; Fig. 5b), free p-[14#C]Jcoumarate was clearly
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detected in 7 and 15-day-old H cells up to 90 min after 14C feeding. Habituated
cells were characterized for the rapid labelling (1 min after [1*C]cinnamic acid
feeding) of several polar [1*C]compounds (RrO + low-Rr material). These highly
hydrophilic compounds were stable for 120 min and partially disappeared from
ASF after H20; addition. Polar [1*C]compounds were less abundant and diverse
in NH cells, especially in 15-day-old cells, where low-Rr material turned over 30
min after [1*C]cinnamic acid feeding.

Radioactivity incorporation to high-M, compounds; different
requirements of H20:

Following the kinetics of incorporation (Fig. 6) of [1*C]compounds into
the AIR of NH and H cells during 180 min (adding H202 at 120 min) interesting
differences were observed.

Seven-d-old NH cells slowly (during first 120 min) incorporated to the
AIR = 18% of the total radioactivity added, and the addition of H20 stimulated
this incorporation up to 44%. Although H cells (7- and 15-d-old) incorporated
higher amounts of radioactivity (¥ 30%) during first 60 min in contrast to 7-d-
old NH cells, similar trends between both cell lines were observed as the
addition of H20; stimulated again the incorporation up to high levels (more
than 50%). In the other hand 15-d-old NH cells continuously incorporated
radioactivity in higher levels than the other cells, and clearly in this case the
requirement of H,02 was not a limiting factor and its addition did not change
substantially the radioactivity incorporation to the AIR.

60
——O0—— NH 7-d-old P
— -0 —  NH 15-d-old  w

09| ——w—  H7-d-old s
———A—— H 15-d-old * Py

% of total radioactivity

*H,0, added
0 - T T T T T T
0 30 60 90 120 150 180

time (min)

Fig. 6 Kinetics of incorporation of [1*C]compounds into the alcohol-insoluble
residue (AIR) of non-habituated (NH) and DCB-habituated (H) maize cell
cultures. [14C]Cinnamate was fed (1.6 kBq) to replicate cultures, which were
harvested at 0, 30, 60 and 120 min, as indicated. After 120 min H,0; (final
concentration 1mM) was added to further cultures, which were harvested
after an additional period of incubation (60 min). AIR was assayed for
radioactivity
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Polymer-esterified derivatives

Esterified [14C]ferulate and [14C]p-coumarate were found in both NH and
H cells since initials time-points (Fig. 7). As expected, radiolabelling kinetic
indicated that [1*C]p-coumaroyl preceded ['*C]feruloyl groups. Radiolabelled
material at Rr0 was increasingly accumulated from 30-min after [14C] feeding.
In the case of 7-day-old NH cells, the addition of H202 highly stimulated the
radiolabelling of esterified monomers and DFAs. In fact, no putative DFAs were
detected before H,02 addition.

In 15-day-old NH cells, the levels of 14C incorporation into AIR-esterified
[14C]p-coumarate and [14C]ferulate were higher than in younger NH cells (Fig.
7). Moreover, [14C]p-coumarate levels reached a plateau 3 min after
[14C]cinnamic acid feeding, and kept steady for 120 min. In aged NH cells
putative 8-5B'DFA (spot D1) appeared 15 min after [14C]cinnamic feeding. In
addition, slow migrating compounds became radiolabelled earlier than in
7-day-old NH cells. In the case of aged NH cells, the requirement of H20; was
not a limiting factor and its addition did not substantially change changed
either the amount of radiolabelling of AIR (see Fig. 6 also) or the type of
radiolabelled compound (Fig. 7).
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Fig. 7 Autoradiography of TLCs of polymer-esterified [!*C]cinnamate-
derivatives (after 0.5M NaOH treatment) synthesised by 7 (a and c) and 15-d-
old (b and d) maize cultures; non-habituated (NH; a and b) and DCB-
habituated (H; c and d). The cultures were incubated with [14C]cinnamate for
0-120 min, as indicated, followed by an additional incubation period after
treatment with H,0, as in Fig. 5. 1*C-compounds were chromatographed in
BzA and then autoradiographed. The positions of the origin and external
standards are indicated (key as in Fig. 3)

A similar pattern of AlR-radiolabelling was observed for H cells,
although these ones (both 7- and 15-d-old) incorporated higher amounts or
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radioactivity (see Fig. 6 also) than same aged NH cells. In accordance with the
level of radiolabelling of putative DFAs, the addition of H202 had a marked
effect on the increase of dimerisation in aged H cells.

Polymer-etherified derivatives

TLC of 6M-NaOH released [!*C]compounds (Fig. 8) by 7-d-old NH just
displayed the [1*C]p-coumarate spot, which was more intense after about 30
min, but in 7-d-old H cells this spot was slightly more intense and appeared
sooner. Moreover the [14C]ferulate spot was also detectable after about 30 min.
This trend was similar in 15-d-old NH cells, but H cells same aged displayed
after H»0; addition besides low-Rr spots putatively corresponding to
radiolabelled dimers, trimers or oligomers.
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Fig. 8 Autoradiography of TLCs of polymer-etherified (alkali-stable)
[14C]cinnamate-derivatives (after 6M NaOH at 37°C treatment) synthesised in
7 (a and c) and 15-d-old (b and d) maize cultures; non-habituated (NH; a and
b) and DCB-habituated (H; ¢ and d). The cultures were incubated with
[*#C]cinnamate for 0-120 min, as indicated, followed by an additional
incubation period after treatment with H,0; as in Fig. 5. 14C-compounds were
chromatographed in BzA and then autoradiographed. The positions of the
origin and external standards are indicated (key as in Fig. 3)

TLC of 6M-NaOH released [1*C]compounds (Fig. 8) by 7 and 15 day-old
cells did not much differ between NH and H cells. Major polymer etherified
[14C]hydroxyccinamates were [14C]p-coumarate followed by [14C]ferulate. No
ether-linked [14C]ferulate was detected in young NH cell walls.

As in the case of polymer esterified phenolics (fig 7) [#C]p-coumaroyl
cell wall incorporation preceded [14C]feruloyl groups.
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Radiolabelled material at Rr0 was increasingly detected from 1-min after
[14C] feeding. The Rr0 spot was more intense in H12 cells when compared with
NH ones, specially in 30 to 120 min radiolabelled samples.

In all the cases, H20, addition increased the amount of Rr0 cell wall
etherified compounds. Moreover, in the case of aged H cells, H20; addition
rendered low Rr radiolabelled compounds (dimers, trimers or oligomers).

Discussion

It has previously been suggested that feruloyl-arabinoxylan cross-
linking has consequences in the control of cell expansion and in the response of
plant cells to stresses as a defence mechanism (Bolwell et al. 1998; Fry et al.
2000; Buanafina 2009). Maize cells habituated to lethal concentrations of DCB
presented a modified cell wall composition and architecture (Mélida et al.
2009), that allowed cells to cope with this toxic compound. Based on
preliminary works, we hypothesized for the phenolic component of the cell wall
an outstanding role in the habituation process to the cellulose biosynthesis
inhibitor DCB. In this work, by using pulse-chase experiments with
[1#C]cinnamic acid, and tracking radiolabelled compounds through different
pools, an attempt to describe changes on phenolic metabolism of a cellulose
impoverished cell wall has been conducted.

The fate of [14C]cinnamic acid uptake by maize cultured cells was
comparable to that shown by Lindsay and Fry (2008). As cinnamic acid is a
lipophilic weak acid, it penetrates the plasma membrane easily and was
completely removed from the medium in few minutes. NH and H maize liquid
cultured cells did not markedly differ in their ability to uptake [14C]cinnamic
acid from the culture medium. However, important differences in the
[14C]radiolabelled products present in different cellular pools from NH and H
cells were found. TLCs of CFM after the radiolabelling showed a single peak of
radioactivity at Rr0, putatively corresponding to polymeric and/or highly
hydrophilic material. It is likely to consider these compounds as cellular
material, probably cell wall [14C]feruloyl-arabinoxylans, sloughed into the cell
culture medium (Fry et al. 2000; Kerr and Fry 2003, 2004; Lindsay and Fry
2008). Therefore, the rapid uptake was followed by a reappearance of
radioactivity in the medium, indicating a release of those [1*C]hemicelluloses
which missed their chance for the integration in the cell wall immediately after
secretion and were therefore not retained within the wall. In the case of NH
cultures, after a gradual increase in CFM fraction throughout the cell culture
cycle, a decrease took place in aged NH cell cultures. This would be explained
by phenolic cross-linking of extracellular [14C]feruloyl-arabinoxylans into the
cell wall. Therefore a second chance for integration within the cell wall seemed
to take place in old cells. In average, CFM fraction accounted for fewer
radioactivity in H cell cultures throughout the cell culture cycle. This may
indicate a more efficient integration of newly synthesized [14C]hemicelluloses
into the wall of DCB habituated cells, which may thus play an important role in
wall assembly (Kerr and Fry 2003).

Tracking the radiolabelling of low- and high-M; cellular metabolites
during the culture cycle, considerable differences between non-habituated and
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DCB-habituated maize cultured cells were found. Some polar low-M;
compounds, probably including [14C]hydroxycinnamoyl conjugates of sugars or
other hydrophilic substances, e.g. B-glucosyl esters (Harborne and Corner
1961; Fry et al. 2000; Obel et al. 2003) were detected in both cell lines.
However habituated cells displayed a higher variety and amount of these
compounds and an increasing accumulation along the culture cycle could also
be observed. These compounds could act as reserves of [14#C]hydroxycinnamoil
units, later used for polysaccharide feruloylation directly or indirectly from
feruloyl-CoA (Fry 1984; Fry et al. 2000; Obel et al. 2003; Lindsay and Fry 2008).
Habituated cells required higher levels of these reserves. Short-time feeding
experiments of 7- and 15-d-old maize cultures reported results in line with
these. Interestingly these compounds disappeared from this fraction when
H>02 was added.

The AIR fraction (cellular polymers) includes mature polysaccharides
already deposited in the cell wall, but also newly synthesised polysaccharides
in the Golgi bodies or being transported in vesicles (Lindsay and Fry 2008). NH
cells increased the proportion of radioactivity incorporated into AIR as cells
aged. In other words; the older the NH cells, the higher amount of
[14C]hydroxycinnamates were incorporated into the cell wall, and therefore,
more substrates would be available to cross-link adjacent polysaccharides. This
result is in line with several studies that have indicated a positive correlation
between phenolic cross-linking and growth cessation in various monocot
species (Kamisaka et al. 1990; MacAdam and Grabber 2002; Azuma et al. 2005).
Habituated cells incorporated a high proportion of radioactivity into AIR since
early growth phases. Moreover, with the exception of very aged cells, the
proportion of radioactivity recovered in AIR fraction was higher in H cell
cultures than in NH ones when cells with the same age were compared. In base
to these results, a higher amount of cell wall hydroxycinnamates and a higher
and earlier phenolic cross-linking degree would be expected for H cells.

Most of the radioactivity incorporated into AIR was fractionated into an
alkali labile fraction. With regard to cell wall esterified hydroxycinnamates,
[14C]ferulate and p-[1*C]coumarate were present in both cell lines along the
culture cycle and were attached to a polysaccharide chain very quickly, as these
compounds became detectable radioactive within 1 min, as was previously
observed by Fry et al. (2000). Regarding to esterified [1#C]|DFAs, qualitative and
quantitative differences were achieved between cell lines. Habituated cells
were highly enriched in [14C]DFAs, supporting the idea that a more cross-linked
network of arabinoxylans was acting as a mechanism to counteract, at least
partially, the reduction of cellulose in H cells. According to the appearance of
[14#C]DFAs at short-time, ferulic acid dimerization began before in H cells,
although aged NH cells also showed high levels of DFAs. While cross-linking
seems related with growth cessation in NH cells, in the case of H cells this
mechanism seems to be a tightening strategy since early cell growth phases.

The possibility of benzyl ether bonds contributing to hemicelluloses
cross-linking in primary cell walls had been suggested some time ago (Kerr and
Fry, 2004). Very recently it was demonstrated that after oxidative coupling,
strong benzyl-sugar ether bonds are formed via quinone-methide compounds
(Burr and Fry 2009). In this paper we provide results pointing to the presence
of these alkali-resistant-bonded polysaccharides both in NH and H cell walls.
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[14C]Ferulate, p-[14C]coumarate and Rr0 compounds were detected in NH and H
cultures. As expected, timing of the incorporation indicated that
p-[**C]coumarate was incorporated before than [14C]ferulate. [14C]Ferulate and
p-[**C]coumarate released after a strong alkaly treatment could represent a
population of ether linked hydroxycinnamates forming brigdes between
polysaccharides and lignin-like compounds (Lam et al, 2001). The presence of
this sort of linkages has been proposed to occur during the primary cell wall
formation of grasses (liyama et al. 1990; Lam et al. 1994). Considering that not
much differences in the amount and diversity of ether-linked hydroxi-
cinnamates were found between NH and H cells, a minor role in DCB
habituation is proposed for this sort of very strong phenolic-mediated linkages
between polysaccharides.

Ferulate cross-linking varies with the physiological condition of cells
along the cell culture cycle (Burr and Fry 2009). Same authors proposed that
main factor controlling ferulate cross-linking is peroxidase action instead of
peroxidase activity being the rate of H202 production and the presence/absence
of low-M; inhibitors as described by Encina and Fry (2005), main factors
controlling the peroxidase action. Here we report that throughout the cell
culture cycle, cross-linking activity started earlier in DCB-habituated cells as a
strong accumulation of [1#C]DFAs and larger coupling products were obtained
from cellular polymers of very young H cells (1-day-old). Moreover the sudden
increase in this sort of [1#C]compounds observed for 7-day-old H cells (same
effect is observed in very aged NH cells) suggest a burst in H202 production
and/or the disappearance of a putative phenolic cross-linking inhibitor early in
the cell culture cycle. In line with this we show that the exogenous H;0:
addition stimulated dimerization in H cells in all cases, but not in the oldest NH
cells where dimerization seems to have already taken place, and no substrates
for peroxidase would be available. So, although habituated cells showed higher
dimerization levels, the H;0, was still a limiting factor for even a more
extensive feruloylation. Further experiments involving low-M; inhibitors as
those described by Encina and Fry (2005) in habituated cells will help to
elucidate the role of these compounds controlling peroxidase action.

In sum, by using pulse-chase experiments with [14C]cinnamate it has
been shown that DCB habituation relates with a modification of citosolic
phenolic metabolism that render an increased accumulation of precursor for
polysaccharide feruloylation. Moreover a more efficient integration of newly
synthesized hemicelluloses together with an extensive and premature cross-
linking of hydroxycinnamates was observed in dichlobenil habituated cells as it
was expected for a cellulose-deficient cell wall, to be reinforced.
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Discusion general

El progreso en el desarrollo de diferentes industrias, como la textil, del
papel, alimentaria, energética y de la construcciéon estd vinculado en gran
medida al avance en el conocimiento de aspectos fundamentales de la pared
celular, como son su estructura, formacién y posible modificacién (Cosgrove y
col, 2009). El hecho de que las paredes celulares pueden modificar su
composicion y estructura para adaptar su metabolismo a diferentes
condiciones de estrés ha abierto un panorama insospechado en las aplicaciones
de las paredes celulares con arquitectura modificada. Actualmente el maiz se ha
convertido en especie estratégica para las industrias agroalimentaria y
bioenergética, por tanto el estudio de su pared celular y su potencial
modificacion ha cobrado un interés creciente. Una de las aproximaciones para
estudiar esta plasticidad estructural de la pared celular ha sido la habituacién
de cultivos celulares a concentraciones elevadas de inhibidores de la biosintesis
de celulosa.

En los cultivos celulares de todas las especies que se han habituado a
concentraciones elevadas de al menos tres de estos inhibidores -diclobenil
(DCB), isoxabén y taxtomina A-, el contenido de celulosa experimenta un
descenso notable, aunque este descenso no impide que las células mantengan
su capacidad para dividirse y expandirse. Este descenso de celulosa se
acompafia de otros cambios en la pared de células habituadas que varian en
funcion del inhibidor y de la especie.

La gran mayoria de los estudios de habituacion a este tipo de inhibidores
se han centrado en especies que tienen una pared celular tipo I: tomate
(Shedletzky y col., 1990; Wells y col., 1994), tabaco (Nakagawa y Sakurai, 1998;
2001; Sabba y col, 1999), arabidopsis (Manfield y col, 2004) y alubia
(Diaz-Cacho y col., 1999; Encina y col., 2001; 2002; Alonso-Simén y col., 2004;
2008; Garcia-Angulo y col., 2006). En la mayoria de estos cultivos el descenso
en celulosa, que provoca la habituacién a DCB, se acompafia de un aumento en
la cantidad de pectinas y de una reduccion de la de hemicelulosas. Los cultivos
celulares con paredes celulares tipo I habituados a isoxabén son bastante mas
heterogéneos que los habituados a DCB, pero mantienen la pauta descrita para
la habituaciéon a DCB, en alubia (Diaz-Cacho y col., 1999), tabaco (Sabba y
Vaughn, 1999) y arabidopsis (Manfield y col., 2004).

Hasta el inicio de esta tesis doctoral, s6lo se habia descrito un caso de
habituaciéon a un inhibidor de la biosintesis de celulosa en una especie con
pared celular tipo II. Se trataba de cultivos celulares de cebada habituados a
DCB (Shedletzky y col, 1992). Ademas, los cambios que acompafiaban a la
habituacion de estas células habian sido caracterizados solamente de forma
preliminar, ya que ese no era el objetivo principal de dicho trabajo. En esta tesis
doctoral se han habituado a DCB cultivos celulares de maiz, y se ha
caracterizado de forma exhaustiva la pared celular de los cultivos habituados.

La habituaciéon de maiz a DCB se logr6 mediante incrementos graduales
de su concentracién en el medio de cultivo. El proceso de habituacién implico
menores tasas de crecimiento de los cultivos y alteraciones morfolédgicas, a
nivel estructural y ultraestructural (Capitulo II, Figuras 2 y 3), comparables a
las descritas en cultivos de otras especies con paredes celulares tipo I
habituados a DCB, como suspensiones de tomate (Shedletzky y col., 1990), y
suspensiones y callos de alubia (Encina y col., 2001, 2002).
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Tal y como ya se habia observado anteriormente en cebada (Shedletzky
y col, 1992), la habituacién de los cultivos celulares de maiz a DCB se
acompafiaba de un descenso en el contenido de celulosa y de un aumento en
polisacaridos hemicelulésicos. En el caso de callos de maiz la reduccién en el
contenido de celulosa fue gradual a lo largo del proceso de habituacién (menor
cantidad de celulosa al incrementar la concentracion del inhibidor y el nimero
de subcultivos) y alcanzé reducciones de hasta el 75% (Capitulo II, Figura 5;
Capitulo III, Figura 1). La diferencia en la habituacién de ambas especies con
pared del tipo II fue el tipo concreto de hemicelulosas que aument6, ya que en
los cultivos de cebada se incrementé el contenido de glucano mixto mientras
que en los de maiz fue el de arabinoxilanos. Ademas, el contenido de otros
componentes de la pared celular, como glucano mixto, xiloglucano, pectinas o
proteinas, no aumentéd o se vio reducido. Esta era la primera vez que se
observaba una compensacion por arabinoxilanos de una deficiencia en celulosa
(Capitulo II, Figuras 5, 7, 10 y 11).

Los arabinoxilanos de células habituadas fueron mas dificilmente
extraibles y tuvieron mayores masas moleculares medias (Capitulo II, Figuras
6 y 8), respecto a los de las células control, apuntando a la presencia de una
mayor y mas entrecruzada red de arabinoxilanos en las células habituadas. Una
primera caracterizacion del contenido fendlico de las paredes de células
habituadas revel6 un notable incremento en estos compuestos (Capitulo II,
Figura 9), hecho que sugiri6é que el incremento en la masa molecular media de
los arabinoxilanos estaria controlado en gran medida mediante el
entrecruzamiento por la formacion de dehidrodimeros, tal y como se habia
propuesto en ocasiones anteriores (Fry y col., 2000; Kerr y Fry, 2003, 2004;
Lindsay y Fry, 2008). Ademads, este mayor entrecruzamiento de la red de
arabinoxilanos por compuestos fendlicos podria ser responsable de la mayor
resistencia a la degradacién enzimatica de las paredes de células habituadas
(Capitulo II, Figura 12), resultado que en principio pudiera sorprender por
tratarse de paredes con niveles muy reducidos de celulosa y enriquecidas en
componentes matriciales, pero que se podria explicar por una menor
accesibilidad de las enzimas hidroliticas a los polisacaridos matriciales debido a
su vez a un enriquecimiento en fenoles y/o a una mayor dimerizacién fenélica
(Grabber, 2005; Buanafina, 2009).

Tanto la reduccion del contenido en celulosa, como el aumento en
fenilpropanoides, estuvieron acompafiados por cambios en la expresion génica,
no so6lo de aquellos genes directamente relacionados con estos componentes,
sino también de otros relacionados con el metabolismo del carbono, nitrégeno
y etileno, y con mecanismos de detoxificacion.

La expresion de varios genes ZmCesA resulté alterada (Capitulo III,
Figura 3), y en concreto ZmCesA5 y ZmC(CesA7 parecieron tener un papel
destacado en la habituacién al inhibidor. ZmCesA5 fue el gen CesA cuya
expresion se vio mas afectada durante la habituacion, deshabituacion y
tratamientos cortos con DCB. La sobreexpresion de ZmCesA7 en todas las
condiciones estudiadas apunta a ZmCesA7 como la subunidad que podria
reemplazar a ZmCesA5 en las rosetas de células habituadas. Los resultados
obtenidos indicaron que la presencia/ausencia de ZmCesA5 en la roseta podria
ser un aspecto critico determinando la sensibilidad /resistencia de las células a
crecer en presencia de DCB. Durante la habituacién se podrian originar rosetas
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con configuraciones diferentes a las originales, y que posiblemente tendrian
una funcionalidad alterada, pero que permitirian a las células habituadas crecer
en presencia de concentraciones inicialmente letales de DCB. En linea con estos
resultados, los mutantes de arabidopsis, ixr1-1 y ixrl-2, que carecieron de la
proteina AtCesA3 (proteina con una elevada homologia con ZmCesA5) fueron
resistentes al inhibidor de la biosintesis de celulosa isoxabén (Scheible y col,,
2001).

La mayoria de los genes relacionados con la sintesis de hidroxicinamatos
resultaron inducidos en células habituadas (Capitulo III, Figura 5). La
sobreexpresiéon de estos genes concuerda con el enriquecimiento generalizado
de fenoles en la pared de células habituadas.

Ademas, la regulacion de la expresion génica fue dependiente de la fase
de cultivo, de modo que en general, en fases iniciales de cultivo una mayor
cantidad de genes relacionados con estas dos redes metabdlicas estuvieron
sobreexpresados, y en cambio en fases finales de crecimiento hubo una mayor
represion, indicando un control preciso en el uso de los recursos celulares para
lograr la supervivencia en presencia del agente inhibidor.

Varias isoformas de la enzima glutatiéon S-transferasa (GST) resultaron
reprimidas en células habituadas (Capitulo III, Tabla 1). Estas enzimas estan
relacionadas con procesos de detoxificacion, protegiendo a las plantas frente al
efecto de xenobidticos, como el DCB, y son consideradas como marcadores
moleculares de estrés en plantas (Genter y col.,, 1998; Edwards y col., 2000). La
actividad GST, que si bien resultaba incrementada tras tratamientos cortos con
elevadas concentraciones de DCB en células no habituadas, resulté reducida en
células habituadas (Capitulo III, Figura 6). El andlisis de varias actividades
antioxidantes (guaiacol peroxidasa, ascorbato peroxidasa, catalasa, glutation
reductasa, y otros datos que no han sido incluidos, como la actividad
superoxido dismutasa y el grado de peroxidacién lipidica) mostré que estas
apenas estuvieron incrementadas, o incluso aparecieron reducidas, en células
habituadas (Capitulo III, Figura 6). Estos resultados parecen indicar que en el
caso del maiz, la habituacion al DCB residiria exclusivamente en modificaciones
de la pared celular. En la habituacion de cultivos celulares de alubia al mismo
inhibidor, se demostré que en el proceso de habituaciéon a DCB, ademas de las
modificaciones en la estructura y composiciéon de la pared celular si tiene
importancia una estrategia antioxidante (Garcia-Angulo y col.,, 2009a).

Aunque los fenoles son componentes cuantitativamente minoritarios en
la pared celular, su papel en ella tiene gran importancia desde un punto de vista
funcional. Se estudié en detalle la contribucién del componente fendlico al
proceso de habituacién utilizando HPLC (Capitulo IV) y radiomarcaje (Capitulo
V). Mediante HPLC se demostr6é un incremento (dos veces mas) en fenoles
monoméricos (acidos ferulico y p-cumarico). A este respecto cabe destacar que
el proceso de habituacion al DCB se caracterizé por un enriquecimiento
significativo de las paredes celulares en acido p-cumarico, muy probablemente
como consecuencia de un efecto de exposicién al DCB mas que como efecto
directo de la habituacion.

Es de esperar que la modificacién en la estructura y funcién de una
pared celular tipo II deficiente en celulosa dependa en mayor medida de la
riqueza en dehidrodimeros (anticipando un mayor grado de entrecruzamiento
de los polisacaridos matriciales) que del contenido en monofenoles. Por esta

147



Discusion general

razon, y desde un punto de vista de la funcionalidad de la pared celular
habituada al DCB, fue mas relevante el cambio cuantitativo en dehidrodimeros
(Capitulo 1V, Figuras 1, 3 y 4). En promedio, el contenido en dehidrodimeros
de las paredes celulares habituadas al DCB fue de 4 a 6 veces mayor que el de
las paredes celulares no habituadas. Este resultado explicaria la reduccién en la
extractabilidad y el incremento en la masa molecular relativa de los
arabinoxilanos de paredes celulares habituadas y avalaria la hip6tesis segtn la
cual, en cultivos celulares de maiz habituados al DCB, el déficit de celulosa es
compensado por una red de arabinoxilanos mas entrecruzados.

La variacion en dehidrodimeros no fue sélo cuantitativa sino también
cualitativa. La habituacién origind6 nuevos tipos de enlaces entre fenoles
monoméricos, ya que se detectaron hasta cuatro posibles nuevos
dehidrodimeros en las paredes de estas células (Capitulo 1V, Figuras 1y 2). La
estructura de estos nuevos compuestos se caracterizard en futuros
experimentos, mediante técnicas de espectrometria de masas y resonancia
magnética nuclear. Ademas, el seguimiento de estos compuestos a lo largo del
proceso de habituacién, demostré que dicho proceso es dindmico, ya que el
perfil fenolico se va modificando a lo largo de los subcultivos (Capitulo II,
Figura 4). Aunque los niveles de los dehidrodimeros 5,5 y 8-0-4 resultan
elevados en paredes celulares de cultivos habituados, el importante incremento
del dehidrodimero 8,5 sugiri6 un papel destacado de dicho compuesto en la
habituacion a DCB.

El estudio del componente fendlico se completé con experimentos de
radiomarcaje, usando [1*C]acido cindmico. Cultivos habituados y no habituados
no difirieron en su capacidad de incorporaciéon del compuesto (Capitulo V,
Figura 1), sin embargo, el analisis de metabolitos radiomarcados presentes en
distintos compartimentos celulares mostré importantes diferencias entre
ambas lineas (Capitulo V, Figuras 3 y 4). Los cultivos habituados presentaron
mayor variedad y cantidad de compuestos citosdlicos de bajo peso molecular
(Capitulo V, Figuras 3 y 5), los cuales posiblemente sirvan de reservas de
unidades hidroxicinamoil que posteriormente pueden ser usadas en la
feruloilacion de polisacaridos (Fry, 1984; Fry y col.,, 2000; Obel y col,, 2003;
Lindsay y Fry, 2008). Ademas, los cultivos habituados resultaron muy
enriquecidos en dehidrodimeros esterificados y eterificados sobre
polisacaridos de la pared celular, asi como en compuestos de mayores masas
moleculares, posiblemente correspondiendo a trimeros y/o oligbmeros
(Capitulo V, Figuras 7 y 8). Todos estos resultados indicaron que la
dimerizacion de acido ferulico comienza antes en células habituadas y podria
ser responsable del probable mayor entrecruzamiento de arabinoxilanos que
acompafa a la habituacion a DCB.

El proceso denominado deshabituacién consiste en retirar el DCB del
medio de cultivo de células habituadas, es decir en cultivar células habituadas
en ausencia del inhibidor, y permite estudiar la estabilidad de los cambios
asociados a la habituacién y determinar su naturaleza (mutaciones, cambios
epigenéticos, etc). Trabajos previos demostraron que la mayoria de los cambios
inducidos durante la habituacién revierten al cultivar las células en medio sin
inhibidor (Shedletzky y col, 1990; Encina y col., 2002; Garcia-Angulo y col,
2006, 2009a). Cabe destacar el hecho de que cultivos celulares deshabituados
de especies vegetales con pared tipo I, son capaces de tolerar concentraciones
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del inhibidor letales para células control, y mantienen la elevada capacidad
antioxidante propia de las células habituadas (Garcia-Angulo y col., 2009a y b);
sin embargo en el caso del maiz, los cultivos deshabituados siguieron una pauta
semejante, en lineas generales, a la de los cultivos no habituados.

Globalmente, los resultados obtenidos con este trabajo permiten
concluir que la habituacion de cultivos de células de maiz al inhibidor de la
biosintesis de celulosa DCB modifica la composicién y estructura de la pared
celular tipo II. En esta modificacion los fenoles, las moléculas que unen a los
arabinoxilanos entre si, juegan un papel clave en el mantenimiento de la
funcionalidad de una pared celular deficitaria en celulosa. Este y otros cambios
en la pared celular durante la habituaciéon a DCB ponen de manifiesto que los
mecanismos que participan en la plasticidad estructural son diferentes en
paredes celulares tipo I y tipo II, y son cruciales en la supervivencia ante
agentes externos téxicos para una célula vegetal.
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1. Se han habituado células de maiz a concentraciones de diclobenil
(DCB) hasta ocho veces superiores a su correspondiente Iso. Las células
habituadas crecieron mas lentamente, presentaron un aspecto mas irregular y
paredes celulares mas engrosadas. Durante la habituacién a DCB las células
modificaron la composicién y arquitectura de la pared celular con una
reduccién de hasta el 75% en el contenido en celulosa, que fue compensada, al
menos parcialmente, por un aumento en el de arabinoxilanos, que ademas
experimentaron un incremento en masa molecular y aparecieron mas
fuertemente unidos a la pared celular. El contenido de otros componentes de la
pared celular, como glucano mixto, xiloglucano, pectinas o proteinas, no
aumento o se vio reducido. Como consecuencia de esta nueva arquitectura las
paredes de las células habituadas tuvieron mayores tamafios de poro y una
menor degradabilidad y capacidad de hidratacion.

2. La habituacién a DCB se acompafi6 de cambios cuantitativos y
cualitativos en el componente fenolico de la pared celular, entre los que
destacan el aumento en el contenido de fenoles monoméricos (acidos ferulico y
p-cumarico), en la proporcion de dimeros, y la formacién de nuevos enlaces
entre los monomeros que los constituian. La evolucion del perfil fenoélico
durante la habituaciéon a DCB reflej6 un dinamismo en el proceso de
dimerizacién fenolica, de modo que, a lo largo del proceso de habituacién se
apreciaron diferencias en la proporcidn relativa de los dehidrodimeros 5,5 y
8-0-4, pero sobre todo del 8,5, que pareci6 jugar un papel clave en el proceso de
habituacion.

3. Mediante radiomarcaje con acido [!*C]cinamico se comprobd que la
habituacion al DCB se acompafaba de modificaciones en el metabolismo
citosdlico de los fenoles cuya principal consecuencia fue la acumulaciéon de
intermediarios de bajo peso molecular, que servirian de precursores para la
feruloilacion de los polisacaridos de la pared celular. Asimismo, el andlisis in
muro de los metabolitos de [!*C]cindmico indic6 que las células habituadas
estaban enriquecidas en dehidrodiferulatos y compuestos de mayor masa
molecular esterificados y eterificados sobre la pared celular. La cinética de
aparicion de ['4C]dehidrodiferulatos indic6 que la dimerizaciéon del acido
ferulico se producia antes en células habituadas. Estos resultados avalan la
hipétesis de que un prematuro y mayor entrecruzamiento de la red de
arabinoxilanos constituye un mecanismo compensatorio de la deficiencia de
celulosa.

4. Se han detectado cambios en la expresion génica durante la
habituaciéon de células de maiz a DCB. Las células habituadas mostraron una
mayor expresion de la mayoria de los genes implicados en la ruta de biosintesis
de fenilpropanoides. Estas células experimentaron también cambios en el nivel
de expresion de diferentes genes de celulosa sintasas, entre los que destacan
ZmCesA5 y ZmC(CesA7. La regulacion de la expresidon génica dependi6 de la fase
de crecimiento de las células, y difiri6 a su vez de la de los cultivos no
habituados expuestos a altas concentraciones del herbicida. Ademas, el andlisis
protedmico reveld cambios en las células habituadas en procesos tan variados
como el metabolismo del carbono, nitrégeno y etileno. La habituacién a DCB en
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células de maiz, a diferencia de lo descrito en células de especies con pared
celular tipo I, no estuvo acompafiada por un aumento en actividades
enzimaticas antioxidantes (guaiacol peroxidasa, ascorbato peroxidasa, catalasa
y glutation reductasa) o detoxificadoras (glutation S-transferasa).

5. Las células habituadas a DCB y cultivadas en ausencia del inhibidor,
denominadas células deshabituadas, mantuvieron una sobreexpresion
constitutiva de varios genes relacionados con la biosintesis de la celulosa y la de
los fenoles. Sin embargo, no presentaron una mayor tolerancia a DCB y

mostraron caracteristicas semejantes, en lineas generales, a las de los cultivos
no habituados.
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ABSTRACT

Cellulose biosynthesis inhibitors (CBIs) form a heterogeneous group of structurally
unrelated compounds that specifically affect the assembly or the deposition of cellulose.
With the exception of thaxtomin A, the only naturally occurring CBI, all other CBIs are
synthetic compounds. A number of them (dichlobenil, isoxaben and flupoxam) are used
as herbicides and, as such, are listed as group L in the Herbicide Resistance Action
Committee classification of herbicides. Recently, targets for isoxaben and dichlobenil
have been provided. Other compounds, such as triazofenamide, CGA 325'615, the
aminotriazine AE F150944 or the thiazolidinone named compound 1 have proven to be
CBISs, but they have not yet been commercialized. Finally, some drugs seems to display a
dual effect, acting as CBIs in some cases (i.e., depending on the species or their
concentration), or as auxin herbicide (quinclorac) or plant growth retardant (ancymidol)
in other circumstances.

CBIs have been used to elucidate cellulose biosynthesis—unraveling the organiza-
tion of cellulose synthase (CESA) complex including the assembly between CESA
subunits—and the relation between cortical microtubules and cellulose deposition, as
some CBIs interfere with the microtubule-guided deposition of cellulose microfibrils.

In recent years, several Arabidopsis CBIl-resistant mutants have been reported.
Frequently, but not always, their mutations were related to genes directly involved in
cellulose biosynthesis. In other cases, the effects of CBIs on plant growth have been used
to associate the phenotype of a set of mutants to the impairment in their cellulose
biosynthesis machinery.
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The habituation of cell cultures to grow in the presence of high concentrations of
different CBIs has been proven to be a powerful tool for insight into the mechanisms
underlying the plasticity of plant cell wall structure and composition. CBI-habituated cell
cultures reflect the ability of cells to adapt their metabolism and modify their cell walls in
order to cope with these new stressful conditions.

New perspectives in CBI uses imply the selection of habituated cells having walls
with a reduction in their cellulose content; the manipulation of levels and/or modification
of matrix polysaccharides, rendering cell walls with new physicochemical properties; the
study of the relationship between cellulose synthesis and other C-sink processes such as
phenylpropanoid synthesis; or the elucidation of putative new targets implied in cellulose
biosynthesis.

INTRODUCTION

Cellulose biosynthesis inhibitors (CBIs) constitute a varied group of structurally
unrelated compounds that specifically affect the assembly or the deposition of cellulose in
higher plants (Figure 1, Table 1). Two remarkable reviews focused on CBIs were afforded in
1999 (Sabba and Vaughn) and 2002 (Vaughn), but a set of important data has been raised
since then, and the global view of CBIs is now more panoramic.

Several CBIs have been commercialized as herbicides, and therefore appear as group L in
the Herbicide Resistance Action Committee (HRAC) classification of herbicides. This
classification includes dichlobenil, chlorthiamid, isoxaben, flupoxam and quinclorac (but in
this case indicated only for monocots, and it is considered an auxinic herbicide in group O)
(Menne and Kocher, 2007).

Some other compounds have also been cited as promising herbicides, such as
triazofenamide and triaziflam (Wakabayashi and Boger, 2004), but until now they have not
been commercialized or included in this group. Finally, some drugs have been described to
display a dual effect (i.e., quinclorac or ancymidol), acting as CBIs in some cases (i.e.,
depending on the species, or their concentration) and showing an additional mode of action in
other circumstances.

The amount of information about each of these compounds is unequal. The objective of
this chapter is to show a current view of this kind of compound, attending also to the
description of CBI-related mutants and the use of CBIs to elucidate cellulose biosynthesis,
and to give insight into the mechanisms underlying the plasticity of plant cell wall structure
and composition by means of the habituation of cell cultures to CBIs.

Cellulose Biosynthesis

In recent years, a considerable amount of information regarding cellulose biosynthesis in
higher plants has been provided, and some reviews have been reported (Somerville, 2006;
Joshi and Mansfield, 2007; Mutwil et al., 2008; Taylor, 2008; Bessueille and Bulone, 2008),
so that only a brief presentation of cellulose biosynthesis will be introduced now. Cellulose
biosynthesis machinery is located in the plasma membrane, forming ‘rosettes’, which
constitute a transmembrane system (Figure 2). In plants, these rosettes, or cellulose synthase
(CESA) complexes, are viewed as hexamers, using freeze-fracture electron microscopy. Each
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monomer comprises six cellulose synthase proteins, resulting then in 36 individual CESA
proteins by rosette, able to synthesize 36 -(1,4)-glucan chains that will form a microfibril
(Doblin et al., 2002). The CESA complexes seem to be assembled in the Golgi apparatus and
then exported via exocytosis to the plasma membrane (Somerville, 2006). CESA interacts
with the cytoskeleton so that microtubules seem to guide the movement of CESA complexes
(Paredez et al., 2006).

In Arabidopsis thaliana, primary cell wall CESA complexes are integrated by three
unique types of CESA subunits named CESA1, CESA3 and CESA6-related (CESA2, 5 and
9) (Persson et al., 2007), in such a way that CESA3 and CESA6 physically interact (Desprez
et al., 2007). Other proteins are claimed to form part of the complex, such as a cytoskeletal-
anchored sucrose synthase, which could channel UDP-glucose to CESA (Amor et al., 1995);
a membrane anchored endo-B-(1-4)-glucanase named KORRIGAN (Nicol et al., 1998),
which seems to act decreasing cellulose crystallinity (Takahashi et al., 2009); a plasma
membrane protein denominated KOBITO (Pagant et al., 2002); COBRA, an GPI-anchored
protein (Schindelman et al., 2001); etc. However, an exact role for these additional proteins
has not yet been provided. In secondary cell walls, CESA complexes are composed of three
unique types of CESA subunits, too: CESA4, CESA7 and CESAS (Atanassov et al., 2009;
Timmers et al., 2009), but in this case purified CESA complexes did not contain any further
protein (Atanassov et al., 2009). Analyses of cellulose biosynthesis in other species reflect
similar results to that obtained in Arabidopsis.

Cellulose microfibril formation can be divided into three steps: (i) initiation, using UDP-
glucose as the donor substrate; (i) polymerization of glucose into 3-(1,4)-glucan chains, and
(iii) crystallization of B-(1,4)-glucan chains into a microfibril (Peng et al., 2002). Based on in
vitro experiments, it has been proposed that cellulose biosynthesis is initiated from a
sitosterol-B-glucoside as primer molecule (Peng et al., 2002).

CELLULOSE BIOSYNTHESIS INHIBITORS

Dichlobenil

Dichlobenil or 2,6-dichlorobenzonitrile, is the simplest and one of the most studied CBIs.
A related herbicide, chlorthiamid (2,6-dichlorothiobenzamide), is converted to dichlobenil in
soil as a consequence of microorganism metabolism (Beynon and Wright, 1968). Dichlobenil
has been marketed since the 1960s under different trade names (Casoron, Barrier, Silbenil, H
133). Although less effective on monocots (Sabba and Vaughn, 1999), dichlobenil has been
extensively used as a broad spectrum preemergence herbicide (Verloop and Nimmo, 1969).
The preemergence action of dichlobenil is based on the impairment of seedling growth more
than on the inhibition of seed germination. In this way, in the French bean, root growth is 30
times more sensible to dichlobenil than seed germination (Encina, unpubl.). Isy values in the
micromolar range have been measured for the effect of dichlobenil on root growth: 1 uM on
Lepidium sativum (Giinther and Pestemer, 1990); 0.4 uM on Arabidopsis (Heim et al., 1998);
4 uM on the French bean (Encina, unpubl.), and 2 uM on maize (Mélida, unpubl.).

Rapidly expanding cells such as suspension or callus-cultured cells (Shedletzky et al.,
1990, 1992; Corio-Costet et al., 1991a, b; Encina et al., 2001, 2002; M¢lida et al., 2009);
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seedling roots and hypocotyls (Himmelspach et al., 2003; DeBolt et al., 2007b); and pollen
tubes (Anderson et al., 2002) are sensible to dichlobenil in the nano-micromolar range [I5: 50
nM for soybean suspension-cultured cells (Corio-Costet et al., 1991b); 0.5 uM and 0.3 uM
for French bean callus and suspension-cultured cells, respectively (Encina et al., 2001, 2002);
and 1.5 uM for maize callus (Mélida et al., 2009)]. The ability of this herbicide to arrest cell
plate formation (but not nuclear division [Galbraith and Shields, 1982]) and cell elongation
(Vaughn et al., 1996; Sabba et al., 1999; Encina et al., 2001, 2002; Vaughn, 2002) is under
the typical dichlobenil-growth retarding and dichlobenil-dwarfing effects (Sabba and Vaugh,
1999 and refs. therein).

Dichlobenil symptomatology also includes radial root or hypocotyl swelling (Umetsu et
al., 1976; Eisinger et al., 1983; Montague, 1995; Himmelspach et al., 2003; DeBolt et al.,
2007b), inhibition of root-hairs and secondary-root development, and induction of necrotic
lesions (Barreiro, unpubl.). Many later effects are also associated with mitotic disrupter
herbicides (Vaughn, 2002), and curiously, to many abiotic stresses (Potters et al., 2007).

Very early studies related the phytotoxic effect of dichlobenil to the inhibition of ATP
production by its phenolic degradation products, 2,6-dichlo-3-hydroxybenzonitrile and 2,6-
dichloro-4-hydroxybenzonitrile (Moreland et al., 1974). However, in the same year it was
demonstrated that dichlobenil itself impaired the incorporation of radiolabelled glucose into
cellulose (Hogetsu et al., 1974). Since then, dichlobenil has been demonstrated to inhibit the
biosynthesis of cellulose in a wide range of systems by using the same experimental
procedure (e.g., Montezinos and Delmer, 1980; Brummell and Hall, 1985; Hoson and
Masuda, 1991; Corio-Costet et al., 1991b; Edelmann and Fry, 1992; Shedletzky et al., 1992;
Garcia-Angulo et al., 2009), and nowadays no doubts about the specific effect of dichlobenil
on cell wall biosynthesis exist.

In plants, the effect of dichlobenil on cellulose biosynthesis seems to be specific, since
matrix polysaccharides synthesis is not inhibited upon a short term dichlobenil treatment
(Montezinos and Delmer, 1980; Blaschek et al., 1985; Francey et al., 1989). However
dichlobenil has also been reported to inhibit non-cellulosic polysaccharides synthesis in algae
(Arad et al., 1994; Wang et al., 1997). Other cellular processes such as DNA synthesis,
protein synthesis, respiration, oxidative phosphorylation, phospholipid metabolism,
nucleoside metabolism and glucose metabolism (including glucose uptake) are not affected
by dichlobenil (Meyer and Herth, 1978; Montezinos and Delmer, 1980; Galbraith and
Shields, 1982; Delmer et al., 1987).

Besides this specific effect of dichlobenil on cellulose synthesis, several papers address
the side effect of dichlobenil on cellulose microfibril orientation (Sugimoto et al., 2001),
cellulose-synthesizing complexes organization/motility (Herth, 1987; Mizuta and Brown,
1992; DeBolt et al., 2007b; Wightman et al.,, 2009) and microtubule organization
(Himmelspach et al., 2003).

Mode of action

Despite dichlobenil being recognized and used as a specific CBI since decades (Hogetsu et
al.,, 1974), its mode of action is still unclear. Dichobenil inhibited the in vivo synthesis of
sitosterol-f-glucosides, and exogenous addition of sitosterol-p-glucosides reverted dichlobenil
effects (Peng et al., 2002). Based on these findings, an effect for dichlobenil on blocking the
initiation steps of cellulose biosynthesis could be hypothesized. However, the need of a primer
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for in vivo cellulose biosynthesis is now under controversial as experimental conditions used by
Peng et al. (2002) seemed to be highly forced and it has been demonstrated that in vitro
biosynthesis of cellulose did not require any primer (Somerville, 2006).
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Table 1. Some data about selected CBIs. Accepted chemical names, Iso on fresh weight
gain of bean calluses, Isg on Arabidopsis root growth, and selected references about
CBIs. (a) Garcia-Angulo, unpubl.; (b) Heim et al., 1998; (c) Heim et al., 1989;

(d) Heim et al., 1998; (e) Desprez et al., 2002; (f) Scheible et al., 2003;

(9) Hoffmann and Vaughn, 1996 (on Lepidium sativum root);

(h) Heim et al., 1998; (i) Sharples et al., 1998; (j) Walsh et al., 2006

ISO
CBI Chemical name isai)lllf:;a Arabidopsis | References
root growth
Delmer, 1987
Dichlobenil 2,6-dichlorobenzonitrile 0.5 uM 0.4 uMb Delmer et al.,
1987
N-[3-(1-ethyl-1- 4.5 nMC Huggenberger
methylpropyl)]-5- ol et al., 1982
Isoxaben . 3 nM InM"; 1.5 .
isoxazolyl]-2,6- AME Heim et al.,
dimethoxybenzamide 1990
(A 4-nitroindol-3-yl 11<9H91§ etal,
Thaxtomin A containing 2,5- 0.6 nM 25-50 nM' Fry and Loria
dioxopiperazine) 2002
1-[4-chloro-3-[(2,2,3,3,3- O’Keeffe and
pentafluoropropoxymethyl) Klevorm. 1991
Flupoxam phenyl]-5-phenyl-1H- 2nM (6 nM?) Hoffiman and
1,2,4-triazole-3-
o Vaughn, 1996
carboximide
1-(3-methyl phenyl)-5- .
Triazofenamide | phenyl-1H-1,2,4-3 triazole- | 15 nM 39 nM" 11{;;; etal,
3-carboximide
S-tert-butyl-
carbamoyloxyl-3-(3- i Sharples et al.,
Compound 1 trifluoromethyl) phenyl-4- 20 uM <3 M 1998.
thiazolidinone
1-cyclohexyl-5-(2,3,4,5,6-
, pentafluorophenoxy)-1 o Peng et al.,
CGA 325615154 2 4 6-thiatriazin-3- 0-5nM 2001
amine
N2-(1-ethyl-3-
phenylpropyl)-6-(1-fluoro- o Kiedaisch et
AEF130944 1 5 cthylethyl)-1,3,5- I'nM al., 2003
triazine-2,4-diamine
Koo et al.,
1996
. .. Koo et al.,
Quinclorac 3,7-dichloro-8-quinoline | ;4 s 8 uM 1997
carboxylic acid
Tresch and
Grossmann,

2003
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/ 1/| Cell wall
36 B-(1-4)-glucan chains | { [ [ e
' Plasma
Movement of rosette, " E * 0 membrane
~Il. =
Microtubule
MAP
Sucrose UDF';@” Gk Cytoplasm
UbP *
Fructose
CESA
protein
Cellulose synthase
complex (Rosette)

Figure 2. Model of a cellulose synthase complex (rosette). Each subunit (represented as a lobe) contains
six CESA proteins, corresponding to three different CESA types (highlighted in the insert by different
grey saturation). Other proteins seem to act in the cellulose biosynthesis process, such as sucrose
synthase (Susy), KORRIGAN (Kor), a microtubule associated protein (MAP), and other ones, not
represented here (see the text). Putative targets for some CBIs have been highlighted in boxes (IXB:
isoxaben; Comp1: compound 1; DCB: dichlobenil).

A remarkable characteristic of cell walls from dichlobenil-habituated cells (as it will be
detailed further) is the accumulation of a non-crystalline -(1,4)-glucan (Encina et al., 2002;
Garcia-Angulo et al., 2006). Moreover, a number of reports point to dichlobenil as a disruptor
of the organization, motility or dynamics of the CESA complexes (Herth, 1987; Mizuta and
Brown, 1992; DeBolt et al., 2007b). Taken together these results it has been proposed that
dichlobenil effect on cellulose biosynthesis would result in an alteration of cellulose
crystallization rather than of an inhibition of glucose polymerization. At this respect it is
interesting to note that the rswl Arabidopsis mutants on CESA1 protein, with disassembled
CESA complexes, have reduced cellulose contents and accumulate a non-crystalline -(1,4)-
glucan (Arioli et al., 1998).

Three putative targets for dichlobenil have been reported until now. By using a
photoreactive analogue of dichlobenil, 2-6-dichlorophenylazide, Delmer et al. (1987) reported
a small protein of 12-18 kDa as the dichlobenil target. This small protein resulted easily
dissociated from membrane preparations and, therefore, it is unlikely to be a CESA protein.
The authors hypothesize for dichlorophenylazide-tagged protein a regulatory role, probably
modulating the glycosyl-transferase specificity (Delmer et al., 1987).
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Table 2. Selected cellulose-deficient mutants in Arabidopsis. Some of them have a
mutation in CesA loci, whereas others present a mutation in different genes. Isoxaben-

resistant mutants are indicated in bold.

Locus Eﬁgﬁzt Phenotype Gene product Reference
Temperature-sensitive,
rswi-1 radially expanded cells, Arioli et al., 1998
dwarf, normal division "
planes Cellulose synthase
CesAl rswil-2 Late embryonic, radially catalytic subunit, Gillmor et al., 2002
expanded cells, dwarf, CESA1l
rswl-20 normal division plane Beeckman et al., 2002
) Post-embryonic, radially
rswl-10 expanded cells, dwarf Fagard et al., 2000
o Post—embryonlc, dvs{arf, Caiio-Delgado et al.,
elil-1; 1-2 accumulation ectopic 2003
lignin
- Cellulose synthase
CesA3 Increased production of | .14 cubunit
cevl ethylene and jasmonate, ’ Ellis et al., 2002
CESA3
stunted root
ixr1-1; 12 | Semi-dominant, Scheible et al., 2001
isoxaben-resistant
Collapsed irregular xylem
walls, thinner cell wall, Cellulose synthase
CesA4 irx5 weak stem, adult plants catalytic subunit, Taylor et al., 2003
slightly smaller than wild | CESA4
type
Post-embryonic, stunted
root and dark-grown
prel-1to 1- hypocotyls, radially Cellulose synthase | Fagard et al., 2000
12 expanded cells, gapped . .
CesA6 catalytic subunit,
cell walls, normal
. g . CESA6
microfibril orientation
ixr2-1 Sem1-d0m1ne}nt, Desprez et al., 2002
isoxaben-resistant
Collapsed irregular xylem
walls, thinner cell walls, Cellulose synthase
CesA7 irx3 weak stem, adult plants catalytic subunit, Taylor et al.,1999, 2000
slightly smaller than wild | CESA7
type
Collapsed irregular xylem Cellulose synthase _
CesA8 irxl walls, weak stem, adult catalvtic subunit Turner and Somerville,
plants slightly smaller Y ’ 1997; Taylor et al., 2000
X CESA8
than wild type
Dwarf, radially expanded
cells, less and Type II intrinsic
Kob1 kob1-1; 1-2 disorganized microfibrils | plasma membrane | Pagant et al., 2002
in cell elongation zone in | protein
root
Conditional root
expansion, T-sensitive, }
Cob cobl-1 radially expanded cells GPl-anchored Schindelman et al., 2001

and stunted root, reduced
cell expansion in root

protein
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Table 2. (Continued)

Locus Mutant alleles Phenotype Gene product Reference

Post-embryonic, dwarf,

korl-1 radially expanded cells

Nicol et al., 1998

Late embryonic, dwarf,
Korl kor1-2 randomized division Zuo et al., 2000
planes, aborted cell plates

Membrane-bound

Terpperature—sensitive, endo-B-1,4-
radially expanded cells, glucananse
rsw2-1to 4 dwarf, randomized Lane et al., 2001
division planes, aborted
cell plates

Collapsed xylem cells, no

Irx2-1; 2-2 growth phenotype

Molhoj et al., 2002

Conditional root
expansion, stunted root,
dark-grown hypocotyls,
radially expanded cells,
Poml normal microfibril
orientation

pom1-1 to 11 Hauser et al., 1995
Chitinase-like

protein (AtCTL1)

Ectopic deposition of
elpl lignin, incomplete cell Zhong et al., 2002
walls in some pith cells

Late embryonic,

. . Mannose-1-
increased radial hosphatase
Cytl cytl-1; cyt2 expansion , incomplete PRosp Lukowitz et al., 2001
. guanylyl-
cell walls, excessive
. transferase
callus accumulation
Temperature-sensitive,
radially expanded cells,
Rsw3 rsw3-1 dwarf, longer lag-time Glucosidase 11 Burn et al., 2002

before appearance
phenotype then rsw1 and
2

Some years later, Nakagawa and Sakurai (1998) published the specific binding of
dichlobenil to the catalytic subunit of cellulose synthase. By using a specific antibody against
CESAL, it was possible to detect this protein in microsomal fractions of dichlobenil-
habituated and control tobacco BY-2 cells. Dichlobenil-habituated cells had reduced contents
of cellulose but more CESA1 protein than controls. Following these authors, CESA1 would
result stabilized upon dichlobenil binding, rendering it more stable against proteolytic
degradation (Nakagawa and Sakurai, 1998). In any case it was demonstrated a direct binding
between dichlobenil and CESAI1, and therefore the CESA1 enrichment in dichlobenil-
habituated cells is likely to be a side effect of dichlobenil action.

Long ago, it was demonstrated that dichlobenil stimulates the accumulation of CESA
complexes in the plasma membrane of wheat (Herth, 1987). Recently, live-cell imaging of
transgenic plants carrying a yellow fluorescent protein (YFP)-CESAG6 fusion showed that a
short-term treatment with dichlobenil inhibited the motility of these complexes in Arabidopsis
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cells and promoted their hyperaccumulation at sites in the plasma membrane that may
coincide with loading areas of CESA complexes from Golgi (DeBolt et al., 2007b). Further
studies confirmed that dichlobenil also slowed the movement of CESA complexes beneath
the zones of formation of secondary wall (Wightman et al., 2009). These findings may reveal
the interference of dichlobenil with the circulation of CESA complexes between Golgi and
plasma membrane.

In recent times, a microtubule associated protein MAP20 in secondary cell walls of
hybrid aspen has been reported as a target for dichlobenil (Rajangam et al., 2008). MAP20 is
a small cytosolic protein strongly upregulated during the formation of secondary cell wall. It
shares a conserved domain with a classical microtubule associated protein, TPX2,
demonstrated to bind microtubules and proteins that use microtubules as guiding templates. In
fact, MAP20 binds to microtubules both in vitro and in vivo. Rajangam et al. (2008) have
demonstrated that dichlobenil specifically binds to MAP20 during cellulose synthesis but it
does not prevent the binding of the protein to microtubules. Linking up MAP20 function with
dichlobenil effects, these authors propose that MAP20 has a specific role in cellulose
biosynthesis by coupling CESA proteins with microtubules and that dichlobenil inhibits
cellulose biosynthesis by decoupling cellulose synthesis and microtubules through MAP20
inactivation. Finally it is suggested that the small polypeptide described by Delmer et al.
(1987) might be a putative ortholog of MAP20 (Rajangam et al., 2008).

Isoxaben

Isoxaben (N-[3-(ethyl-1-methyl propyl)]-5-isoxazolyl-2,6-dimethoxybenzamide)
marketed as Flexidor, Gallery or EL-107 is a selective pre-emergence herbicide widely
used for season-long control of dicot weeds in winter cereals (Huggenberger et al.,
1982) and for weed control in turf, ornamentals and nursery stocks (Sabba and Vaughn,
1999). The pre-emergence action of isoxaben is based on the ability to impair seedling
growth instead of preventing germination (Desprez et al., 2002). Isoxaben is very active
in the nanomolar range; Isy values of 1.5 nM (Desprez et al., 2002), 4.5 nM (Heim et
al., 1989) and 20 nM (Lefebvre et al., 1987) have been reported for the inhibition of
Arabidopsis (Desprez et al., 2002; Heim et al., 1989) and Brassica napus (Lefebvre et
al., 1987) seedlings growth. Isoxaben symptomatology evokes that of dichlobenil.
Arabidopsis seedlings treated with isoxaben show a typical dwarf phenotype caused by
the inhibition of hypocotyl and root elongation. Moreover, isoxaben-treated organs
typically expand radially, have reduced elongation rates, accumulate callose and show
ectopic lignification (Desprez et al., 2002; Cafio-Delgado et al., 2003). As dichlobenil,
isoxaben also arrests cell plate formation (Samuels et al., 1995; Vaughn et al., 1996;
Durso and Vaughn, 1997). At this respect, isoxaben seems to act in a different manner
as it has been reported that cell plates of isoxaben-treated BY-2 tobacco cells are
reduced in both cellulose and callose, whereas dichlobenil treatment did only affect
cellulose biosynthesis. In accordance with this, isoxaben effect is more pronounced due
to the inhibition of cell plate formation at an early stage (Durso and Vaughn, 1997,
Sabba and Vaughn, 1999). Later, DeBolt et al. (2007b) demonstrate that both
dichlobenil and isoxaben promoted the formation of callose on Arabidopsis seedlings



Cellulose Biosynthesis Inhibitors 11

by inducing the expression of Pmr4, a pathogen- or wound-induced callose synthase
gene (Nishimura et al., 2003).

Isoxaben is also very active at inhibiting the growth of in vitro cultured-cells. Iso
values in the nanomolar range have been reported for different systems: 170 nM for
Arabidopsis calluses (Heim et al., 1989); 80 nM for soybean cell suspensions (Corio-
Costet et al., 1991a, b), and 10 nM for French bean calluses (Diaz-Cacho et al., 1999).

It has been conclusively demonstrated that isoxaben specifically inhibits the
glucose incorporation into cellulose in plants, without affecting other metabolic
processes such as photosynthesis, respiration, carotenoid or tetrapyrrole biosynthesis
(Lefebvre et al., 1987; Heim et al., 1989, 1990; Corio-Costet et al., 1991b; Cafo-
Delgado et al.,, 2003). The reported Is, values for the inhibition of ["*C]glucose
incorporation into cellulose are again in the nanomolar range: 10 nM for Arabidopsis
(Heim et al., 1990) and 40 nM for soybean (Corio-Costet et al., 1991b). Although
preliminary results would indicate an effect of isoxaben on protein synthesis (Lefebvre
et al., 1987), more accurate experiments demonstrated that the inhibition of protein
synthesis, if produced, was not a direct effect of isoxaben (Heim et al., 1990).

Mode of action

The knowledge about the mode of action of isoxaben greatly advanced after the
discovery of two loci in Arabidopsis, Ixrl and Ixr2, that conferred resistance to
isoxaben (Heim et al., 1989, 1990). Early studies demonstrated that the natural
isoxaben-tolerance of some weeds was directly related with a decreased sensitivity at
the target site more than with an enhanced herbicide detoxification or reduced herbicide
uptake (Heim et al., 1991; Scheneegurt et al., 1994). Therefore the idea of ixr mutations
affecting the herbicide target was very attractive.

Nowadays it is known that ixrl and ixr2 carry mutations in CESA3 and CESA6
proteins respectively (Scheible et al., 2001; Desprez et al., 2002). No isoxaben-resistant
mutants affecting CESA1 (the third “Musketeer” required for cellulose biosynthesis
during primary cell wall formation) have been identified, suggesting that CESA1 is not
a target for isoxaben (Robert et al., 2004). The ixr mutations affect to the C terminus of
CESA, far from its active site, making difficult for isoxaben to directly interfere with
the catalytic site of the protein (Desprez et al., 2002). Most probably, ixr mutants
would become isoxaben-insensitive by a conformational change of the target protein.

It is not clear how isoxaben inhibits the cellulose biosynthesis. It has been
hypothesized that isoxaben would recognize, directly or indirectly, an isoxaben—
sensitive site in the interaction between CESA3 and CESA6. By this way, isoxaben
binding would destabilize the rosette (or each rosette constituting particles) leading to
an inhibition in the cellulose biosynthesis. In this sense it has been demonstrated that
isoxaben causes the clearing of YFP-CESAG6-tagged complexes from the membrane
(Paredez et al., 2006; DeBolt et al., 2007b). An alternative model explains that an
isoxaben-induced conformational change on CESA proteins would block the putative
membrane channel needed for the extrusion of the growing cellulose microfibril
(Desprez et al., 2002).

As for others CBIs, the inhibition of cellulose biosynthesis by isoxaben is
accompanied by side effects on cytoskeleton organization and cell longevity. As
dichlobenil, isoxaben disrupts microtubule stability and orientation (Paredez et al.,
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2008). Same authors demonstrated that isoxaben effect on cortical microtubules is
directly linked to the inhibition of cellulose biosynthesis rather than to an alteration of
cell wall integrity (Paredez et al., 2008). Recently, it has been demonstrated that
isoxaben (like thaxtomin A) specifically induce programmed cell death in suspension-
cultured Arabidopsis cells (Duval et al., 2005, 2009).

Thaxtomin A

The modified dipeptide thaxtomin A (a 4-nitroindol-3-yl containing 2,5-dioxopiperazine)
is the main phytotoxin produced by Streptomyces scabiei, the causative agent of common
scab disease (King et al., 1992). Thaxtomin A has been reported to have an Isy value of 25 to
50 nM on seedling growth of Arabidopsis (Scheible et al.,, 2003). At nanomolar
concentrations thaxtomin A causes dramatic cell swelling and root or shoot thickening due to
cell hypertrophy (Scheible et al., 2003). Thaxtomin A (1-3 pM) also inhibited normal cell
elongation of tobacco protoplasts in a manner that suggested an effect on primary cell wall
development (Fry and Loria, 2002).

The inhibition of cellulose synthesis by thaxtomin A induces a genetically controlled cell
death in a wide variety of plant species and tissues and in a concentration-dependent manner
(Duval et al., 2005). Programmed cell death involves fragmentation of nuclear DNA and
requires active gene expression and de novo protein synthesis. It was recently demonstrated
that this programmed cell death occurs by the activation of common stress-related pathways
that would somehow bypass the classical hormone-dependent defense pathways (Duval and
Beaudoin, 2009).

Sublethal concentrations of several auxins reduced severity of scab disease (McIntosh et
al., 1985) by enhancing tolerance to thaxtomin A (Tegg et al., 2008). Although the
mechanism of auxin inhibition of thaxtomin A toxicity is not understood, it could be related
to the reversion of programmed cell death by auxins (Gopalan, 2008), or to direct competition
for a putative cellular binding since several auxins share chemical similarities to the
thaxtomin A molecule (Tegg et al., 2008).

Recently thaxtomin A has been used to select scab disease-resistant potato plants, by
means of a cell culture approach. This inhibitor was used as a selection agent applied to
potato cells culture media: the surviving variants were recovered and used to regenerate
complete plants (Wilson et al., 2009).

Mode of action

The mode of action of thaxtomin A is not known. It has been reported that the symptoms
are similar to those caused by CBIs such as dichlobenil and isoxaben (King and Lawrence,
2001; Scheible et al., 2003). In fact, the reduction of seedling growth was accompanied by a
reduction of the incorporation of ["*C]glucose into the cellulosic fraction of dark-grown
seedlings of Arabidopsis, that was parallel to a significant increase in the incorporation into
pectins, while the incorporation into hemicelluloses was slightly increased (Scheible et al.,
2003; Bischoff et al., 2009). Additional evidence for the inhibition of cellulose biosynthesis
was obtained with Fourier transform infrared (FTIR) microspectroscopy. FTIR spectra of
thaxtomin A-treated hypocotyls cluster tightly with those of wild-type hypocotyls treated with
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CBIs (e.g., isoxaben or dichlobenil) and with mutants known to be defective specifically in
cellulose synthesis (e.g., rswl-2 and kor-2) (Robert et al., 2004).

However, it was reported that thaxtomin A also causes substantial wilting in several
species after postemergence applications, a symptom dissimilar to that caused by known CBIs
(King and Lawrence, 2001).

The modifications in cell wall composition caused by thaxtomin A were accompanied by
changes in the expression of CesA genes and additional cell wall related genes both in
primary (Korrigan and Kobitol) and secondary (CesA7, CesA8, Cobra-like 4, Irx8, and Irx9,
Cad9) cell wall synthesis (Bischoff et al., 2009). The alteration in the expression of CesA
genes of Arabidopsis seedlings results in a depletion of CESA complexes from the plasma
membrane, coinciding to their accumulation in a microtubule-associated compartment
(Bischoff et al., 2009).

Changes in the expression of genes associated with pectin metabolism and cell wall
remodeling were also detected after a treatment with thaxtomin A, as it was the case of a
pectin acetylesterase and two pectin methylesterases that were found to be upregulated by
thaxtomin A (Bischoff et al., 2009). This result agrees with previous data on compensation of
the loss of cellulose by an increased amount of pectin with a lower degree of esterification
(Burton et al., 2000).

The modification of cell wall composition caused by a thaxtomin A treatment causes an
additional cell wall reinforcement by triggering ectopic lignification by a high up-regulation
of several genes involved in lignin biosynthesis (Bischoff et al., 2009). Thaxtomin A
treatment also provoked the induction of a set of defense genes (Cafio-Delgado et al., 2003,
Bischoff et al., 2009).

Other CBIs

Triazol carboximide herbicides (flupoxam and triazofenamide)

Flupoxam (1-[4-chloro-3-(2,2,3,3,3-pentafluoropropoxymethyl) phenyl]-5-phenyl-1H-
1,2,4-triazole-3-carboximide), and triazofenamide (1- [3-methyl phenyl]-5-phenyl-1H-1,2.4-
triazole-3-carboximide), are triazole-carboximide herbicides. Flupoxam, commercialized as
Quatatim or KNW-739, inhibits the root growth of watercress (Lepidium sativum) by 50% at
a concentration of 6 nM. Because flupoxam induces classic club root morphology it was
initially characterized as a mitotic disrupter (O’Keeffe and Klevorn, 1991). However,
Hoffman and Vaughn (1996) reported later that the effect of flupoxam on watercress roots
was different from that expected of a mitotic disrupter although they did not propose an
alternative mode of action. By cluster analysis of FTIR spectra, a close relationship among
Arabidopsis seedlings treated with flupoxam, dichlobenil, isoxaben and cellulose-deficient
mutants was observed (Robert el al., 2004). The treatment of cotton fibers with flupoxam
(and also with isoxaben) causes spherical shapes and frequently induces cell division. Fibers
grown in the presence of isoxaben or flupoxam replaced the entire cell wall with a pectin
sheath of chiefly deesterified pectins, indicating that both herbicides effectively disrupt
cellulose biosynthesis and cause radical changes in cell wall structure and composition
(Vaughn and Turley, 2001).

The close analog of flupoxam, triazofenamide, was also initially considered as a
microtubule polymerization inhibitor (O’Keeffe and Klevorn, 1991). However, using staining



14 José Luis Acebes, Antonio Encina, Penélope Garcia-Angulo et al.

and microscopic techniques, this mode of action was later rejected (Hoffman and Vaughn,
1996). Heim et al. (1998) postulated that triazofenamide was a cellulose biosynthesis inhibitor
due to the symptoms elicited in an Arabidopsis short-term test. Furthermore, triazofenamide
inhibits ["*C]glucose incorporation into cellulose in a manner similar to isoxaben (Heim et al.,
1998). Nevertheless, the exact modes of action of the triazole-carboximide herbicides are still
unknown.

Compound 1

Compound 1 (5-tert-butyl-carbamoyloxyl-3-(3-trifluoromethyl) phenyl-4-thiazol-
idinone) is a thiazolidinone which induces a potent and rapid inhibition of [*H]glucose
incorporation into the acid-insoluble cell wall fraction of roots of dicot plants at
nanomolar concentration (Sharples et al., 1998). Although many aspects about the
mode of action of compound 1 remained unknown it was suggested that compound 1
and isoxaben should share a common mode of action (Sharples et al., 1998) that should
differ from the mode of action of triazofenamide, since isoxaben-resistant mutants of
Arabidopsis are cross resistant to compound 1 (Sharples et al., 1998) but sensitive to
triazofenamide (Heim et al., 1998).

CGA 3257615

CGA 3257615 (1-cyclohexyl-5-(2,3,4,5,6-pentafluorophenoxy)-1 A4,2,4,6-thiatriazin-3-
amine) is a herbicide that inhibits synthesis of crystalline cellulose by interfering with
glucan chain crystallization and causes an accumulation of non-crystalline 3-(1,4)-glucan
associated with CESA proteins (Peng et al., 2001). Since oxidizing agents can reverse CGA
3257615 inhibition (Kurek et al., 2002), it has been suggested that this inhibitor affects the
oxidative state of the zinc-finger domain of CESA proteins required for the assembly of
rosettes, which synthesize multiple B-(1,4)-glucan chains in close proximity in order to
facilitate crystallization.

Recently it has been shown that CGA 325'615 treatment of Arabidopsis hypocotyls
induced internalization of CESA complexes in a microtubule-associated CESA
compartment —-MASC- (Crowell et al., 2009). Accordingly to these authors, in conditions of
cellulose biosynthesis inhibition, CESA complexes are recruited from the membrane into
MASCs as a way to regulate the cellulose synthesis. It is interesting to note that CESA
complexes internalization is obtained when cell growth is impaired by osmotic stress and
that MASCs abundance is negatively correlated with hypocotyl elongation (Crowell et al.,
2009). The door is open to speculate on the relationship between CBIs, cellulose
biosynthesis and CESA complexes dynamic.

AE F150944

The aminotriazine AE F150944 (N2-(1-ethyl-3-phenylpropyl)-6-(1-fluoro-1-
methylethyl)-1,3,5-triazine-2,4-diamine) is structurally distinct from other CBIs. AE
F150944 effectively inhibited ['*C]glucose incorporation into crystalline cellulose with
Iso values of 16.7nM, 3.67'nM and 0.37-nM during primary wall synthesis in
suspension cultures of the monocot Sorghum halepense; and secondary and primary
wall synthesis in cultured cells of the dicot Zinnia elegans, respectively (Kiedaisch et
al., 2003). AE F150944 specifically inhibits crystalline cellulose synthesis only in
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organisms that synthesize cellulose via rosettes. Although it is believed that the effect
of AE F150944 is due to the destabilisation of rosettes (Kiedaisch et al., 2003), its
molecular target remains to be identified.

COMPOUNDS INHIBITING CELLULOSE BIOSYNTHESIS IN A
SECONDARY EFFECT

Some compounds traditionally classified in other categories, such as growth retardants or
auxinic herbicides, have also been shown to inhibit cellulose biosynthesis. That is the case of
quinclorac, an auxinic herbicide, or ancymidol, an inhibitor of gibberellin biosynthesis. Also,
some antimicrotubule agents affect cellulose biosynthesis as a secondary effect.

Quinclorac

Quinclorac (3,7-dichloro-8-quinoline carboxylic acid) is a quinoline carboxylic acid
successfully used as an herbicide in crops of rice, barley, sorghum, etc., in order to control
monocot and dicot weeds (Grossmann and Kwiatkowski, 2000). This synthetic substance was
proposed to be auxin-like, acting by stimulation of ethylene synthesis, accompanied by
cyanide accumulation in susceptible species (Grossmann and Kwiatkowski, 1995). However,
some symptoms characteristic of auxinic herbicides were absent in the case of quinclorac,
such as cell wall acidification due to stimulated H'-ATPase activity (Theologis, 1987),
stimulated respiration or increased RNA content (Koo et al., 1991).

Subsequently, quinclorac was also proved to inhibit cell wall biosynthesis in a dose-
dependent manner in maize roots. As shown by Koo et al. (1996), after only 3 hours of
treatment, the herbicide inhibited the incorporation of ['*C]glucose into cell wall by 33%. The
inhibitory effect increased with longer treatments and higher quinclorac concentrations, and
affected not only cellulose, but also glucuronoarabinoxylans and, in a minor extent, mixed-
linked glucan. In contrast, dichlobenil only inhibited cellulose biosynthesis in a parallel
experiment. In a later work by Koo et al. (1997), quinclorac effect on cell wall was tested in
both susceptible and tolerant grasses. Cell wall biosynthesis was repressed by the herbicide by
73 and 60% in susceptible grasses, and in a minor extent (36 and 20%) in tolerant
counterparts. In addition, roots of tolerant grasses were sensitive to quinclorac, but shoots
were extremely tolerant, suggesting a tissue-specific response. This specific response was
attributed to the existence of an additional tolerance mechanism or to a less sensitive cell wall
synthesis in shoots than in roots. In any case, based on results from these two works, Koo and
coauthors proposed quinclorac to be a cell-wall biosynthesis inhibitor more than an auxinic
herbicide.

Nevertheless, Grossmann and Scheltrup (1997) kept on considering quinclorac as auxin
herbicide, since they proved that the compound promoted a selective induction of ACC
synthase, an enzyme that catalyzes the rate limiting reaction in ethylene biosynthesis.
Although ethylene itself is not the agent that directly promotes plant death, the ethylene
synthesis stimulation provokes the accumulation of cyanide at physiologically damaging
concentrations (Grossmann, 1996, 2000). In addition, ethylene triggers biosynthesis of
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abscisic acid, which reduces stomatal aperture and consequently, by the declining of
photosynthetic activity, causes overproduction of H,O, which contributes to the induction of
cell death (Grossmann et al., 2001a). Subsequent work on barnyard grass and maize showed
no influence of quinclorac treatment on cellulose biosynthesis (Tresch and Grossmann, 2003).
However, long treatment promoted a decline of mixed-linked glucan, similar to that promoted
by dichlobenil and also by potassium cyanide. Thus, the reduction of mixed-linked glucan
deposition was interpreted as an indirect effect of quinclorac through the stimulated
production of cyanide.

An extensive analysis of quinclorac action on cell walls was made on French bean
cultured-cells habituated to grow in lethal concentrations of this herbicide (Alonso-Simén et
al., 2008). No reduction of cellulose content was found in habituated cells, even at the highest
quinclorac concentration used. In contrast, habituated cells showed a lower amount of pectins
in their cell walls and extracellular material positively labelled by antibodies specific for
highly methyl esterified pectins. Thus, the lower pectin content of cell wall could be due to a
deficient de-esterification, which would partially prevent the correct integration and
persistence of some pectins in the cell wall. Consequently, quinclorac was proved not to
inhibit cell wall biosynthesis in these cells.

In a recent work by Sunohara and Matsumoto (2008), quinclorac effects were compared
with those promoted by the synthetic auxin 2,4-D in maize roots. Both compounds stimulated
the synthesis of ethylene and subsequent accumulation of cyanide, in a larger extent in 2,4-D.
However, cell death rate induced by quinclorac was much higher. Thus, quinclorac toxicity
was attributed to reactive oxygen species production induced by this herbicide. Finally, and
considering that quinclorac caused similar symptoms to those promoted by cyanide, and that
the capacity of metabolize cyanide seems to be different among plant species, the authors
suggest that the difference in cyanide detoxification capacity of the plant is the factor which
determines if cyanide or reactive oxygen species are primarily responsible of quinclorac
herbicide action. Previously, same authors had demonstrated that the tolerance to quinclorac
displayed by plant species as rice is related to an increased antioxidant capacity able to cope
with quinclorac-induced oxidative injury (Sunohara and Matsumoto, 2004).

Ancymidol

Ancymidol is a plant growth retardant, that interferes with gibberellin biosynthesis by the
inhibition of the enzyme ent-kaurene oxidase, thus reducing gibberellin content and further
decreasing growth of ancymidol-treated plants (Shive and Sisler, 1976). Besides this retardant
primary action, some effect on cell wall and its polysaccharides have been described. For
instance, ancymidol made cells short and thick with galactose-rich cell walls in pea
(Tanimoto, 1987), suppressed cell wall extensibility of dwarf pea (Tanimoto, 1994), and
changed average molecular weight of cell wall pectins (Tanimoto and Huber, 1997).
Nevertheless, these modifications were reversed by gibberellins treatments, and thus due to
the inhibition of gibberellin synthesis promoted by ancymidol. However, a recent work
described a cellulose biosynthesis inhibitor effect of this compound on tobacco BY-2 cells,
not reverted by gibberellin addition (Hofmannova et al., 2008). Ancymidol application on
cells resulted in malformations and cell death similar to those induced by dichlobenil and
isoxaben. In addition, ancymidol disoriented microtubules and made the cellulose distribution
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not continuous, provoking protoplasts to regenerate a sparse net of microfibrils, or not
cellulose at all, when treated with ancymidol 10 and 100 uM, respectively. This effect was
reversible by washing ancymidol from regenerating medium, but not by addition of
gibberellin. The mechanism by which ancymidol inhibited cellulose synthesis remains
unknown, but it was showed to be different to that of isoxaben, and may be related with the
control of cell expansion (Hofmannova et al., 2008).

Coumarin and Derivatives

Other kinds of chemicals have been shown to inhibit cellulose biosynthesis. An important
group is that formed by coumarin and its derivatives. Coumarin inhibited specifically
['*C]glucose incorporation in cellulose in cotton fibers, since no significant inhibition on
['“C]glucose incorporation in callose or noncellulosic glucans has been appreciated
(Montezinos and Delmer, 1980). Coumarin was later observed to bind to tubulin and thus to
suppress microtubule dynamics (Madari et al., 2003). The relationship between microtubules
and cellulose have been repeatedly analyzed, since the orientation of glucan microfibrils and
cortical microtubules were very similar or identical and the alignment hypothesis proposed
that the orientation of deposited cellulose is associated with underlying cortical microtubules
(Heath, 1974; Baskin, 2001). Paredez et al. (2006) visualized cellulose synthase complexes
moving along tracks apparently defined by microtubules, confirming the functional
relationship between these elements, after some controversy about this alignment hypothesis.

Therefore, compounds that affect microtubules synthesis or orientation should also affect
cellulose deposition. In this sense, morlin (a coumarin derivative) was discovered in a
screening for compounds that inhibited cellulose biosynthesis (DeBolt et al., 2007a). Morlin
was shown to decrease cellulose synthesis in a dose-dependent manner, promoting a
reduction in ['*C]glucose incorporation in cellulose and a parallel increase in callose
biosynthesis. This compound also caused a change in cytoskeletal dynamics, diminishing the
velocity of both microtubule polymerization and CESA complexes in plasma membranes.
Nevertheless, the use of oryzalin (that completely depletes all detectable microtubules) did
not affect CESA complex velocity, probing that the speed of cellulose synthases depends on
polymerization of cellulose and not on microtubules, as have been previously reported
(Robinson and Quader, 1981). Then, DeBolt and co-authors (2007a) propose three different
hypotheses to explain morlin effects on both cellulose synthesis and microtubules dynamics
and organization: 1) morlin could have separated effect on both processes; ii) morlin might
target a regulatory protein that coordinated cellulose synthesis and microtubules; and iii)
morlin targeted a structural protein which interacted with both microtubules and CESA
complexes. In any case, the study of morlin action and its target will be a useful tool to
unravel the relation between cortical microtubules and cellulose synthesis machinery.

Later, a chemical genetic screening for compounds that affected the cortical microtubule-
cellulose microfibrils was performed (Yoneda et al., 2007). When cortical microtubule
organization or cellulose microfibril deposition is inhibited, plant cells lose their anisotropy
and show swelling. Thus, compounds that caused spherical swelling phenotype (SS
compounds) were analyzed. In addition to dichlobenil, two novel compounds that reduced
cellulose deposition were identified: SS14 and SS18. SS14 presents the same substructure as
morlin or coumarin, but without affecting the cortical microtubule orientation at all. SS18 is a
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novel compound that might inhibit cellulose synthesis directly or indirectly by affecting
substrate synthesis or transport (Yoneda et al., 2007).

Triaziflam

Some other compounds that affect cellulose biosynthesis as well as other cellular
processes have been described, but little is known about their mode of action. One example is
triaziflam, which also affects photosynthetic electron transport and microtubule formation
(Grossmann et al., 2001b). The analysis of this kind of chemicals may be useful to deepen in
cellulose synthesis mechanism and its relationships with many other cellular processes.

Oxaziclomefone

Oxaziclomefone is a herbicide that inhibits cell expansion in grass roots. However it did
not affect ['*C]glucose incorporation into the main sugar residues of their cell walls, including
cellulosic glucose, so that it is not considered properly as a CBI (O’Looney and Fry, 2005a,
b).

CBI-RELATED MUTANTS

The selection of mutants with alterations in the composition and structure of the cell wall
provides a tool to identify new genes involved in biosynthetic pathways, cell wall assembly or
modifications of polymers in the cell wall. Traditionally, the identification of cell wall mutants,
whether spontaneous or induced, was based on the search for (i) morphological changes such as
root radial swelling (Baskin et al., 1992) or reduction in hypocotyl elongation (Nicol et al.,
1998; Desnos et al., 1996), (ii) anatomical changes such as low birefringence of the trichomes
(Potikha and Delmer, 1995) or collapsed xylem (Turner and Somerville, 1997), or (iii)
resistance to CBIs as isoxaben (Heim et al., 1989, 1990) or thaxtomin A (Scheible et al., 2001).

This classic mutational analysis, from phenotypes to genes (direct genetics), presents two
potential problems: often the mutations do not cause visibly abnormal phenotypes due to gene
redundancy, and in other cases, the mutations are usually lethal when the affected genes are
keys to the concerned process. Therefore, it has resorted to other choices as the analysis of the
composition in neutral sugars by gas chromatography and mass spectroscopy (Reiter et al.,
1997) or tracking of FTIR spectroscopy alterations in the cell wall (Chen et al., 1998; Mouille
et al., 2003; Robert et al., 2004), or the use of reverse genetics. In the last decade a large
number of mutants have been involved in the structure and/or synthesis of cell wall
polysaccharides, including those affected in the process of cellulose biosynthesis. We will
focus on mutants resistant to CBIs, mutants with changed sensitivity to CBIs, and those
mutants whose phenotype is similar to CBI-treated plants (Table 2).
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Mutants Resistant to CBls

The screening of Arabidopsis mutants resistant to CBIs has allowed clarification, at least
in part, of not only the mode of action of these compounds, but also the composition and
organization of the cellulose biosynthesis “machinery” of primary cell walls.

Isoxaben resistant mutants (ixrl-1 and ixrl-2) were the first resistant mutants identified
for CBIs (Heim et al., 1989, 1990). Semidominant mutations at the ixrl-1 and ixrl-2 loci
occur in a highly conserved region of the CESA3 near the carboxyl terminus (Scheible et al.,
2001). Although the Ixrl gene is expressed in the same cells as the structurally related rswl
(CesAl) cellulose synthase gene, these two CeSA genes are not functionally redundant
(Scheible et al., 2001). The ixr mutations appear to directly affect the herbicide target,
because resistant cell lines show no alterations in uptake or detoxification of the herbicide
(Heim et al., 1991). This mutation confers resistance to the thiazolidinone compound 1,
which suggests the same mode of action for both herbicides (Scheible et al., 2001).

Another locus was identified later in the isoxaben resistant mutant (ixr2-1) (Desprez et
al., 2002). The ixr2-1 carries a mutation substituting an amino acid close to the C terminus of
the CESA6. Initially it was thought that the presence of these two isoxaben-resistant loci
(Ixrl and Ixr2) could be due to CESA3 and CESA6 were redundant. However, mutants with
lost function exclusively in CESA®6, like procustel (prcl, Fagard et al., 2000) did not restore
the phenotype with the presence of CESA3. These observations suggested that CESA6 and
CESA3 were part of the same protein complex and that the inhibitor directly or indirectly
recognizes the place of partnership between the two subunits (see Figure 2).

Isoxaben-resistant mutants CESA3™™*™" 2 and CESA6™ ** along with other cell wall
mutants, have contributed to demonstrate that the complex involved in the cellulose synthesis
in primary cell walls contains three CESA catalytic subunits. Through immunolocalization
analysis, co-immunoprecipitation and green fluorescent protein (GFP) gene fused expression,
it was found that two positions of CESA complexes have being invariably occupied by
CESAT1 and CESA3, while in the third position at least three isoforms, CESA2, CESAS5 and
CESA9 may compete with CESA6 according to the tissue and/or the cell development stage
(Robert et al., 2004; Desprez et al., 2007; Persson et al., 2007; Wang et al., 2008). Partial
redundancy between CESA2, CESAS, CESA6 and CESA9 could explain the lower isoxaben
resistance showed by CESA6™? mutants compared withCESA3™ (Desprez et al., 2007).

Other CBI mutants appear to have different mechanisms that could be involved in the
uptake and/or detoxification of the inhibitor rather than in altered target sites. Such is the case
of txrl, an Arabidopsis thaxtomin A-resistant mutant, which presents a decrease in the rate of
inhibitor uptake. The mutated gene has been cloned and encodes a highly conserved and
constitutively expressed protein in eukaryotic organisms. This gene could be involved in the
regulation of a transport mechanism (Scheible et al., 2003).

By using MES mutagenesis, a putative Arabidopsis mutant resistant to dichlobenil has
been reported (Heim et al., 1998). This mutant (DH75) was four times more resistant to
dichlobenil than the wild type and did not show cross-tolerance to isoxaben or
triazofenamide. Although DH75 resistance-mechanism remains unravelled, an alteration in
herbicide metabolism has been pointed as its putative cause (Sabba and Vaughn, 1999).
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Mutants with Changed Sensitivity to CBIs

At the moment there are no mutants known to be resistant to other CBIs. However,
different mutants have been identified with changes in sensitivity to CBIs. A mutant of
Arabidopsis called css1 (changed sensitivity to cellulose synthesis inhibitors) grows at rates
lower than control but is less sensitive to isoxaben and dichlobenil (Nakagawa and Sakurai,
2006). The cssl mutation seems to affect a mitochondrial protein (At-nMatla). Phenotypic
analysis of this mutant during the early developmental stages shows changes in several
metabolic processes such as amino acid synthesis, triacylglycerides degradation, and in
polysaccharides synthesis such as cellulose or starch.

On the other hand it has been observed that plants with loss-of-function mutations in
genes required for cell wall synthesis (CesA2, Cobra, Korrigan and CesA6; see Somerville,
2006) were hypersensitive to CBIs like isoxaben and dichlobenil (DeBolt et al., 2007b).

Some Mutants Show Similar Phenotypes to CBI-Treated Plants

As has been pointed out, plants treated with CBIs as isoxaben, dichlobenil or thaxtomin
A showed a decrease in stems growth, and root swelling. When cellulose synthesis is
affected, cells expand radially and accumulate callose, lignin and other phenolic compounds
(Desprez et al., 2002, Bischoff et al., 2009). This phenotype is shared by many mutants with
defects in hormones synthesis or signaling pathways, in mutants with alterations in
endocytosis processes (Collings et al., 2008) and with reduced cellulose amount (Lukowitz et
al., 2001). Moreover, the application of isoxaben or dichlobenil in control plants results in
incomplete cell walls formation (Desprez et al., 2002), an effect also observed in mutants
deficient in cellulose (Arioli et al., 1998; Fagard et al., 2000; Lane et al., 2001). Etiolated
Arabidopsis seedlings treated with nanomolar concentrations of thaxtomin A display a FTIR
spectral phenotype that is most related to those of Arabidopsis CESA1™"! mutant seedlings,
or Arabidopsis seedlings treated with CBIs like dichlobenil, isoxaben or flupoxam (Scheible
et al., 2003; Robert et al., 2004).

Some mutants in catalytic subunits of CESA complex have been isolated and identified
on the basis of this phenotype (Table 2), like a set of radial swelling 1 (rswl) mutants. The
rswl have a mutation in the CesAl gene, which results in a reduction in cellulose amount,
accumulation of non-crystalline B-(1,4)-glucan and radial expansion when plants grow at a
restrictive temperature of 31°C (Baskin et al., 1992; Arioli et al., 1998; Sugimoto et al.,
2001). Recent evidences suggest that subunits aggregation in the CESA complex changes in
extracts depending on the temperature at which CESA1™"" mutants grow. At a restrictive
temperature CESA proteins remain isolated, while at a permissive temperature complexes are
formed properly and co-precipitated in a complex of 840 kDa (Wang et al., 2008).

Treatment with isoxaben and other CBIs causes ectopic lignification in roots. A set of
mutants also accumulates ectopic lignin. In a selection program to detect mutants of this kind,
elil was identified. The elil has a mutation that affects a highly conserved domain of CesA3
gene (CesA3e“1'l' elil'2) (Cafio-Delgado et al., 2000). Analysis of ['*C]glucose incorporation
into cellulose in different mutants showed that both elil-1 and elil-2 have a half reduction in
the incorporation of glucose into the acid insoluble fraction of their cell walls (Cafio-Delgado
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et al., 2003). The low level of cellulose in elil is consistent with the cell shape and growth
reduction in other mutants as CesA1™" at the restrictive temperature, and other mutants that
have affected CESA in primary cell wall as procuste (CesA6") and korrigan (kor, endo—B-
(1,4)-glucanase). CesA3"™™™" mutants do not show reduction in cellulose or ectopic
lignification after treatment with isoxaben, while control plants showed not only reduction in
the synthesis of cellulose, but also showed ectopic lignification in all plant organs, even in the
most apical cells of the root that are normally actively dividing (Cafio-Delgado et al., 2003).
Many other mutants that show a reduction in cellulose amount present an ectopic lignification
(Table 2).

To date, no mutants with defects in cellulose synthesis in type II primary cell walls have
been reported. However, the e€lo mutants are a class of barley dwarfs initially described as
being impaired in cell expansion (Chandler and Robertson, 1999), that have characteristic
features similar to cellulose synthesis type I mutants: all elo mutants show radial swelling of
leaf epidermal and root cortical cells, and lower levels of cellulose in their leaves compared
with the wild-type (Lewis et al., 2009). Elo genes have not been identified, but the study of
these mutants could be an excellent tool to understand the cell expansion in plants with type 11
cell walls.

CBIs As TOOLS TO RESEARCH THE STRUCTURAL
PLASTICITY OF CELL WALLS

The ability of plant cells to tolerate induced stresses by modifying their cell wall composition
and structure has been demonstrated in several works (Iraki et al., 1989; Shedletzky et al., 1992;
Encina et al., 2001, 2002; Mélida et al., 2009). By this meaning, CBIs are valuable tools for the
analysis of cell wall structure and biogenesis. These herbicides allow analysis of the connections
between the partially independent networks which make up the primary cell wall, and the high
plasticity of this structure to accommodate to unfavourable conditions.

Habituation to CBls

Although CBIs are highly specific and potent herbicides, cell cultures of several species
have been habituated to grow in the presence of CBIs by incremental exposure over many
culturing cycles. The cell culture utilization is very advantageous with respect to the whole
plant for two reasons: (i) the possibility to have lots of cells in a reduced place at the same
time, where it is easy to control and manipulate different conditions, and (ii) the availability
to select cell lines with specific features. The habituation of cell cultures to CBIs reflects the
ability of cells to survive with a modified cell wall and is therefore a valuable experimental
technique for gaining an insight into the plasticity of plant cell wall composition and
structure. Several cell cultures have been successfully habituated to CBIs such as dichlobenil,
isoxaben, quinclorac and thaxtomin A. Habituated cultures usually display some common
features: slower growing rates, irregularly shaped cells, a trend to grow in clumps when are
suspension cultured, and cell walls with reduced cellulose contents compensated with other
cell wall components.
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Habituation to Dichlobenil

Two types of primary cell walls having different structure and composition exist in
higher plants: type I cell walls are found in dicots, gymnosperms and most monocots, and
type 1I walls are found in graminaceous plants, along with the other commelinoid monocots
(Carpita and Gibeaut, 1993; Carpita, 1996). Although the basic mechanism of habituation is
common (a replacement of the cellulose network for other cell wall components), the details
of the process depend on the type of cell wall, and therefore it has been demonstrated that
cells habituate to dichlobenil by using different strategies. Most dichlobenil-habituated
cultures belong to type I cell wall species, such as tomato (Shedletzky et al., 1990), tobacco
(Shedletzky et al., 1992; Wells et al., 1994; Nakagawa and Sakurai, 1998, 2001; Sabba et al.,
1999) and bean (Encina et al., 2001, 2002; Alonso-Simén et al., 2004; Garcia-Angulo et al.,
2006). In dichlobenil-habituated type I cell walls there is a marked decrease in the amount of
cellulose and hemicelluloses, whereas the quantity of esterified and unesterified pectins is
increased. Moreover, in dichlobenil-habituated BY-2 tobacco cells, pectins have been
reported to be cross-linked with extensin to form the main cell wall network (Sabba et al.,
1999). There are other modifications associated with dichlobenil habituation, such as the
presence of a non-crystalline -(1,4)-glucan tightly bound to cellulose, the accumulation of
pectin-enriched cell wall appositions, a putative increase in the extent of pectin—xyloglucan
cross-linking and in xyloglucan endotransglucosylase activity, reduced levels of
arabinogalactan proteins and changes in the levels of extensin (Shedletzky et al., 1992;
Encina et al, 2002; Garcia-Angulo et al., 2006, Alonso-Simén et al., 2007), and
modifications in xyloglucan composition (Alonso-Simén, unpubl.).

To date, barley (Shedletzky et al., 1992) and maize (Mélida et al., 2009) are the only type
IT cell wall species reported to have been habituated to dichlobenil. These dichlobenil-
habituated type II cell walls also displayed a modified architecture: they contained a
considerably reduced level of cellulose in the cell wall, effectively compensated for
mechanisms (parallel to modifications) quite different to those observed in dicots, and slightly
different between both species. Whereas barley cultures habituation implicated a higher
proportion of B-glucan and a more extensive cross-linking between arabinoxylans, leading to
walls with a reduction in pore size, maize habituated cultures had a more extensive and
phenolic cross-linked network of arabinoxylans, without necessitating 3-glucan or other
polymer enhancement. As a consequence of this modified architecture, walls from
dichlobenil-habituated maize cells showed a reduction in their swelling capacity and an
increase both in pore size and in resistance to polysaccharide hydrolytic enzymes. From a
molecular perspective the application of dichlobenil to maize cell cultures disrupts the
“cellulose biosynthesis machinery”, affecting to some CESA subunits, but during the
habituation, maize cells partially restore this system overexpressing some of these genes
(Mélida, unpubl.). These cultures have also altered the expression of genes involved in the
synthesis of phenolic compounds, which is in concordance with the increased arabinoxylans
feruloylation observed. The habituation represses a class of proteins usually acting in
detoxification of xenobiotics (glutation-S-transferases) and induces other involved in stress
and programmed cell death processes (Mélida, unpubl.).
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Habituation to Isoxaben

Isoxaben-habituated cultures seem to have a more heterogeneous habituation mechanism
than dichlobenil ones. Former isoxaben-habituated cultures had the same cellulose-
xyloglucan proportion than non-habituated ones, and the habituation seemed to be more
related to changes in the herbicide target or in the detoxification than in wall modifications
(Corio-Costet et al., 1991a). However later results obtained with French bean (Diaz-Cacho et
al., 1999), tobacco (Sabba and Vaughn, 1999) and Arabidopsis cell cultures (Manfield et al.,
2004) showed cell wall changes similar to those described for dichlobenil-habituated cultures.
At least in Arabidopsis, isoxaben-habituation does not appear to be mediated by stress
response processes, nor by functional redundancy within the CESA family (Manfield et al.,
2004). Uniquely, amongst the cellulose synthase superfamily, CsID5 was highly upregulated
and might play a role in the biosynthesis of the novel walls of habituated cells (Bernal et al.,
2007).

Habituation to Other CBIs

French bean cells have been successfully habituated to grow in the presence of lethal
concentrations of quinclorac (Alonso-Simén et al., 2008), such as it was formerly noted.
Compared with non-habituated, quinclorac-habituated cells showed irregular shape and
accumulated an extracellular material that was more abundant as the level of habituation
increased. Cellulose content was not significantly affected by habituation. In contrast, the
distribution and post-depositional modifications of pectins (mainly homogalacturonan and
rhamnogalacturonan I) was affected by the habituation process. These results reflect that
habituation to quinclorac is not related to cellulose biosynthesis processes.

Habituation to thaxtomin A has also been described in poplar cells (Girard-Martel et al.,
2008) and the thaxtomin A-habituated cell walls had less cellulose and were enriched in
pectins. The whole genome transcript profiling analysis identified genes involved in many
processes, including several genes implicated in glucan and pectin biosynthesis,
transcriptional regulation, secondary metabolism and plant defence.

Dehabituation

Most of the cell wall changes induced during the habituation to dichlobenil reverted when
cells were dehabituated by culturing them in a medium without the inhibitor (Shedletzky et
al., 1990; Encina et al., 2002; Garcia-Angulo et al., 2006). However, dehabituated cell
cultures retained some habituation-induced cell wall modifications like reduced levels of
arabinogalactan proteins and hydroxyproline-rich glycoproteins epitopes, altered
extractability of pectins, and the presence of an amorphous p-(1,4)-glucan (Encina et al.,
2002; Garcia-Angulo et al., 2006). Most remarkably, apart from stable changes in cell wall
composition and structure, dehabituated cells retained the capacity to cope with lethal
concentrations of dichlobenil, as dehabituated cells were 40 times more tolerant to dichlobenil
than non-tolerant cells (Encina et al., 2002). In an attempt to explain the dichlobenil
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resistance of dehabituated cells it was found that these cells had a constitutively increased
peroxidase activity indicating a relationship between habituation to dichlobenil and a high
antioxidant capacity (Garcia-Angulo et al., 2009).

NEW PERSPECTIVES IN CBI USES

CBIs represent a promising field of experimentation in order to obtain novel herbicides.
Active compounds geared towards cell walls are interesting molecules to be commercialized
as herbicides, taking into account their assumed lack of toxicity for non-cellulosic organisms.
As it has been shown in this chapter, several putative targets for CBIs have been recently
hypothesized as a consequence of new data that have been obtained, and more intense
research in this field can be predicted.

However, we are a long way from unraveling the exact mechanism of action of most of
these CBIs. As the cellulose biosynthesis process is better understood, targets for different
CBIs will be ascertained. Reciprocally, the use of CBIs will have an important impact on
cellulose biosynthesis studies.

Nowadays, there is growing interest in obtaining cell walls with modified structures
directed to change the quality and/or quantity of their components for applications in fields
such as food, feed, fibres or fuel. Some of these applications are oriented toward producing
dietary fibres with improved properties and other significant polysaccharides in food
processing such as pectins (Willats et al., 2006), feed products with better digestibility (Vogel
and Jung, 2001), natural fibres destined for the textile and paper industries (Obembe et al.,
20006), or lignocellulosic materials more suitable for biofuels (Pauly and Keegstra, 2008).

Several approaches have been taken in order to obtain these modified cell walls, such as
the search for mutants affected in genes related to polysaccharide biosynthesis, the
manipulation of genes implied in the modification of cell wall composition (Farrokhi et al.,
20006), or the use of enzymes and other proteins able to act on cell wall components (Levy et
al., 2002). A promising alternative to these approaches consists of the use of CBIs. In fact, the
habituation of cell cultures to diverse CBIs, as it has been mentioned, results in the
modification of cell wall composition and structure with quantitative and qualitative changes
in their components: CBI-habituated cell walls often have a reduced content in cellulose,
compensated by an increment in other polysaccharides, mainly pectins. These cell walls have
been demonstrated to have new physicochemical properties such as modifications in pore
size, swelling capacity and resistance to polysaccharide hydrolytic enzymes (Shedletzky et
al., 1992; Mélida et al., 2009). These materials should be also interesting as a suitable source
for studying the relationship between cellulose synthesis and other C-sink processes such as
phenylpropanoid synthesis (Mélida et al., 2009), or the elucidation of putative new targets
implied in cellulose biosynthesis.

As it has been repeatedly noted in this chapter, CBIs have contributed to the clarification
of the mechanism of cellulose biosynthesis and the organization of CESA complexes. In
addition to these contributions, in recent years CBIs have been revealed as excellent tools for
digging more deeply into the basic processes of plant cell biology, such as the relationship
between cellulose biosynthesis and cytoskeleton (Himmelspach et al., 2003; DeBolt, 2007b;
Paredez et al., 2008; Wightman et al., 2009), the mechanism of cell wall sensing (Hamman et
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al., 2009), cell-wall based mechanisms of defence (Caio-Delgado et al., 2003; Bischoff et al.,
2009), and the link between cell wall disruption and programmed cell death (Duval, 2005;
Bischoff et al., 2009).

CONCLUSION

CBIs are important compounds not only as commercialized herbicides (or molecules with
herbicide potential) but also as key tools to unravel the cellulose biosynthesis mechanism. In
recent years, a considerable amount of information regarding CBIs has been acquired, and it
has been directed as a tool towards new research targets. In the future, it is probable that new
CBIs will be discovered, and new research on old and new compounds will open new paths
toward the comprehension of cell wall dynamics. However, a long road must be covered to
find the mechanism of action of every member of this group of molecules. Surely, new
advances in CBIs’ characterization will render a better understanding of molecular relations
between cellulose and other polysaccharides, such as their interactions, synthesis and
potential modifications, and this knowledge would be oriented toward a better understanding
of the plasticity in the structure and composition of cell walls.
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Abstract Growth of maize (Zea mays L.) callus-culture
cells was inhibited using dichlobenil (2,6 dichlorobenzoni-
trile, DCB) concentrations >1 pM; I5, value for the effect
on inhibited fresh weight gain was 1.5 uM. By increasing
the DCB concentration in the culture medium, DCB-habitu-
ated cells became 13 times more tolerant of the inhibitor
(Isg: 20 uM). In comparison with non-habituated calluses,
DCB-habituated calluses grew slower, were less friable and
were formed by irregularly shaped cells surrounded by a
thicker cell wall. By using an extensive array of techniques,
changes in type II cell wall composition and structure asso-
ciated with DCB habituation were studied. Walls from
DCB-habituated cells showed a reduction of up to 75% in
cellulose content, which was compensated for by a net
increase in arabinoxylan content. Arabinoxylans also
showed a reduction in their extractability and a marked
increase in their relative molecular mass. DCB habituation
also involved a shift from ferulate to coumarate-rich cells
walls, and enrichment in cell wall esterified hydroxycinna-
mates and dehydroferulates. The content of polymers such
as mixed-glucan, xyloglucan, mannans, pectins or proteins
did not vary or was reduced. These results prove that the
architecture of type II cell walls is able to compensate for
deficiencies in cellulose content with a more extensive and
phenolic cross-linked network of arabinoxylans, without
necessitating B-glucan or other polymer enhancement. As a
consequence of this modified architecture, walls from
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DCB-habituated cells showed a reduction in their swelling
capacity and an increase both in pore size and in resistance
to polysaccharide hydrolytic enzymes.

Keywords Arabinoxylan - Callus culture - Cellulose -
Dichlobenil - FTIR - Maize

Abbreviations

AIR Alcohol insoluble residue

AGPs Arabinogalactan proteins

AX Arabinoxylan

CDTA 50 mM cyclohexane-trans-1,2-diamine-N,N,
N’ ,N'-tetraacetic acid sodium salt

DCB 2,6-Dichlorobenzonitrile or dichlobenil

FTIR  Fourier transform infrared

GAX  Glucuronoarabinoxylan

Hx Dichlobenil-habituated calluses growing in x (LM)
DCB

IDA Immunodot assay

mAb  Monoclonal antibody

MPBS PBS containing 4% fat-free milk powder

. Average molecular weight

NH Non-habituated calluses

PBS 0.1 M phosphate buffer saline

PCA  Principal component analysis

Rha Rhamnose

snCR  Supernatant-cellulose residue

TFA  Trifluoroacetic acid

Introduction
Previous works have demonstrated the remarkable ability

of plant cells to tolerate induced stresses (Iraki et al. 1989;
Shedletzky et al. 1992; Encina et al. 2001, 2002) by changing
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their cell wall composition and structure. The herbicide
DCB inhibits the polymerization of Glc into B-1,4-linked
glucan and may also affect B-1,4-glucan crystallization at
the plasma membrane, but has little or no short-term effect
on other physiological processes (Delmer 1987). The habit-
uation of cell cultures to cellulose biosynthesis inhibitors
such as DCB, reflects the ability of cells to survive with a
modified wall and is therefore a valuable experimental
technique for gaining an insight into the plasticity of plant
cell wall composition and structure (Vaughn 2002).

There are two types of cell walls in higher plants. Type I
cell walls are found in dicots, gymnosperms and most
monocots, and type II walls are found in graminaceous
plants, along with the other commelinoid monocots
(Carpita and Gibeaut 1993; Carpita 1996). Cellulose, a lin-
ear (1,4)-B-p-glucan, is the main load-bearing polysaccha-
ride in both types of walls. In type I cell walls, xyloglucan
interlaces the cellulose microfibrils, forming the main load-
bearing network in the wall. This cellulose-xyloglucan
framework is embedded in a matrix of pectic polysaccha-
rides, homogalacturonan and rhamnogalacturonans I and II.
Type I cell walls also contain minor amounts of protein,
including basic proteins that can interact with the pectin
network and with other proteins through intermolecular
bridges. Type II cell walls are characterized by a reduction
in xyloglucan, pectins and structural proteins, and by a
higher content of other noncellulosic-polysaccharides, such
as acidic xylans and ‘mixed-linkage’ (1,3)-(1,4)-B-p-glucan
(Carpita et al. 2001). In the case of graminaceous cell walls,
matrix pectins are mainly substituted by arabinoxylans and
glucuronoarabinoxylan (GAX), which tether adjacent cellu-
lose microfibrils. Also frequent in graminaceous cell walls
is the presence of hydroxycinnamic acids (mainly ferulic
and p-coumaric acid) ester linked to o-L-Ara residues of
arabinoxylans (Ishii 1997). Hydroxycinnamic acids con-
tribute to wall assembly by cross linking polysaccharides
through the oxidative coupling of feruloyl residues (Fry
et al. 2000).

Most DCB-habituated cultures belong to type I cell wall
species, such as tomato (Shedletzky et al. 1990), tobacco
(Shedletzky et al. 1992; Wells et al. 1994; Nakagawa and
Sakurai 1998, 2001) and bean (Encina et al. 2001, 2002;
Alonso-Simén et al. 2004). In type I cell walls habituated to
DCB, there is a marked reduction in the amount of
cellulose and hemicelluloses, whereas the quantity of ester-
ified and unesterified pectins is increased. Moreover, in
DCB-habituated BY-2 tobacco cells, pectins have been
reported to be cross-linked with extensin to form the main
cell wall network (Sabba et al. 1999). Other modifications
have been associated with DCB habituation, such as the
presence of a non-crystalline B-1,4-glucan tightly bound to
cellulose, the accumulation of pectin-enriched cell wall
appositions, a putative increase in the extent of pectin—
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xyloglucan cross-linking, reduced levels of arabinogalactan
proteins (AGPs) and changes in the levels of extensin
(Shedletzky et al. 1992; Encina et al. 2002; Garcia-Angulo
et al. 20006).

To date, barley cultures are the only cells with type II
cell walls that have been habituated to DCB (Shedletzky
etal. 1992). DCB-habituated barley cells showed a modi-
fied architecture: they contained a considerably reduced
level of cellulose in the cell wall and this reduction was
effectively compensated for by mechanisms (parallel to
modifications) quite different to those observed in dicots,
which implicated a higher proportion of B-glucan and a
more extensive cross-linking between arabinoxylans, lead-
ing to walls with a reduction in pore size.

The present work addresses the selection and character-
isation of a maize cell line able to grow in the presence of
lethal concentrations of DCB. The results show a novel
type I cell wall architecture accompanied by unique cell
wall properties.

Materials and methods
Cell cultures

Maize callus cultures (Zea mays L., Black Mexican sweet-
corn, donated by Dr. S. C. Fry, Institute of Molecular Plant
Sciences, University of Edinburgh, UK) from immature
embryos were grown in Murashige and Skoog media
(Murashige and Skoog 1962) supplemented with 9 uM 2,4-
D at 25°C under light (Lorences and Fry 1991), and subcul-
tured monthly.

Habituation to dichlobenil

Calluses weighing 1.0 £ 0.1 g were cultured in dichlobenil
(supplied by Fluka), in concentrations ranging from 0.01 to
100 pM. DCB was dissolved in dimethyl sulfoxide
(DMSO), which did not affect cell growth at this range of
concentrations. The cultures were incubated for 30 days,
weighed (FW) and heated at 60°C until constant weight
was achieved (DW). Growth was expressed as relative
increase in FW and the /5, was calculated as the concentra-
tion of DCB able to inhibit weight increase by 50% with
respect to the control.

Calluses were habituated to growth in different DCB
concentrations by stepwise transfers with gradual incre-
ments of DCB, beginning at 2 pM. At least three subcul-
tures of approximately 30 days were performed between
each increase in the DCB concentration. Growth curves
were obtained for habituated calluses growing in DCB and
for non habituated calluses, by measuring the relative
increase in FW every 4-6 days.
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Electron microscopy

Callus pieces were fixed in 2.5% (w/v) paraformaldehyde in
0.1 M sodium phosphate buffer, pH 7.4, and post-fixed with
0Os0, in the same buffer. The samples were dehydrated in an
increasing series of ethanol concentrations and embedded in
LR White Resin (London Resin Co. Ltd, Basingstoke, UK).
This was done by sequentially placing the segments in etha-
nol and resin (2:1, v/v) for 8 h, ethanol and resin (1:2, v/v)
for 8 h, and in pure resin. The samples were transferred to a
gelatin capsule, fresh resin added, and the resin polymerized
at 60°C for 48 h. Blocks were sectioned (1.5-2 pm thick)
with a LKB 2088 ultramicrotome. Ultrathin sections were
mounted on copper grids and post-stained with uranyl ace-
tate and lead citrate before observation with a JEOL (JEM-
1010) electron microscope. Cell wall thickness was deter-
mined by random measurement of cell walls from 30 cells.

Immunolocation

For the immunolocation of cell wall components, the gela-
tine capsules were polymerized at 37°C for 5 days. Sections
were obtained (1.5-2 pm thick) and applied to multi-well
slides (ICN Biomedicals, Cleveland, OH, USA) coated with
Vectabond reagent (Vector Laboratories, Burlingame, CA,
USA). Sections were incubated for 2 h with 0.1 M phosphate
buffer saline (PBS) (0.14 M NaCl, 2.7 mM KCl, 7.8 mM
Na,HPO, 12 H,0, 1.5 mM KH,PO,, pH 7.2) containing 4%
fat-free milk powder (MPBS) with the primary antibody at a
1/10 dilution. After washing exhaustively with PBS, the sec-
tions were incubated in darkness for 2 h with a 1/100 dilu-
tion of an antirat immunoglobulin G linked to fluorescein
isothiocyanate (Sigma) in MPBS at room temperature.
Finally, sections were washed with PBS and mounted in a
glycerol/PBS-based antifade solution (Citifluor AF1; Agar
Scientific, London, UK) and observed using a Nikon
Eclipse-TS100 microscope with epifluorescence irradiation.
Cellulose was localized in sections using calcofluor white
(fluorescent brightener 28, Sigma). Xylans were probed by
using mAb LMI10 (specific for 1,4-B-xylans) (McCartney
etal. 2005) and LMI11 (for xylans and arabinoxylans)
(McCartney et al. 2005). Cell wall esterified feruloyl groups
were probed with LM12, a new antibody developed at the
Paul Knox laboratory (Leeds University, UK). AGPs were
probed with mAbs LM2 (Smallwood et al. 1996), MAC207
(Pennell et al. 1989) and JIMS8 (Pennell et al. 1991).

Preparation and fractionation of cell walls

Calluses collected during growth in the early stationary
phase were frozen and homogenized with liquid nitrogen
and treated with 70% ethanol for 5 days at room tempera-
ture. The suspension was then centrifuged and the pellet

washed with 70% ethanol (x6), acetone (x6), and air
dried, in order to obtain the alcohol insoluble residue
(AIR). The AIR was treated with 90% DMSO for 8 h at
room temperature (x3) and then washed with 0.01 M phos-
phate buffer pH 7.0 (x2). The washed AIR was then treated
with 2.5 U ml~! a-amylase obtained from porcine pancreas
(Sigma type VI-A) in 0.01 M phosphate buffer pH 7.0 for
24 h at 37°C (x3). The suspension was filtered through a
glass fibre, and the residue washed with 70% ethanol (x6),
acetone (x6), air dried and then treated with phenol-ace-
tic—water (2:1:1, by vol.) for 8 h at room temperature (x2).
This was finally washed with 70% ethanol (x6), acetone
(x6) and air dried in order to obtain the cell walls.

For cell wall fractionation, dry cell walls were extracted
at room temperature with 50 mM cyclohexane-trans-1,2-
diamine-N,N,N’ ,N'-tetraacetic acid sodium salt (CDTA) at
pH 6.5 for 8 h and washed with distilled water. The residue
was retreated with 0.1 M KOH for 2 h (x2) and washed
with distilled water. Then 4 M KOH was added to the resi-
due for 4 h (x2), and washed again with distilled water.
The extracts were neutralized with acetic acid, dialysed and
lyophilized, representing CDTA, KOH-0.1 M and KOH-
4 M fractions, respectively. The residue after 4 M KOH
extraction was suspended in water, adjusted to pH 5 with
acetic acid, and dialysed. After centrifugation, the superna-
tant was filtered and lyophilized; this was referred to as the
supernatant-cellulose residue (snCR) fraction. The residue
was hydrolysed for 2.5 h at 120°C with 2 M trifluoroacetic
acid (TFA), and after centrifugation, the supernatant was
lyophilized and referred to as the TFA fraction.

Cell wall analyses

Cellulose was quantified in crude cell walls with the Updeg-
raff method (Updegraff 1969), using the hydrolytic condi-
tions described by Saeman et al. (1963) and quantifying the
glucose released by the anthrone method (Dische 1962).
Tablets for Fourier transform infrared (FTIR) spectros-
copy were prepared in a Graseby-Specac press from small
samples (2 mg) of cell walls mixed with KBr (1:100, w/w).
Spectra were obtained on a Perkin—Elmer instrument at a
resolution of 1cm~'. A window of between 800 and
1,800 cm™!, containing information about characteristic
polysaccharides, was selected in order to monitor cell wall
structure modifications. All spectra were normalized and
baseline-corrected with Spectrum v 5.3.1 (2005) software,
by Perkin—Elmer. Data were then exported to Microsoft
Excel 2003 and all spectra were area-normalized. Cluster
analysis was performed using the Ward method, and the
Pearson coefficient was selected as distance measurement.
Principal component analysis (PCA) was performed using a
maximum of five principal components. All analyses were
carried out using the Statistica 6.0 software package.
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The total sugar content of each fraction was determined
by the phenol-sulfuric acid method (Dubois et al. 1956) and
expressed as the glucose equivalent. Uronic acid content
was determined by the m-hydroxydiphenyl method (Blu-
menkrantz and Asboe-Hansen 1973) using galacturonic acid
as a standard. Xyloglucan content was obtained by the
iodine-staining method (Kooiman 1960). Neutral sugar
analysis was performed as described by Albersheim et al.
(1967). Lyophilized samples of each fraction were hydroly-
sed with 2 M TFA at 121°C for 1 h and the resulting sugars
were derivatized to alditol acetates and analysed by gas
chromatography (GC) using a Supelco SP-2330 column.

The quantification of (1 — 3,1 — 4)-B-glucans was
carried out using a direct and specific enzymatic assay with
the (1 — 3,1 — 4)-B-glucan endo-hydrolase from Bacillus
subtilis (McCleary and Codd 1991).

To measure cell wall degradability, cell walls were
hydrolysed (5mgml™") in a mixture of cellulase R-10
(0.1%), macerozyme R-10 (0.1%) and purified driselase
(0.01%) dissolved in sodium acetate 20 mM (pH 4.8) (Grab-
ber et al. 1998). Aliquots were taken at 2, 6, 24, 48 and 72 h,
clarified by centrifugation and assayed for total sugars fol-
lowing the method described by Dubois et al. (1956).

In vitro measurement of cell wall swelling examined the
relative volume increase that took place after re-hydrating
dry walls in 8 mm diameter tubes (Encina et al. 2002).

For amino acid analysis, cell walls were hydrolysed in
6 N HCl at 110°C for 24 h, filtered through Whatman paper
and dried by speed-vac. Soluble amino acids were deriva-
tized by using phenyl isothiocyanate, and then separated,
identified and quantified following the method described by
Alonso et al. (1994). Total protein content was estimated
by summation of the amounts of amino acids measured.

Assay of esterified phenolic acids

Cell walls (10 mg) were treated in the dark with 1M
NaOH, at room temperature for 12 h to saponify phenolic
esters. The solution was acidified by addition of TFA and
partitioned against ethyl acetate (x2). The ethyl acetate
phases were pooled and mixed with a solution containing
1% 8,5-diferulic acid, 5,5-diferulic acid, 8-O-4 diferulic
acid, p-coumaric acid and ferulic acid as internal markers,
then vacuum-dried and re-dissolved in propan-1-ol.
Portions of the propanol solution were subjected to TLC on
silica-gel in benzene/acetic acid (9:1, v/v).

Gel-permeation chromatography
Hemicellulosic fractions were size-fractionated by gel-
permeation chromatography on Sepharose CL-4B (120-

125 ml bed-volume in a 1.5 cm diameter column) in pyridin:
acetic acid:water (1:1:98, by vol.) at 0.3 ml min~'. The
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column was calibrated with commercial dextrans of known
weight-average relative molecular mass, and hemicellulose
average molecular weight (M) was obtained using the
K,y method (Kerr and Fry 2003), with the calibration
curve [log M, = —4.999K, ;) + 7.849] obtained for this
column. The M, estimates are nominal rather than absolute
because of conformational differences between dextran and

hemicelluloses.
Porosity measurements

Porosity was determined using the technique developed by
Baron-Epel et al. (1988). Cells at the logarithmic stage of
growth were resuspended in 10 mM 2-amino-2(hydroxy-
methyl)-1,3-propanediol (Tris; pH 5.5), 10 mM CaCl,, and
0.5 M mannitol in order to induce plasmolysis. They were
then suspended in a medium with fluorescein isothiocya-
nate-dextrans (Sigma) at a final concentration of
500 pg ml~!. Fluorescence was observed using a Nikon
Eclipse-TS100 epifluorescent microscope equipped with a
Nikon B-2 A filter (450-490 nm excitation, 510 nm dich-
roic mirror and 520 nm barrier filter).

Immunodot assays

For immunodot assays (IDAs), aliquots of 1 pl from KOH-
0.1 M and KOH-4 M fractions containing 5 pg of total sug-
ars were spotted onto nitrocellulose membrane (Schleicher
& Schuell, Dassel, Germany) as a replicated dilution series
and probed as described by Willats etal. (1999) and
Garcia-Angulo et al. (2006). All primary antibodies (JIM8,
LM11 and LM12) were used at 1/5 dilutions.

Results
Effect of DCB on callus cultures and habituation

In order to determine the effect of DCB on maize callus cul-
tures we tested its inhibitory effect on fresh weight gain
(Fig. 1). The weight gain of non-habituated calluses (NH)
was slightly stimulated at low concentrations of DCB, but
was diminished by DCB concentrations equal to or higher
than 1 pM. The /5, was 1.5 uM for FW.

Maize calluses’ tolerance to lethal concentrations of
DCB was achieved by gradually increasing the concentra-
tion of the inhibitor in the culture medium, beginning at
2 uM. After 12 subcultures of an average of 30 days each,
maize cells were capable of growth in 12 uM DCB (H12).
As for non-habituated cell cultures, a stimulation of FW
gain was observed for the lowest DCB concentration used.
In the case of H12 cells, the I5, value for FW inhibition gain
was approximately 13 times higher (20 uM).
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Relative increase in FW (% of control)

Dichlobenil (uM)

Fig. 1 Growth inhibition curves of maize calluses by increasing con-
centrations of DCB after 30 days of culture. Open circle non-habitu-
ated (NH) calluses, filled circle habituated to 12 uM DCB (H12)
calluses. Values are mean £ SD of six measurements

Characterization of callus cultures and cells

Habituated cells (H12) growing on DCB had longer lag
phases and less FW was accumulated (Fig. 2). Moreover,
H12 cells had a higher DW/FW ratio and cell wall yield per
DW than non-habituated ones (Table 1).

H12 calluses were darker and less friable, and formed
hard protuberances during growth. H12 cells were rather
irregular (Fig. 3b) in comparison with NH cells, which
were more or less isodiametrically shaped (Fig. 3a). Groups
of cells with thicker walls, apparently arising from the same
cell, were frequent in habituated cell preparations (Fig. 3b).

Cell wall analysis

Ultrastructure and porosity

NH cells were surrounded by a uniform cell wall (Table 1),
in comparison with H12 cell walls, which were less uni-

form (Fig. 3d) and 1.6 times thicker than those from NH
ones (Fig. 3c). H12 cell walls (Fig. 3b) were less calco-

Relative increase in fresh weight
I

Time (days)

Fig. 2 Relative increase in FW of maize calluses during the culture.
Open circle NH calluses, filled circle H12 calluses. Values are
mean £ SD of six measurements

fluor-stained than NH cell walls (Fig. 3a), probably due to
the reduction in cellulose.

HI12 cell walls half-swelled compared with NH ones
(Table 1), but porosity increased (Table 2); limiting diame-
ter of dextrans to be excluded for cell walls increased from
6.6 to 12nm when NH and HI2 cells were compared,
although long incubation times were required by 9-nm-
diameter dextrans to go through H12 cell walls.

FTIR spectroscopy

Changes in the cell wall during the habituation process
were monitored by FTIR spectroscopy. Twelve representa-
tive FTIR cell wall spectra from non-habituated and habitu-
ated to different DCB concentrations calluses were
analysed. FTIR spectra from habituated cell walls showed
differences in wavenumbers corresponding to cellulose,
phenolic components, arabinose and proteins. They also
showed variations in the main phenolic linkage: ester bonds
(data not shown). To elucidate differences among these
spectra, a multivariate analysis was performed (Fig. 4a).
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Table 1 Variation of some characteristics of cell lines during habituation

Cell type DW/FW? Wall DW/callus DW?* Cell wall thickness (um)P Cell wall swelling®
NH 0.0399 + 0.0074 0.2409 £ 0.0052 0.1344 £+ 0.0343 1.72 £ 0.19
HI2 0.0623 £ 0.0100 0.5451 £ 0.0029 0.2137£0.1113 0.80 £+ 0.13

Cell wall swelling is represented as relative increase in volume
Values are mean =+ SD of 10, P30 or °6 measurements

Fig. 3 Sections of NH (a) and
H12 (b) callus calcofluor
stained. Ultra-structural
appearance of cell walls of NH
(¢) and H12 (d) callus. Bars
50 um (a, b), 2 um (c, d)

Table 2 Comparison of porosities of NH and H12 cell walls

Molecular mass Stokes NH H12

of FTIC-dextrans diameters

(kDa) (nm)

10 46 +, 40, 4¢ +
20 6.6 E—— 4+
40 9 - - - —
70 12 R -

+, Dye penetrates >80% of cell walls; —, dye penetrates <20% of cell
walls

4 Measurement at 30 min
® Measurement at 60 min

¢ Measurement at 120 min

Principal components 1 and 3 (PC1 and PC3) were used
to discriminate between groups of spectra. Cell walls from
non-habituated cells were located on the negative side of
PC1 and PC3; when the habituation process began, the
points corresponding to the cell walls of habituated calluses
were displaced to the positive side of PC1 and PC3. Generally,
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the more habituated the calluses, the more positive the PC1
and PC3 placement. NH treated for short periods with 6 pM
DCB displaced to the positive side of PC1 but to the nega-
tive side of PC3, suggesting that the changes in cell walls
promoted by DCB were different in habituated and non-
habituated cells.

PC3 was more discriminative than PC1. PC3 loading
factor plot (Fig. 4b) showed a negative area at the finger-
print region 950-1,175 cm™!, indicative of polysaccha-
rides. In this area, correlated negative peaks could be
identified, mainly at 1,160, 1,105, 1,060 and 1,040 cm™!,
indicative of cellulose (Carpita etal. 2001). Also, two
major protein negative absorbances at 1,550 and
1,650 cm ™! were detected. Thus, spectra located at the neg-
ative side of PC3, i.e. NH-seemed to have a relatively
higher amount of polysaccharides—mainly cellulose—and
proteins. In contrast, PC3 showed positive peaks at several
wavenumbers indicative of aromatic rings: 1,630 (ring con-
jugated C=C), 1,600 (aryl ring stretching symmetric), about
1,500 (phenolic ring), and 1,425, 1,180 and 843 (aromatic
C-H out of bending) cm~!. The peak at 856 cm™! corre-
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Fig. 4 a Principal component analysis of callus spectra. A plot of the
first and third PCs is represented based on the FTIR spectra of non-
habituated (NH) and habituated calluses (H,"”, x DCB concentration
(uM), n number of subcultures in that concentration). NH61, non-
habituated calluses treated for 5 days with 6 uM DCB. b Factor load-
ings for PC3

sponds to furanoid ring (i.e. Araf); and 1,381, 1,376 and
1,312cm™! correspond to polysaccharides (Kacurakova
et al. 1999).

Summing up, the expected changes in cellulose were
accompanied by changes in other components, like arabi-
nose, phenolics and proteins, and multivariate analyses
demonstrated that during habituation, cell walls underwent
gradual modifications.

Cellulose content

The increase in DCB concentration during the habituation
process caused a reduction in cellulose content (Fig. 5).
This reduction correlated with the habituation level until
H6. H12 walls had about 25% of the amount of cellulose
found in their NH counterpart, with no further change as
the level of tolerance increased.
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Fig. 5 Cellulose content of cell walls isolated from calluses at differ-
ent DCB tolerance levels. NH, non-habituated callus; H,(n), habituated
callus, where x DCB concentration (M), and n number of subcultures
in that concentration. Values are mean £ SD of three measurements

Cell wall fractionation and sugar analysis

Cell wall fractionation (Fig. 6) showed that the bulk of
polysaccharides were extracted from the cell walls by
alkali treatment: KOH-0.1 M and KOH-4 M fractions.
These two fractions, plus the TFA fraction, accounted for
about 90% of the total cell-wall sugar content. A net
increase in the yield of sugars per dry cell wall weight was
observed during the habituation to DCB (0.38 in NH vs.
0.48 in H12). This effect was mainly due to a notable
increase in polysaccharides extracted with strong alkali
(KOH-4 M fraction). The total amount of CDTA-extracted
polysaccharides was reduced during habituation to DCB,
while a slight increase in polysaccharides tightly bound to
cellulose (TFA and snCR fractions) was detected. As
regards the polysaccharides extracted with diluted alkali
(KOH-0.1 M fraction), an increase in intermediate levels
of tolerance was measured.

GC analysis of cell wall fractions (Fig. 7) showed that
KOH-0.1 M and KOH-4 M fractions were composed
mainly of Ara and Xyl followed by uronic acids, Gal and
Glc, whereas minor fractions such as CDTA and snCR
were composed of the same monosaccharides and
enriched with uronic acids. The detected variations in the
amount of sugar extracted in KOH-0.1 M and KOH-4 M
and TFA fractions were paralleled by variations in Ara
and Xyl. Especially important is the gradual enrichment
in Ara and Xyl found in KOH-4 M and TFA fractions
throughout the habituation process. The reduced levels of
Glc reflect the poor levels of xyloglucan and mixed-
linked glucan in these cell walls. These two polysaccha-
rides are even further reduced after habituation (Table 3).
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Table 3 Xyloglucan (XyG) and mixed-linked glucan (MLG) content
of KOH fractions and crude cell walls, respectively

Cell type XyG MLG
KOH-0.1 M KOH-4 M

NH 2.84 £0.19 19.93 +0.42 275 £0.12

H12 1.63 + 0.07 12.01 + 0.63 1.92 + 0.09

1

Data units: pg mg™" wall DW. Values are mean £ SD of three mea-

surements

Therefore, a net enrichment in arabinoxylans, concomi-
tant with a reduction in cellulose, was the main change
observed in cell wall composition involved in DCB
habituation.
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Gel-permeation chromatography

Gel-permeation chromatography showed differences in the
molecular mass of hemicellulosic polysaccharides
(Table 4). Interesting changes took place in the 4 M KOH
extractable polysaccharides (Fig. 8). At low and medium
habituation levels the M, of 4 M KOH extracted polysac-
charides was reduced, but in the H12 fraction a significant
increase took place; there was a net shift towards higher
molecular masses and a new peak appeared close to the
void volume. This peak was isolated and GC-analysed; Ara
and Xyl accounted for about 78% (data not shown). In the
KOH-0.1 M fractions, the opposite tendency was observed:
H4 and H6 increased, whilst H12 increased only slightly
(Table 4).
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Table 4 Average molecular weight (M,) of the hemicellulosic
fractions

Cell type KOH-0.1 M (kDa) KOH-4 M (kDa)
NH 80.28 748.85
H4 446.11 298.18
H6 467.34 467.16
HI12 134.75 2612.35

The M,, was obtained using the K,y method, with the calibration
curve [log M, = —4.999K 5, + 7.849] obtained for this column

V, 510 150 69.8 40 10
kDa kDa k‘:)a kDa kDa Suc
[P A |

—/a:$: | T —

% abs
N

0 20 30 40 50 60 70
fraction n°®
Fig. 8 Elution profiles of 4 M-KOH-extractable polysaccharides from

NH (a) and H12 (b) calluses. Markers blue dextran (V;), dextrans of
510, 150, 69.8, 40, 10 kDa, and sucrose

Phenolics analysis

Saponified phenolics were TLC subjected (Fig.9). The
main phenolic component released from NH cell walls was
ferulic acid, followed by p-coumaric and 5,5-diferulic acid.
Habituation to DCB clearly involved a shift from ferulic
acid to p-coumaric acid enriched cell walls. Habituated cell
walls also showed increased levels of 5,5, 8-0O-4 and 8,5
diferulic acids and low R; material probably corresponding
to dimers, trimers or larger coupling products. The differ-

Fer

Cou

8.5

NH HI2

Fig.9 TLC of phenolics alkali extracted from NH and H12 maize
walls. Abbreviations in the TLC panel represent the position of migra-
tion of the following standards: (8,5), 8,5-di-ferulic acid; (5,5), 5,5-di-
ferulic acid; (8-0-4), 8-0-4 di-ferulic acid; (Cou), p-coumaric acid;
(Fer), ferulic acid

ence between mild and strong alkali treatment was not
qualitative but quantitative both in NH and in H12 (data not
shown).

Protein content and amino acid composition of the cell wall

DCB habituation changed protein content and amino acid
composition of cell walls (Table 5). The insoluble protein
content of cell walls was reduced in H12 cells by 30%.
Expressed as a percentage of total amino acid, an increase
in Glu and a reduction in Asp, Pro, Tyr, and Phe was
detected in H12 cell walls.

Cell wall immunoanalysis

Due to increased levels of arabinoxylans in habituated cells,
cell walls were probed with LM 10 (McCartney et al. 2005),
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Table S Amino acid composi-

tion (mol%) of insoluble protein igiliino Cell type

from cell walls NH Hi2
Asp 11.4 2.9
Glu 11.4 36.9
Hyp 23 1.7
Asn 4.2 1.1
Ser 0.9 0.6
Thr 3.0 2.6
Ala 10.0 7.6
Pro 3.7 1.7
Tyr 3.1 1.7
Val 18.3 15.4
Ile 3.7 34
Leu 4.5 5.5
Phe 6.5 3.7
Trp 9.1 6.8

Values represent the mean of Lys 3.0 4.5

two independent assays Arg 4.8 3.6

specific for 1,4-B-xylans, and LM11 (McCartney et al.
2005) specific for xylans and arabinoxylans. LM11 epitope
was only found in habituated cell walls (Fig. 10b), although
the IDA showed that NH cell walls can also bind it, but
clearly to a lesser degree (Fig. 11b, e). According to frac-
tionation results, most LM11 labelling appears in the 4 M-
KOH fractions. No epitopes for LM 10 were found in any of
the cell types probed (data not shown). Cell wall esterified
feruloyl groups were probed with LMI12 (Fig. 10c, d).
LM12 epitope was found in both cell types, but the immu-
nofluorescent labelling in HI12 cells (Fig. 10d) seemed
weaker than that of NH (Fig. 10c). IDA for LMI2
(Fig. 11c, f) showed that most labelling was found in
0.1 M-KOH fractions, and was reduced in habituated ones.

In the case of AGPs, different results were found
depending on the antibody used. Whereas no type of cell
bound MAC207, both control and habituated cells bound
LM2 (data not shown). The difference was in JIMS8, where
only NH cells bound it (Fig. 10e). IDAs for this antibody
(Fig. 11a, d) showed that habituated cells had progressively
lesser labelling as habituation level increased.

Cell wall degradability

NH cell walls were quickly and completely degraded by
cell wall digesting enzymes, with a total sugar yield of 821
and 1,000 ug mg~! being released after 6 and 72 h of incu-
bation, respectively (Fig. 12). In the hydrolytic conditions
assayed, H12 cell walls were significantly more resistant to
enzymatic degradation than NH cell walls, and a reduction
of 40% in the yield of sugars released was measured after

@ Springer

72 h of incubation. Thus, the modifications that take place
during habituation seem to build a strengthened cell wall in
response to DCB.

Discussion

Maize calluses have been successfully habituated to lethal
DCB concentrations, by gradually increasing the concentra-
tion of the inhibitor in the culture medium. This habituation
procedure led to progressive widespread changes in callus
growth and morphology: habituated calluses grew more
slowly, formed hard protuberances, and were darker and
harder. Their cells were more irregularly shaped, with a
thicker and more irregular cell wall, which contributed to a
higher dry weight in proportion to total dry weight. All
these characteristics resembled those of other previously
described cellulose-inhibitor-habituated cell cultures, such
as DCB-habituated tomato cell suspensions (Shedletzky
et al. 1990), and DCB- or isoxaben-habituated bean cal-
luses (Diaz-Cacho et al. 1999; Encina et al. 2001).

As far as we know, only one other example of a type II
cell wall species (barley) habituated to DCB has been
reported to date (Shedletzky et al. 1992). DCB-habituated
barley cells also showed a reduced growth rate. However,
they showed net differences when compared to DCB-habit-
uated maize cells: their cells were not larger than controls,
were more isodiametrically-shaped and did not possess
thicker cell walls. These differences could be explained—at
least partially—by taking into account the different callo-
genic origin of both cultures. Barley cell cultures were
generated from endosperm tissue (Shedletzky et al. 1992)
whereas our maize cells were generated from immature
embryos.

It has been suggested previously that the mechanism of
habituation to DCB and other cellulose biosynthesis inhibi-
tors relies on the ability of the habituated cells to divide and
expand under conditions where cellulose synthesis is inhib-
ited. In fact, maize and barley habituated cultures showed
cellulose reductions of up to 70-75%. Both DCB-habitu-
ated barley and maize cell cultures compensated for the
reduction in cellulose with a higher quantity of hemicellu-
losic polysaccharides, while uronic acids hardly varied.
However, the increment in hemicellulosic polysaccharides
had different origins in the cultures: in DCB-habituated bar-
ley cells, the only polysaccharide where the proportion rose
was mixed-linked glucan, which increased its content four-
fold, to reach more than 100 ug mg™" cell wall. However in
DCB-habituated maize cells, the reduction in cellulose was
paralleled by a net increase in arabinoxylans, whereas other
hemicelluloses such as B-glucan and xyloglucan were
reduced. Thus, we have proven for the first time that the
architecture of type II cell walls is able to compensate for
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Fig. 10 Immunofluorescent
localization of (1 — 4)-B-p-xy-
lan/arabinoxylan (LM11: a, b),
feruloylates (LM12: ¢, d) and
arabinogalactan-proteins (JIMS:
e, f) of NH (a, c, e) and H12

(b, d, f) maize cells. Bars 20 pm
(a, b, e, f), 50 pm (c, d)

deficiencies in cellulose content without requiring a mixed
glucan increment. In this modified architecture, the reduc-
tion in cellulose content is compensated for mainly by an
increment in arabinoxylan content, whose characteristics
appear modified in comparison with those of non-habitu-
ated cells.

The enhanced arabinoxylan content of habituated cells
was appreciable by probing with LM11, an antibody that
binds to xylan or arabinoxylan with a low degree of substi-
tution (McCartney et al. 2005). LM11 labelling of habitu-
ated cell walls was much more intense than in non-
habituated cell walls. Additionally, the LM11-binding pat-
tern of habituated cell walls shows that LM11 epitopes are
mainly localized in cell junctions, in thicker cell walls and
in dispersed cell wall areas, pointing to particular cell wall
strengthening in some areas.

Arabinoxylans in DCB-habituated maize cells also
showed differences in extractability, mean molecular mass
and in the formation of phenolic bridges, when compared
with non-habituated cells.

Cell wall fractionation, GC and IDA for LM11-epitopes
of KOH-extracted polysaccharides confirmed the reported
net increase of AX in DCB-habituated cells, and showed a
shift of AX from mild-alkali-extracted fractions (0.1 M-
KOH) to strong-alkali-extracted fractions (4 M-KOH) and
cellulose tightly bound fraction (TFA), pointing to a more
extensive cross-linked hemicellulosic network.

Strong-alkali-extracted AX from habituated cell walls
also showed a significant increase in M,,. This result can be
explained by an increase in the polymerization and/or sub-
stitution degree of AX. This is an interesting result taking
into account the fact that a major factor controlling AX
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Fig. 11 Immunodot assays of

LM12

KOH cell wall fractions from
NH, H4, H6 and H12 calluses,
probed with monoclonal anti-
bodies with specificity for arabi-
nogalactan proteins (JIMS: a, d),
xylan/arabinoxylan (LM11:b, e)
and feruloylates (LM12: ¢, f)

1/5 dilutions

1/5 dilutions

increase in M., is their cross-linking through the formation
of dehydroferulates, and that alkali treatment has been
reported to prevent this by releasing ester bonded feruloyl
groups (Kerr and Fry 2004). Therefore, an alternative
explanation for this result could be the increment in alkali
resistant phenolic bridges (ether-linked phenolic groups),
which would render highly cross-linked AX even after the
alkali treatment.

Phenolics have an important function in type II cell
walls, as hydroxycinnamic acid derivatives contribute to
wall assembly by cross linking polysaccharides through
oxidative coupling. Therefore, we tested whether phenolics
could contribute to the global tightening in our “stressed”
cell walls. FTIR data pointed to an enhanced contribution
of phenolics in DCB-habituated cells, as peaks assigned to
phenolic ester (1,725 cm™!) and aromatic rings (1,515,
1,600, 1,630 cm™!) were more pronounced. Furthermore,
TLC showed interesting changes in phenolic profiles: as
described for DCB-habituated barley cultures, there was a
shift from ferulic acid-rich walls to p-coumaric acid-rich
walls (Shedletzky et al. 1992). In addition, in our DCB-
habituated maize cells, an enrichment in 5,5 and 8,5 dehy-
droferulates, and in other compounds with low R;, which
could correspond to trimers or tetramers, was noticed.
Therefore, these results indicated a general increase in
hydroxycinnamic acid derivatives and in particular, in oxi-
dative coupled derivatives. LM 12 immunolocation showed
that feruloyl groups were distributed mainly in cell wall
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areas next to plasmalemma. In conclusion, DCB-habituated
maize cells not only showed enrichment in arabinoxylans:
they also seemed to have a different GAX structure,
together with an enrichment in phenolic compounds, which
contributes to its cross-linking.

Other polymers do not seem to make a relevant contri-
bution to modifications in the cell wall architecture of
DCB-habituated maize cells. Mannose content was very
low in both non-habituated and in habituated cells, so that
mannan contribution to DCB-habituation was negligible.
Xyloglucan levels were very low too, less than
20 pg mg~! cell wall, and they were even lower in habitu-
ated cells. CDTA-extracted pectins were present in a low
proportion (lower than 20 ug mg~! cell wall) and did not
undergo changes throughout the habituation process. Last,
protein content was even lower than in their non-habitu-
ated counterparts, as was shown by FTIR spectroscopy,
total Kjeldhal nitrogen determination, and immunochemi-
cal approaches. It is interesting to note that this reduction
affected some groups of proteins, but not others: i.e. LM2
probed AGPs apparently did not vary, whereas JIM8
probed AGPs reduced, as was ascertained using immuno-
location and IDAs.

According to Carpita’s model (Carpita et al. 2001), type
I cell walls are mainly constituted by two domains: a
framework of cellulose microfibrils interlaced with tightly
adherent B-glucans, GAX of low degrees of arabinosyl sub-
stitution and glucomannans; this is then embedded in a
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Fig. 12 Cell wall degradability of (open circle) NH and (filled circle)
H12 calluses. Values are mean 4 SD of nine measurements

matrix which provides an interstitial domain interconnect-
ing the B-glucan-coated microfibrils, constituted by GAX,
which is more highly substituted by arabinosyl residues,
additional glucomannan and some pectins. According this
model, cell wall porosity would be controlled by the con-
tent of GAX with a higher degree of arabinosyl substitu-
tion, taking into account that this polysaccharide constitutes
the major pore-determining interstitial material between the
microfibrils (Carpita et al. 2001). In an interesting experi-
ment conducted in order to study xylanase penetration in
wheat endosperm, Beaugrand et al. (2005) found comple-
mentary evidence that AXs acts to control pore size, as they
observed that this penetration was intrinsically linked to
AX degradation, and was facilitated by progressive cell
wall disassembly. In DCB-habituated maize cells, cellulose
microfibrils would be more interspersed by a larger intersti-
tial AX, which determined the notable increment observed
in their pore size, in comparison to non-habituated cells. In
contrast, reported cell wall porosity of DCB-habituated bar-
ley cells was notably minor, this fact being consistent with
a higher content in B-glucan, which would be interspersed
between microfibrils, consequently reducing pore size
between them.

The observed reduction in swelling capacity of DCB-
habituated maize cell walls could be related both to the
enrichment in their phenolic component—which would
increase cell wall hydrophobicity—and to a hydrogen
bonding increase due to AX enhancement, both in concen-
tration and in molecular mass, in an opposite way as that
described for expansin action: expansins would lead to an
enhancement in cell wall swelling capacity breaking hydro-
gen bonds to release steric constraint of microfibril move-
ment (Thompson 2005; Yennawar et al. 20006).

Another consequence of the modification in cell wall
architecture associated with DCB habituation is the change
in cell wall degradability. In this respect, the expectation
would be that the reduction in crystalline cellulose and the
increase in matrix polysaccharides would contribute to
enhanced cell wall degradability. However, cell walls from
DCB-habituated maize cells proved to be less susceptible to
enzymatic hydrolysis than non-habituated cell walls. The
most probable explanation for this result is related to a phe-
nolic-enriched cell wall. Cell wall feruloylation, and partic-
ularly increased dimerization of ferulate, has been shown to
reduce cell wall degradability by reducing matrix polysac-
charide accessibility to hydrolytic enzymes (Grabber 2005
and references therein). Additionally, the enrichment in p-
coumaric acid of our DCB-habituated cell walls would also
contribute to a reduction in their degradability as has been
previously reported for ruminal digestibility of some
grasses (Burritt et al. 1984).

In summary, maize cell cultures from immature embryos
have been successfully habituated to DCB. Habituated cells
showed a modified cell wall architecture in which the sig-
nificant reduction in cellulose content was compensated for
by an increment in GAXs, which were of a higher molecu-
lar mass, more strongly cell wall bound, and more inter-
laced by means of phenolic bonds. Other cell wall
components do not seem to play a significant role in the
habituation process. In contrast to previously described
type II cell wall architecture, in DCB-habituated maize
cells induced to have reduced cellulose content, B-glucan
does not fulfill an important role in the acquisition of func-
tional type II cell wall architecture. As a consequence and
in contrast to that previously described, the swelling capac-
ity and wall digestibility of maize habituated cell walls was
diminished, whereas pore size became bigger. Future stud-
ies need to be conducted in order to examine in greater
depth the interaction between GAX and phenolics, and to
ascertain the genetic control of these modifications in type
II cell wall architecture.
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ABSTRACT The biochemical and molecular processes involved in the habituation of maize cells to growth in the presence
of the cellulose biosynthesis inhibitor dichlobenil (DCB) were investigated. DCB affects the synthesis of cellulose both in
active and stationary growth phases and alters the expression of several CesA genes. Of these, ZmCesA5 and ZmCesA7
seem to play a major role in habituating cells to growth in the presence of DCB. As a consequence of the reduction in
cellulose, the expression of several genes involved in the synthesis of hydroxycinnamates is increased, resulting in cell
walls with higher levels of ferulic and p-coumaric acids. A proteomic analysis revealed that habituation to DCB is linked to
modifications in several metabolic pathways. Finally, habituated cells present a reduction in glutathione S-transferase
detoxifying activity and antioxidant activities. Plant cell adaptation to the disturbance of such a crucial process as cellulose
biosynthesis requires changes in several metabolic networks, in order to modify cell wall architecture and metabolism, and

survive in the presence of the inhibitor. Some of these modifications are described in this paper.

Key words: Abiotic/environmental stress; acclimation—physiological; cell walls; maize; cellulose; dichlobenil; phenylpro-
panoid.
INTRODUCTION

Plant cells are surrounded by an extracellular matrix, the pri-
mary cell wall, which is involved in many important processes
such as cell elongation, biotic/abiotic stress response, and cell
shape maintenance (Ray et al., 1972). It is also believed to be
responsible for an elaborate cell wall integrity mechanism
(Hamann et al., 2009). The primary plant cell wall consists of
cellulose microfibrils embedded in a network of matrix poly-
saccharides (hemicelluloses and pectins) and structural pro-
teins, the nature and proportions of which differ according
to each plant species (Carpita and Gibeaut, 1993), organ, cell
type within a tissue, cell development phase, and even loca-
tion within a single cell (Knox, 2008). Most plant species (all
dicots and some monocots) have type-l primary cell walls,
where xyloglucan, homogalacturonan, and rhamnogalactur-
onan | comprise the principle constituents of matrix polysacchar-
ides (reviewed by Scheller and Ulvskov, 2010). Graminaceous
plants (such as maize) and other commelinoid monocots have
a cell wall, called type-Il, the architecture and composition of
which differ markedly from that characteristic of other angio-
sperms. In type-ll cell walls, the role within the cell wall of
the above cited polysaccharides is replaced by (glucurono)

arabinoxylans and mixed-linked glucan (Carpita, 1984; Burton
and Fincher, 2009).

Compared with type-l, type-ll cell walls contain higher
amounts of hydroxycinnamates or cell wall phenolics. These
phenolics, mainly ferulic acid and p-coumaric acid, are found
substituting arabinoxylans by ester-linking a-L-arabinosyl res-
idues (Smith and Hartley, 1983; Wende and Fry, 1997). Even in
type-ll cell walls, phenolics are minor components of the cell
wall; however, their contribution to cell wall structure is cru-
cial. It has been demonstrated by in vivo experiments that es-
ter-linked hydroxycinnamates can undergo oxidative-coupling
cross-linking adjacent arabinoxylan molecules (Fry et al., 2000;
Fry, 2004; Parker et al., 2005; Burr and Fry, 2009). By means of
its polysaccharide cross-linking activity, phenolic-coupling
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regulates, mediates, or alters a number of cell wall properties,
contributing to cell wall assembly, causing cell wall stiffening
and growth cessation, promoting tissue cohesion, strengthen-
ing cell wall structure in response to biotic and abiotic stresses,
and limiting cell wall biodegradability (Buanafina, 2009).
Ferulic and p-coumaric acids are synthesized through the phe-
nylpropanoid pathway (Vogt, 2010). The first step of this route
is the deamination of L-phenylalanine by phenylalanine am-
monia lyase (PAL) to cinnamic acid. Subsequent enzymatic
steps catalyzing hydroxylations and methylations produce fer-
uloyl-CoA, which is ester-linked to arabinoxylans (Fry et al.,
2000; Lindsay and Fry, 2008). Recently, it has been demon-
strated in rice that members of the pfam gene family may
act as arabinoxylan feruloyl transferases (Piston et al., 2010).

Cellulose is synthesized at the plasma membrane by an en-
zymatic complex and is deposited directly into the cell wall in
a directional manner (Somerville, 2006; Mutwil et al., 2008;
Taylor, 2008), undergoing a dynamic reorientation following
deposition that enables its anisotropic expansion (Anderson
et al., 2010). Cellulose biosynthesis machinery is located in
the plasma membrane, forming ‘rosettes’ or cellulose synthase
(CesA) complexes. In plants, CesA complexes are organized as
hexamers, presumably consisting of 36 individual CesA pro-
teins and some other proteins. It is thought that the CesA com-
plexes are assembled in the Golgi apparatus and then exported
to the plasma membrane via exocytosis (Somerville, 2006). Ara-
bidopsis (type-l cell wall) and maize (type-ll cell wall) have
10 and 12 CesA genes, respectively (Holland et al., 2000;
Richmond, 2000; Appenzeller et al., 2004).

Characterization of mutants affecting CesA1 and CesA3 pro-
teins demonstrated that these two proteins are essential to pro-
duction of cellulose in Arabidopsis primary walls (Desprez et al.,
2007; Persson et al., 2007; Daras et al., 2009). Other Arabidopsis
CesA, such as CesA2, CesA5, CesA6, and CesA9, are also involved
in primary cell wall formation but their functions are partially
redundant (Desprez et al., 2007; Persson et al., 2007). In con-
trast, characterization of Arabidopsis mutants for AtCesA4
(IRX5: irregular xylem 5), AtCesA7 (IRX3), and AtCesA8 (IRXT)
revealed that these three proteins are essential for secondary
cell wall formation (Taylor et al., 1999, 2000, 2003; Ha et al.,
2002) and do not affect cellulose biosynthesis in primary cell
walls (Turner and Somerville, 1997; Ha et al., 2002).

As cellulose represents the main load-bearing polysaccha-
ride in cell walls, the habituation of plant cell cultures to lethal
concentrations of cellulose biosynthesis inhibitors has
emerged as a valuable tool for the study of important mech-
anisms involved in plant survival, such as cell wall plasticity
(both structural and compositional) to cope with cell wall in-
tegrity disrupting factors (Acebes et al., 2010).

Although the basic mechanism of habituation is common (a
replacement of the cellulose network for other cell wall compo-
nents), the details of the process depend on the type of cell wall
and thus it has been demonstrated that cells habituate to cellu-
lose biosynthesis inhibitors by using different strategies (Acebes
et al.,, 2010 and references therein). In Arabidopsis, isoxaben

habituation does not appear to be mediated by stress response
processes, nor by functional redundancy within the CesA family
(Manfield et al., 2004). Amongst the cellulose synthase super-
family, CsID5 (cellulose synthase-like D5) is highly up-regulated
and it might play a role in the biosynthesis of the walls of habit-
uated cells (Bernal et al., 2007). Dehabituation is a feasible strat-
egy to unravel those habituation-related components that are
stable (i.e. those changes putatively associated with mutations
or epigenetic changes in DNA). Thus, it has been demonstrated
that most of the cell wall changes induced during habituation
revert when cells are dehabituated by culturing them in a me-
dium without the inhibitor (Shedletzky et al., 1990; Encina et al.,
2002; Garcia-Angulo et al., 2006, 2009; Alonso-Simén et al.,
2010). However, dehabituated cell cultures retain some
habituation-induced modifications. In the case of bean cell
cultures, the study of DCB dehabituated cells proved that habit-
uation to DCB relied both in reversible (those affecting to cell
wall composition and structure) and stable changes (a high
guaiacol-type peroxidase activity) (Garcia-Angulo et al., 2009).

Maize cell cultures have been habituated to lethal concen-
trations of DCB (12 uM; H12) (Mélida et al., 2009). DCB-
habituated cells present modified cell wall architecture with
a strong reduction in cellulose that is compensated, at least
partially, by a more extensive network of highly feruloylated
arabinoxylans in the stationary growth phase.

In this paper, we describe the effect of the herbicide DCB on
non-habituated, habituated, and dehabituated maize cells at
biochemical and molecular levels. In the habituated cells, dif-
ferences associated with the cell-culture stage were studied.
We analyzed the effect of DCB on the expression of genes in-
volved in the biosynthesis of cellulose and hydroxycinnamates.
We also applied a proteomic approach to detect changes in the
overall metabolism of maize cells habituated to DCB. Based on
these results, we also determined detoxifying and antioxidant
enzymatic activities associated with DCB habituation.

RESULTS

DCB Habituation Process Implies a Reduction in the
Cellulose Content of Maize Cells

The effect of DCB on cellulose content was assayed in different
maize cell cultures (Figure 1). Our results show that cellulose
content was not significantly affected when maize cultures
were incubated with DCB for a brief period of time (NH/
DCB) compared to non-treated cultures (NH). However, in
H12 cultures, a strong reduction in cellulose content was ob-
served: 61% in active growth phase and 53% in stationary
phase compared with NH cultures. No evidence of cellulose
loss during cell wall isolation was found, indicating that the
reduction in cellulose content in H12 culture was not due to
its loss during the experimental procedure.

Our results also show that the reduction in cellulose can be
reversed when DCB is subsequently removed for a long period
(more than a year) from the culture media (DH cultures).



We also tested the ability of DH cultures to cope with lethal
concentrations of DCB, expressed as the concentration of DCB
required to inhibit fresh weight gain by 10% (l10), 50% (Is),
and 90% (lgp) with respect to the control (Figure 2).

The l4q, Iso, and lgg values of the DH cultures were compara-
ble to those of the NH cultures, but very dissimilar to those of
H12 cultures (about 10 times higher), indicating that DH cul-
tures incubated with DCB display behavior similar to maize cul-
tures that have never been cultured in the presence of DCB.
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[AQ2] Figure 1. Cellulose Content of Cell Walls Isolated from Non-

Habituated (NH), Habituated to 12 uM DCB (H12; Collected in
the Active Growth or in the Stationary Phase), Dehabituated
(DH; in the Stationary Phase), and Non-Habituated Supplemented
with DCB for 5-6 d (NH/DCB) Maize Cell Cultures Analyzed by the
Updegraff Method.

Values are means * S.D. of three measurements. Growth measured
as relative increase in fresh weight of the cells was reduced by 38.9
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Figure 2. Effect of DCB on the Growth of Non-Habituated (NH), Ha-
bituated to 12 uM DCB (H12), and Dehabituated (DH) Maize Cell
Cultures Expressed as the Concentration of DCB (uM) Required
to Inhibit Weight Increase by 10% (I14), 50% (Is0), and 90% (lgo) with
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DCB Affects the Expression of Some CesA Genes

As DCB strongly reduces cellulose content in H12 cultures, we
further investigated whether the expression of the maize CesA
genes is affected (Figure 3), using RT-PCR. Our results show
that although the cellulose content was not altered in maize
cells treated briefly with DCB (NH/DCB), the presence of this
inhibitor down-regulated ZmCesA3, 5, 8, and induced
ZmCesA7. However, in the habituated H12 cultures, in which
a strong decrease in total cellulose content was observed,
ZmCesA1/2, 3, 7, and 8 were induced in the growth phase,
while ZmCesA7 continued to be induced and ZmCesA5 re-
pressed in the stationary phase. Finally, in DH cultures, with
cellulose content similar to that of the non treated cells, only
the expression of ZmCesA5 gene was induced. ZmCesA4, 9, 10,
11, and 12 were also analyzed, but no mRNA was detected in
these maize cells.

It has been shown that a mutation in the maize ZmBk2 gene
implies a severe reduction in cellulose content (Ching et al.,
2006). We therefore analyzed whether the presence of DCB
could also affect the expression of the ZmBk2L3 gene, as it
is the only member of the family expressed during primary cell
wall biosynthesis (Brady et al., 2007). In this case, our results
indicate that the expression of ZmBk2L3 gene was not affected
by the presence of DCB in the culture media.

Recently, a microtubule-associated protein MAP20 in second-
ary cell walls of hybrid aspen has been reported as a target for
DCB (Rajangam et al., 2008). It was demonstrated that DCB spe-
cifically binds to MAP20 during cellulose synthesis in secondary
walls. Based on this research, we analyzed the expression of
a putative ZmMAP20 gene but no mRNA could be detected
in maize cell cultures, which only have primary cell wall.

DCB Affects Cell Wall Phenolics Content

In addition to the cellulose content, we have also analyzed the
effect of DCB on cell wall phenolic content. Our results show
that a short-term DCB treatment (NH/DCB) was sufficient to
produce quantitative modifications in the content of cell
wall-esterified phenolics (Figure 4), resulting in a decrease
in ferulic acid and a strong increase in p-coumaric acid com-
pared to the NH cultures. In H12 cultures, an increase in both
ferulic and p-coumaric acids content was measured, showing
that H12 cell walls are phenolic-enriched compared to control
cells. Finally, our results show that DH cultures had a slightly
higher amount of p-coumaric acid but showed a reduction
in ferulic acid compared to non-treated cells.

DCB Affects the Expression of Genes Involved in the
Phenylpropanoid Pathway

As DCB habituation in H12 maize cultures involves a shift from
ferulate to coumarate-rich cell walls and an enrichment in cell
wall-esterified hydroxycinnamates and dehydroferulates
(Mélida et al.,, 2009), we also analyzed the expression of
the phenylpropanoid genes involved in the production of
p-coumaric and ferulic acid, and feruloyl-CoA (Figure 5A).
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Results show that the majority of these genes were induced in
the H12 cultures during the growing stage, with the exception
of CCoOAOMT, which was repressed (Figure 5B). When these

H12 cultures reached the stationary phase, all the genes ana-
lyzed were repressed, with the exception of COMT, which was
induced.

In the short-term DCB-treated cultures (NH/DCB), several
genes were also induced. In contrast, in the dehabituated cells,
only 4CLc and both methyl transferases (COMTand CCOAOMT)
were induced.

Overall Effects of DCB on the Metabolism of the
Habituated Cells

In order to attain an overall idea of the effect of DCB on the
maize cell habituation process, we compared the proteome of
the H12 and NH cell cultures. The 2-DE-based proteomics ap-
proach enabled us to compare 906 proteins from the total
amount initially isolated (1445 for NH versus 1217 for H12)
(Supplemental Figure 1). Twenty-seven proteins were identi-
fied in only one of the two cell lines (19 absent and eight
present only in H12) and 44 proteins were found to be mis-
regulated (20 down-regulated and 24 up-regulated in H12).
From all the sequenced proteins, we were able to identify
15 proteins (Table 1). Habituation induced carbohydrate me-
tabolism (enolase 1 and glyceraldehyde-3-phosphate dehydro-
genase) and some stress-related proteins (peroxidase and heat
shock protein), and repressed some nitrogen and ethylene
metabolism proteins (3-isopropylmalate dehydrogenase 2,
glutamine synthetase 2, 1-aminocyclopropane-1-carboxylate
oxidase 1). Surprisingly, some proteins, such as glutathione
S-transferases (GST), which are commonly thought to be in-
volved in herbicide detoxification processes, were repressed
in H12 cells compared to the control NH cells.

Glutathione S-Transferase, Glutathione Reductase, and
Catalase Activities Are Reduced in the Maize H12 Cells

In order to confirm the proteomic results indicating that GST
enzymes were repressed in H12, we analyzed the GST activity
spectrophotometrically. Our results confirmed that GST activity
was reduced in H12 cells compared to the control NH cells (Fig-
ure 6). In addition to GST activity, we also analyzed several an-
tioxidant activities (summarized in Figure 6). Results obtained
indicate that antioxidant activities such as guaiacol-type per-
oxidase (GPOX) and ascorbate peroxidase (APOX) did not sig-
nificantly change in H12 cells. Furthermore, these H12 cells
presented a reduction in antioxidant activities, such as gluta-
thione reductase (GR) and catalase (CAT) activities. In contrast,
a short-term incubation of NH cells in the presence of DCB
rendered an increase in all activities tested (Figure 6).

DISCUSSION

Maize calluses were habituated to lethal concentrations of the
DCB herbicide by gradually increasing the concentration of the
inhibitor in the culture medium. It has previously been sug-
gested that the mechanism of habituation to DCB and other
cellulose biosynthesis inhibitors relies on the ability of the ha-
bituated cells to divide and expand under conditions in which
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(B) Relative expression of the genes involved in the synthesis of phenolic compounds of different maize cell cultures (key as in Figure 1). 1
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Table 1. Identification of Proteins by MALDI-TOF/MS or by LC-nanoESI-Q-TOF-MS/MS after Spot Excision of 2-D Gels, with an Indication of
their Theoretical and Experimental Isoelectric Point and Molecular Mass.

Protein group Protein name (accession no.) (spot no.)

Theoretical pl/MM Experimental pl/MM

Present only in H12 Peroxidase 52 precursor (ACG45093) (1)

Heat shock protein 70 (CAA47948) (2)

Translation initiation factor 5A (NP_001105606) (3)

Elongation factor 1-alpha (P17786) (4)
Induced in H12
Enolase1 (NP_001105896) (6)

Translation initiation factor 5A (NP_001105606) (7)

Putative xylanase inhibitor (BAB89707) (8)
Repressed in H12

Absent in H12 Glutathione S-transferase6 (ACG38008) (13)

Glutathione S-transferase7 (NP_001105593) (14)

Glyceraldehyde-3-phosphate dehydrogenase (CAC80387) (5)

Glutathione S-transferase2 (NP_001105366) (9)
3-isopropylmalate dehydrogenase 2 (ACG41069) (10)
Glutamine synthetase1 (NP_001105725) (11)
1-aminocyclopropane-1-carboxylate oxidase (ACG35410) (12)

6.86/35 350 -/37 055
5.10/71 517 -/~

5.61/17 714 -/20 552
9.19/49 599 -/59 693
9.01/45 751 5.70/38 442
5.20/48 262 5.17/36 871
5.61/17 714 5.96/19 911
7.52/38 873 5.16/38 408
5.77/24 726 5.81/25 640
5.62/43 142 4.90/53 129
6.42/46 300 5.34/49 092
4.99/34 753 5.15/41 100
5.52/25 750 5.63/25 049
5.29/25 414 -/27 463

cellulose biosynthesis is inhibited (Vaughn, 2002), but the
molecular changes involved in habituation to DCB are poorly
understood at present.

In this paper, we show that H12 cell walls present a reduction
of more than 50% in cellulose content in the stationary phase,
similar to that reported in previous research (Mélida et al.,
2009), and that in addition, they also present a strong reduc-
tion in cellulose (more than 60%) during the active growing
phase. However, when the herbicide was removed from the

culture media, maize cells were able to restore normal levels
of cellulose. A similar behavior was observed with DCB-
habituated tomato (Shedletzky et al., 1990) and bean cells
(Encina et al., 2002; Garcia-Angulo et al., 2006), indicating that
plant species having a type-l (tomato and bean) or type-II
(maize) wall share some common mechanisms resulting from
the removal of the herbicide in the culture media.

It was also reported in a type-I plant specie such as bean that
dehabituated cells retain the capacity to cope with lethal
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1

concentrations of DCB (Encina et al., 2002; Garcia-Angulo
et al., 2009). Interestingly, we show here that this is not the
case for type-Il, as when the dehabituated cells were newly in-
cubated with DCB, they presented a similar behavior to that of
non-habituated cells.

During the active growing phase of the H12 cultures, maize
cellsinduced the expression of several CesA genes: ZmCesA1/2,
3, phylogenetically grouped with the Arabidopsis thaliana
CesA1 geneinvolved in the synthesis of cellulose in the primary
cell wall. Interestingly, in tobacco cells habituated to 1 uM
DCB, a higher amount of the protein celA1 was found, also ho-
mologous to AtCesA1 (Nakagawa and Sakurai, 1998). H12 cul-
tures also induced the expression of ZmCesA7 and 8, grouped
with Arabidopsis thaliana CesA proteins involved in the syn-
thesis of cellulose in the primary to secondary cell wall transi-
tion (Appenzeller et al., 2004; Taylor et al., 2008). In addition to
AtCesA1, AtCesA3 is also involved in primary cell wall cellulose
biosynthesis (Desprez et al., 2007; Persson et al., 2007). How-
ever, expression of maize CesA genes most closely related to
AtCesA3 was not detected (ZmCesA4 and 9) or was not altered
(ZmCesAb) in the active growing phase of H12 cells.

Once cells stopped growing (stationary growth phase), the
most CesA gene expression was similar to that of control cells,
with the exception of ZmCesA5, which remained repressed,
and ZmCesA7, which continued to be induced. Thus, and bear-
ing in mind that caution must be taken when results of gene
expression are extrapolated to protein levels, it could be sug-
gested that ZmCesAS5 is, at least partially, replaced by ZmCesA7
in the rosettes. As cellulose requirements increase (active
growing phase), other CesA proteins (ZmCesA1/2, ZmCesA3,
and ZmCesA8) may also replace ZmCesAS5 in the rosettes. As
a consequence of (partially) removing ZmCesA5 from the
rosettes, maize cells would be able to grow in the presence
of the herbicide. A similar behavior occurs in Arabidopsis, as
when AtCesA3 (the most closely related protein to ZmCesAb5)
is removed from the rosettes in plants mutated for this gene

(ixr1-1 and ixr1-2), these plants become more resistant to the
cellulose biosynthesis inhibitor isoxaben (Scheible et al., 2001).
In isoxaben-habituated cells, not only AtCesA3, but also
AtCesA1, and 6 were down-regulated (Manfield et al., 2004).

It is noteworthy that the expression of ZmCesA5 was in-
duced in dehabituated maize cells, even when maize cells
had been grown without DCB for at least 1 year. However,
when dehabituated cells were newly incubated with DCB, they
were similarly or slightly more sensitive to the herbicide than
control cells. In this case, the increased amount of ZmCesA5 did
not affect the total content of cellulose. Thus, this result rein-
forces the idea that the presence/absence of ZmCesA5 within
the rosette could be a critical aspect determining the sensitiv-
ity/resistance of the cells to growth in the presence of DCB in
the culture media.

Recently, a Microtubule Associated Protein (MAP20) has
been reported as a target for DCB in secondary cell walls of
hybrid aspen (Rajangam et al., 2008). Linking up MAP20 func-
tion with DCB effects, it was proposed that MAP20 has a spe-
cific role in cellulose biosynthesis by coupling CesA proteins
with microtubules, and that DCB inhibits cellulose biosynthesis
by decoupling cellulose synthesis and microtubules through
MAP20 inactivation (Rajangam et al., 2008). The connection
between microtubules and cellulose synthesis has been proved
in recent years (Paredez et al., 2006; Gutierrez et al., 2009).
However, the expression of ZmMAP20 was not detected in
maize cultured cells, indicating that ZmMAP20 could be the
target of DCB during secondary cell wall synthesis but not during
primary cell wall formation.

Mutations in a maize brittle-stalk (ZmBk2) gene strongly re-
duce the total cellulose content in the secondary cell wall
(Ching et al., 2006). However, the only member of this family
that is expressed in cells producing primary walls (ZmBk2L3)
(Brady et al., 2007) was not affected in the maize cultures
analyzed in this research, suggesting that this gene is not
involved in any DCB responses in this case.

Maize cells habituated to DCB presented a significant in-
crease in arabinoxylans (Mélida et al., 2009). Here, we show
that the phenolic compounds (mainly ferulic acid, but also
p-coumaric acid) involved in the arabinoxylans cross-link in-
creased in the H12 cell walls. This supports the idea that a more
cross-linked network of arabinoxylans is acting as a mechanism
to counteract, at least partially, the reduction of cellulose in
the H12 cell walls.

Although cells dehabituated to DCB were able to restore the
normal levels of cellulose, they presented a significant reduc-
tion in ferulic acid in the cell walls, suggesting that some met-
abolic modifications persist even when DCB has not been
present for more than 1 year in the culture media.

Application of DCB to non-habituated cells caused a strong
increase in p-coumaric acid, suggesting that p-coumaric acid en-
richment is a response to the toxicity of DCB rather than a mech-
anism involved in the habituation process. This is in agreement
with previous research showing a relationship between
p-coumaric acid and cellular stresses (Zanardo et al., 2009).



The enrichment in phenolics in H12 cell walls was bound to
a global induction of the phenylpropanoid genes involved in
the synthesis of these compounds in the active growth phase.
However, in the stationary phase, when the cell wall had al-
ready been tightened, gene expression levels involved in this
metabolic pathway were repressed.

Among the three maize PAL genes analyzed, it is interesting
to note that ZmPALa and ZmPALb genes seemed to be involved
in short-term response while ZmPALc gene may act in the
long-term habituation process. Whereas in control cells,
ZmCCoAOMT seems to be the main methyl-transferase, our
results suggest that ZmCOMT partially replaced ZmCCoAOMT
when DCB was present in the culture media.

Plant reaction against DCB stress may involve a wide variety
of biochemical and physiological adaptations. In accordance
with this idea, habituation to DCB implies an induction of sev-
eral proteins: a translation initiation factor 5A that has been
shown to be involved in RNA transport and metabolism, reg-
ulating cell proliferation, growth and programmed cell death
(Feng et al., 2007) and a heat shock protein 70, considered to
play a role as a biochemical stress indicator (Tomanek and
Sanford, 2003). The fact that H12 cells presented an induction
of a putative xylanase inhibitor is in line with the fact that the
H12 cells contained higher xylan levels compared to control
cells (Mélida et al, 2009). Similarly, an increase in
peroxidase activity related to the increased DCB resistance
of DCB-dehabituated bean cells has also been reported
(Garcia-Angulo et al., 2009). In line with this result, maize
H12 cells showed an induction of the peroxidase 52 precursor,
indicating that this peroxidase activity could play an important
role in maize cell habituation to the herbicide.

Enolase1 and glyceraldehyde-3-phosphate dehydrogenase
were induced in H12 cells. These enzymes catalyze the reversal
conversion of hexose glucose to pyruvate and it has been
reported that hexoses can function as stress indicators when
cell wall integrity is impaired (Hamann et al., 2009). Therefore,
our results suggest that these two enzymes could play arole as
indicators of DCB stress.

Among the proteins that were repressed in H12 cells, two
enzymes involved in nitrogen metabolism were identified:
3-isopropylmalate dehydrogenase 2 and glutamine synthetase
1. A transcriptional relationship between genes involved in
carbon and nitrogen metabolism has previously been suggested
(Jackson et al, 1993). 1-aminocyclopropane-1-carboxylate
oxidase 1 was also repressed, suggesting a reduction in ethylene
biosynthesis in habituated cells.

It is noteworthy that several isoforms of GSTs were re-
pressed in H12 cells. GSTs are enzymes involved in detoxifica-
tion processes to protect plants against xenobiotic damage
like DCB (Genter et al., 1998) and are considered as molecular
markers of plant stresses (Edwards et al., 2000). A further
determination of the GST enzymatic activity confirmed that
H12 cells were deficient in this detoxifying activity. Therefore,
GST activity does not play a major role in DCB-habituated
cells. In contrast, GST activity was enhanced when non-
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habituated cells were incubated short-term with DCB, indi-
cating that, as expected, GST is involved in the process of
detoxification.

According to the level of antioxidant activities (GR, GPOX,
APOX, and CAT) measured in DCB habituated cell cultures, it
seems that these cells do not rely on an antioxidant strategy to
cope with this herbicide. However, as expected, these activities
were induced in maize cells treated short-term with DCB. The
behavior of the H12 maize cells thus contrasted with that ob-
served in bean cells, in which antioxidant capacity is enhanced
in habituation to this herbicide (Garcia-Angulo et al., 2009).
Results obtained by Garcia-Angulo et al. (2009) did also show
that bean dehabituated cells retained an increased GPOX ac-
tivity that would partially explain that they were more tolerant
to DCB than non-habituated cells. In accordance with this ex-
planation, the lack of an antioxidant strategy in the habitua-
tion to dichlobenil of maize cells would also explicate that
maize dehabituated cells do not differ in DCB sensitivity from
non-habituated cells.

The low level of detoxifiyng/antioxidant activities measured
in maize cells habituated to DCB would alternatively be
explained as a way to reduce H,0, scavenging and, secondar-
ily, to ensure phenolic dimerization.

In this paper, we show that the habituation of maize cells to
the herbicide DCB implies several metabolic modifications: (1)
astrong reduction in cellulose and alteration in the expression
of several Cellulose Synthase genes. Of these, ZmCesA5 and
ZmCesA7 seem to play a major role in habituating cells to
growth in the presence of this herbicide. (2) Several phenylpro-
panoid genes involved in the synthesis of hydroxycinnamates
are induced, resulting in a strong increase in these compounds
in the cell wall. This could be understood as a mechanism to
reinforce a cellulose-deficient cell wall. (3) Several metabolic
pathways are altered in habituated cells, such as carbon, nitro-
gen, and ethylene metabolism, as are other proteins typically
involved in stress responses. (4) There is a notable reduction in
glutathione S-transferase detoxifying activity, showing that it
is not involved in habituation to the herbicide in maize cells.
Moreover, this habituation process does not rely on antioxi-
dant strategies. In conclusion, our results show that both
the reduction in cellulose content and the increase in phenyl-
propanoid synthesis observed during habituation of maize cul-
tured cells to a cellulose biosynthesis inhibitor such as
dichlobenil provoke changes in gene expression, not only in
the genes directly related to cellulose biosynthesis and phenyl-
propanoid synthesis, but also in others related to such varied
aspects as carbon, nitrogen and ethylene metabolism, detox-
ification mechanisms, etc. Furthermore, this regulation of
gene expression is dependent on the growth phase of habit-
uated cells and differs considerably from the changes ob-
served in non-habituated cells exposed to the herbicide.
Considered together, these changes may be responsible for
the capacity displayed by cells to survive exposure to an inhib-
itor that affects a process as crucial to plant cell as cellulose
biosynthesis.
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METHODS

Cell Cultures

Maize callus cultures (Zea mays L., Black Mexican sweetcorn)
from immature embryos were grown in Murashige and Skoog
media (Murashige and Skoog, 1962) supplemented with 9 uM
2,4-D at 25°C under light (Lorences and Fry, 1991) and sub-
cultured monthly. Cell cultures habituated to 12 uM DCB
(H12) were obtained from non-habituated (NH) after stepwise
transfers with gradual increments of DCB (Mélida et al., 2009),
and were sub-cultured in 12 pM DCB monthly for more than
2 years. Through long-term (up to 1 year) culturing of H12 cells
in a medium lacking DCB, dehabituated cultures (DH) were
obtained. For some experiments, NH cells incubated (for 5-
6 d) in medium supplemented with 6 uM DCB (NH/DCB) were
used. In all cases (H-DH-NH/DCB), cells were compared with
same aged NH cells at the same culture cycle phase.

In order to obtain growth inhibition curves, calluses weigh-
ing 1.0 = 0.1 g were cultured in DCB, in concentrations rang-
ing from 0.01 to 100 uM. DCB was dissolved in dimethyl
sulfoxide, which did not affect cell growth at this range of con-
centrations. The cultures were incubated for 30 d and weighed
(FW). Growth was expressed as relative increase in FW and the
l10, Iso, @and lgp were calculated as the concentration of DCB re-
quired to inhibit weight increase by 10, 50, and 90%, respec-
tively, compared to non-DCB-treated cells (control). Six
replicates were used in each concentration and no deviations
are shown in Figure 2, due to inhibition percentages being
unique values.

Cell Wall Analyses

Calluses collected in the early stationary phase were frozen
and treated as previously described to obtain cell walls (Mélida
et al.,, 2009). In some cases, these were collected in two differ-
ent growth phases: in the active growth or in the stationary
phases. On average, NH cells reached the active growth and
stationary phases 16 and 25 d after sub-culturing, respectively.
Twenty-day-old and 30-day-old H12 cells were considered to
be at the active growth and stationary phases, respectively
(Mélida et al., 2009).

Cellulose was quantified in crude cell walls by the Updegraff
method (Updegraff, 1969) using the hydrolytic conditions de-
scribed by Saeman et al. (1963) and quantifying the glucose
released by the anthrone method (Dische, 1962).

Ferulic and p-coumaric acids were analyzed by HPLC-PAD.
Cell walls (10 mg) were treated in the dark under N, with
1 M NaOH, at room temperature for 16 h in order to saponify
phenolic esters. The solution was acidified by addition of tri-
fluoroacetic acid and partitioned against ethyl acetate (X 2).
The ethyl acetate phases were vacuum-dried and re-dissolved
in propan-1-ol for HPLC-PAD analysis.

HPLC-PAD analyses were performed using a Waters 2690
chromatograph with a Waters 996 photodiode array detector.
Separation was achieved using a Kromasil C18 (Teknokroma)

column (250 X 4.6 mm i.d.; 5 um particle size). The mobile
phase consisted of acidified (TFA) 10% acetonitrile (solvent
A) and a mix of 40% acetonitrile, 40% methanol, and 20% wa-
ter (solvent B), and followed the binary gradient elution pro-
gram: initial conditions 90:10 (A:B), changing to 25:75 after
25 min, thento 0:100 after 5 min and returning to the initial con-
ditionsafter 10 min. The mobile phase flowwas 1 mL min~". The
elution profiles were monitored by UV absorbance at 325 and
280 nm. Retention times were compared with freshly prepared
standard solutions of ferulic and p-coumaric acids. Calibration
curves were used to quantify these compounds.

Isolation of Total RNA, RT-PCR, and PCR

Total RNA was extracted with Trizol Reagent (Invitrogen), and
2 ng of total RNA was reverse-transcribed using M-MLV Re-
verse Transcriptase (Invitrogen). First-strand cDNA was gener-
ated using an oligo(dT);s primer and 1 pl of the first-strand
cDNA was used as a template in subsequent PCR reactions.
‘No-RT" PCR assays were performed to confirm the absence
of genomic DNA contamination. For each assay, several num-
bers of cycles were tested to ensure that amplification was in
the exponential range.

The gene-specific primers used for the analysis of ZmCesAT
(AF200525), ZmCesA2 (AF200526), ZmCesA3 (AF200527),
ZmCesA5 (AF200529), ZmCesA6 (AF200530), and ZmCesA7
(AF200531) were those previously described by Holland et al.
(2000). Due to the high-sequence similarity between ZmCesA1
and ZmCesAz2, the same primer was used for the analysis of both
genes (ZmCesA1/2). The primers used for the analysis of
ZmCesA4 (AF200528), ZmCesA8 (AF200532), ZmCesA9
(AF200533), ZmCesA10 (AY372244.1), ZmCesA11 (AY372245.1),
ZmCesA12 (AY372246.1), ZmBk2L3 (EF078698), and ZmMAP20
(AY110515.1) are shown in Supplemental Table 1.

The sequences of the primers used for the analysis of Caffeic
acid O-MethylTransferase ZmCOMT (AY323283) and ZmUbi-
quitin (U29159) were those previously described by Fornalé
et al. (2006).

The gene-specific primers used for the analysis of Phenylal-
anine Ammonia-Lyase ZmPALa (contig no. 3858636.2.1),
ZmPALb (contig no. 2161072.2.3), ZmPALc (contig no.
2161072.2.1), Cinnamate 4-Hydroxylase ZmC4Ha (contig
no. 2521589.2.1), 4-Coumarate CoA Ligase Zm4ClLa (contig
no. 3106166.2.1), Zm4CLc (contig no. 1716323.2.1), Hydroxy-
cinnamoyl-CoA shikimate/quinate hydroxycinnamoyl Transfer-
ase ZmHCT (contig no. 2619423.2.1), Caffeoyl-CoA
O-MethylTransferase ZmCCoAOMT (contig no. 2591258.2.1),
and 4-coumarate 3-hydroxylase ZmC3H (contig no.
2643622.2.1) were derived from the '‘MAIZEWALL database
(Guillaumie et al., 2007).

Protein Extraction and 2D-PAGE

NH and H12 maize cells at the stationary phase (1 g) were
ground in liquid nitrogen. Proteins were solubilized at 4°C
in 1.2 mL of lysis buffer (7 M urea, 2 M thiourea, 40 mM
Tris-HCl pH 8.0, 50 mM DTT, 4% CHAPS and 0.2% Triton
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X-100) containing DNase | (53 u mL~"), RNase (4.9 u mL~") and
protease inhibitors (1 mM PMSF, 50 mM leupeptin and 10 mM
E-64). Protein extracts were clarified twice by centrifugation at
16 000 g for 15 min at 4°C, and the obtained supernatants
were saved. Supernatants were precipitated with 15% TCA
for 30 min at 4°C and centrifuged at 16 000 g for 15 min.
The pellet containing the proteins was mixed with cold ace-
tone (X 3) and finally re-suspended in lysis buffer. Protein con-
tent was quantified by the Bradford assay (Bradford, 1976).
For 2-D analysis, protein extracts were diluted in rehydra-
tion solution (7 M Urea, 2 M thiourea, 18 mM Tris-HCl
pH 8.0, 4% CHAPS, 0.5% IPG Buffer in the same range as
the IPG strip, and 0.002% Bromophenol Blue) containing
1.6% DeStreak Reagent (Amersham Biosciences). Three hun-
dred pg of total proteins was diluted in a final volume of
300 pl and loaded onto non-linear pH 4-7, 18-cm immobilized
pH gradient (IPG) strips (Immobiline DryStrips, Amersham Bio-
sciences) for the first dimension. Isoelectric focusing was per-
formed at 50 V for 10 h, 500 V in gradient for 1 h 30 min,
1000 V in gradient for 1 h 30 min, 2000 V in gradient for
1 h 30 min, 4000 V in gradient for 1 h 30 min, 8000 V in gra-
dient for 2 h, and 8000 V holding for 10 h, using EttanTM IPG-
phor TM lIsoelectric Focusing System (Amersham Biosciences).
IPG strips were then equilibrated with 50 mM Tris-HCI (pH 8.8),
6 M urea, 30% (v/v) glycerol, 2% SDS, a trace of Bromophenol
Blueand 10 mg mL™ "' DTT during 15 min, followed by a second
equilibration step with the same buffer containing 25 mg
mL~" iodoacetamide instead of DTT, for a further 15 min, with
gentle shaking. For the second dimension, the focused strips
were loaded and run on SDS-PAGE 12% polyacrylamide gels
(26 X 20 X 0.1 cm) using Ettan DALTsix System (Amersham
Biosciences), 30 min at 2.5 W gel™", followed by 17 W gel™’
during 4 h. Gels were stained with CBB G-250 (Bio-Rad). The
experiment was repeated with two biological replicates and
three experimental replicates per biological sample. The stained
gels were scanned with an ImageScanner desktop instrument
(Amersham Biosciences) and images were acquired using the
LabScan scanning application, in transmission mode, at (16-bits)
grayscale level, 300 dpi, zoom factor set at 1:1 (100%), and
saved as TIFF (Tagged Image File Format) files. Image analysis
was performed using the ImageMasterTM 2D Platinum 5.0 Soft-
ware (Amersham Biosciences). The optimal parameters for
spot detection were: smooth = 4, saliency = 1.0, and minimum
area = 5. After automatic spot detection, manual spot editing
was carried out. Gel replicates were used to obtain synthetic
gels with averaged positions, shapes, and optical densities. To
evaluate protein expression differences among gels, relative
spot volume (% Vol.) was used. This is a normalized value
and represents the ratio of a given spot volume to the sum
of all spot volumes detected in the gel. Those spots showing
a quantitative variation = Ratio 1 and positive GAP were se-
lected as differentially expressed. Statistically significant protein
abundance variation was validated by Student’s t-test (p
< 0.05). The selected differential spots were excised from the
CBB G-250 stained gels and identified either by PMF using
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MALDI-TOF MS or by peptide sequencing at the Proteomics
Platform (Barcelona Science Park, Barcelona, Spain). The
MALDI-TOF MS analysis was performed using a Voyager DE-
PRO (Applied Biosystems) instrument in the reflectron, posi-
tive-ion mode. Spectra were mass calibrated externally using
a standard peptide mixture. For the analysis, 0.5 mL peptide ex-
tract and 0.5 mL matrix (5 mg mL~" CHCA) were loaded onto
the MALDI plate. When ions corresponding to known trypsin
autolytic peptides (m/z 842.5100, 1045.5642, 2111.1046,
2283.1807) were detected at adequate intensities, an automatic
internal calibration of the spectra was performed. Data were
generated in PKL file format and were submitted for database
searching in MASCOT server. The software packages Protein
Prospector v 3.4.1 (UCSF) (Mass Spectrometry Facility, University
of California) and MASCOT were used to identify the proteins
from the PMF data as reported previously (Carrascal et al., 2002).
The SEQUEST software (Thermo-Instruments, Spain) was used
for preliminary protein identification from the MS/MS analysis
followed by manual sequence data confirmation. Swiss-Prot
and non-redundant NCBI databases were used for the search.
Searches were performed for the full range of molecular weight
and pl. No species restriction was applied. When an identity
search produced no matches, the homology mode was used.

Antioxidant Enzyme Assays

Glutathione S-tranferase (GST; EC 2.5.1.18), glutathione reduc-
tase (GR; EC 1.8.1.7), guaiacol type peroxidase (GPOX; EC
1.11.1.7), ascorbate peroxidase (APOX; EC 1.11.1.11), and cat-
alase (CAT; EC 1.11.1.6) activities were assayed in NH, H12, and
NH/DCB callus-cultured cells. GST activity was determined fol-
lowing the method described by Habig et al. (1974), based on
an increase in Asgo due to reduced reduction in glutathione
and chloro-2,4-dinitrobenzene complex formation (g340 = 9.6
mM~'cm™"). GR activity was determined following the
method described by Edwards et al. (1990), by measuring
the decrease in Aszyo due to NADPH oxidation (e3409 = 6.22
mM~" cm™"). GPOX activity was determined following the
method described by Adam et al. (1995), based on an increase
in A7 due to guaiacol oxidation (470 = 26.6 MM~ cm™").
APOX activity was determined following the method
described by Hossain and Asada (1984), by measuring the
decrease in Ayqo due to ascorbate oxidation (exg0= 2.8 mM ™’
cm~"). The method described by Droillard et al. (1987) was
followed for CAT activity measurement. This method is based
on a decrease in Aygo due to H,0, decomposition (g240 = 39.58
mM~" cm™").
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